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PATEICIBA

Sirsnigs paldies visiem, kuri palidzgja izstradat So promocijas darbu, sniedzot atbalstu un
iedro$inajumu!

Liels paldies pé&tfjumu lidzautoriem! Jusu ieguldijums un atbalsts ievérojami uzlaboja $1
promocijas darba kvalitati. Jisu ieguldfjums ir nenovert&jams.

Sirsnigi pateicos promocijas darba vaditajiem par ieteikumiem, mentoré$anu un pacietibu!
Vinu izpratnei un iedro§inajumam bija iz8kirosa nozime, veidojot manu pé&tniecibas celu.

Liels paldies maniem vecakiem! Jisu nelokamais atbalsts un ticiba manam sp&jam bija
pastavigs motivacijas avots. Jisu upuréanas un uzmundrinajumi ir likus$i pamatus maniem
akad@miskajiem sasniegumiem. Es loti pateicos savai sievai par atbalstu, sapratni un
iedrosinajumu $aja izaicino$aja, bet piepilditaja celojuma! Vinas klatblitne ir mans balsts, un
man ir prieks dalities $aja sasnieguma ar vinu.

Visbeidzot — gribu atzit Dieva dievisko vadibu un svétibu. Speks un izturiba, ko atradu
griitajos brizos, liecina par vina z&lastibu.

Nobeiguma vélos pateikties visiem, kas veicinajusi manu akad&misko darbibu. Jasu
kopgjais ieguldTjums un atbalsts ir darTjis to jégpilnu un atalgotu.



SAISINAJUMI

MOM — mazas organiskas molekulas

CaP — kalcija fosfats

Ap —apatits

HA — hidroksiapatits

AKF — amorfais kalcija fosfats

AKF CL — amorfais kalcija fosfats, kura sintézei izmantots CaCl
AKF_NIT — amorfais kalcija fosfats, kura sintézei izmantots Ca(NO3)»
AKF ACE - acetatu satuross amorfais kalcija fosfats
AKF_ ASK — askorbatu satuross amorfais kalcija fosfats
AKF _CIT - citratu saturoSs amorfais kalcija fosfats
AKF_GLU - glutamatu saturo$s amorfais kalcija fosfats
AKF_ITN — itakonatu saturo$s amorfais kalcija fosfats
ADA-GEL — alginats-didehids-zelatins

VT — viens tikls

DT — dubulttikls

FBS — fosfata buferskidums

o-MEM — Minimum Essential Medium

P123 — Pluronic P123

GELMA — zelatina metakrilats

PAM - poliakrilamids

APS — amonija persulfats

TMED —tetrametiletilendiamins

MCS — mezenhimalas cilmes $iinas

LFS — liellopa fetalais serums

FTIS — Furjé transformaciju infrasarkana spektroskopija
VEA - viskoelastigo TpaSibu apgabals



PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

IEVADS

Lai risinatu dazadas problémas, tostarp nelaimes gadijumu un v&Zza arsteSanas sekas, ka ar1
veiktu kosmeétiskus uzlabojumus, pasauleé katru gadu tiek veiktas vairak neka 4,5 miljoni
rekonstruktivas kirurgiskas operacijas [1]. Globalas saslimstibas datu analize liecina, ka
aptuveni 1,71 miljardam cilvéku visa pasaul€ ir muskulu un skeleta sisteémas slimibas [2].
Kaulaudu arsté$anai un aizvietoSanai ir nepiecieSami efektivi biomateriali. Kaulaudu unikalas
pasibas, tos veidojosas fazes un to strukturala mijiedarbiba dazados hierarhijas limenos ir loti
sarezgita. Tapéc atdarinat dabigos kaulaudus un ieglit biomaterialus, kuru TpasSibas bitu
salidzinamas ar dabigajiem kauliem, ir sarezgiti [3].

Sa iemesla dé| alotransplantats joprojam ir “zelta” standarts ar kaulaudiem saistitu slimibu
arstésana [4]. Alotransplantatiem ir vairaki trikumi, tapéc ir liela nepiecieSamiba pé&c
sintétiskajiem materialiem, kas ir lidzigi dabigajam kaulam [5]. Kauls ir
nanokompozitmaterials, kas sastav no neorganiskas un organiskas fazes. Neorganisko fazi
galvenokart veido kalcija fosfats (CaP), savukart organisko fazi galvenokart veido kolagéns.

Kaulu neorganiska faze veidojas procesos, kas saistiti ar $finu mitohondrijiem. So procesu
rezultata vispirms veidojas amorfais kalcija fosfats (AKF), kas kolagéna klatbutné
transformgejas uz vaji kristaliska apatita (Ap) fazi [6]. Mitohondrijos AKF ir saistits ar organisko
savienojumu, kas regulé starpfibrilaro kolagéna mineralizaciju. Organisku savienojumu sanu
grupas (karboksilgrupas vai hidroksilgrupas) var mijiedarboties ar CaP virsmu [7]. Organiskie
savienojumi var aizkavét AKF kristalizaciju un transformaciju uz Ap, kav€jot kristalizacijas
centru veidoSanos un augSanu, un tiem ir bitiska nozime starpfibrilaraja kolagéna
mineralizacijas procesa [8]. STpromocijas darba mérkis ir izstradat mazas organiskas molekulas
(MOM) saturo$us AKF un tos saturo$us hidrogelus, kas bitu lietojami kaulaudu regeneracija.
P&tijumos tika izmantotas piecas MOM, kas dabigi sastopamas arT mitohondrijos. STm MOM ir
liela nozime kaulaudu atjaunos$ana, un tam ir dazadas funkcionalas grupas.

Promocijas darba primarais mérkis bija izstradat sint€zes metodi MOM saturosu AKF
iegtiSanai un analizét MOM ietekmi uz AKF ipasibam — dalinu izméru, morfologiju, patieso
blivumu, Tpatngjo virsmas laukumu (IVL), kristalizacijas kinétiku, ka arT citosaderibu. P&c tam
sintezétie MOM saturoSie AKF tika izmantoti ka neorganiska pildviela organiska matrica,
veidojot nanokompozitus.

Nanokompozitbiotinte tika iegiita, pievienojot MOM saturoSus AKF ka neorganisku
pildvielu alginata dialdehida-zelatina (A DA-GEL) organiskajai matricei. Citratu saturosais AKF
(AKF CIT) bija efektivaka pildviela izdrukato konstrukciju strukturalas integritates
nodro§inasanai. P&c tam, izmantojot kimisko $k&rssaistiSanu, tika izstradats viena tikla (VT)
nanokompozithidrogels, kas sastav&ja no zelatina metakrilata (GELMA) un AKF CIT.

Papildus tika izveidots AKF CIT saturos$s poliakrilamida (PAM) — Pluronic P123 (P123)
— GELMA dubulttikla (DT) nanokompozithidrogels. Vispirms tika izvertéta P/23 ietekme uz
PAM-GELMA hidrogela mehaniskajam 1pasibam, p&c tam tika analizéta AKF CIT ietekme uz
PAM-GELMA-P123 hidrogelu mehaniskajam un reologiskajam ipasibam, ka ar novertéts to
formas atminas efekts.

Visi promocijas darba izstrades gaita iegiitic AKF un AKF saturoSie hidrogeli ir
citosaderigi, kas liecina, ka potenciali tos var izmantot kaulaudu regeneracijai.



MERKIS

Promocijas darba meérkis bija iegit MOM saturoSus AKF, izpétit to Ipasibas un
raksturotcitosaderibu, ka ar1 izmantot tos ka pildvielas nanokompozithidrogelu iegtisanai un
novertétiegiito nanokompozithidrogelu mehaniskas un reologiskas ipasibas, ka ari citosaderibu.
MerkasasniegSanai definéti vairaki uzdevumi.

Izstradat sintézes metodi MOM saturoSu AKF iegtisanai.
Noskaidrot MOM ietekmi uz AKF 1pasibam un transformacijas kinétiku uz vaji kristalisko Ap
tidens vide (dejonizéta fideni, fosfata buferskiduma (FBS) un $tinu kultiiras barotné Minimum
Essential Medium (a-MEM)), ka arT AKF citosaderibu.
Biotinte, VT un DT hidrogela ieklaut sintézu rezultata iegitos AKF un izpétit iegiito
nanokompozithidrogelu 1pasibas.

AIZSTAVAMAS TEZES
1. MOM ieklauSsana AKF ietekmé ta ipaSibas, transformacijas kintiku uz Ap, ka ari
citosaderibu.
2. Udens mediétas AKF transformacijas atrumu uz Ap ietekmé fidens vides sastavs (dejonizéts
tdens, FBS un a-MEM).
3. AKF pievieno$ana biotintei, VT un DT hidrogeliem uzlabo to reologiskas, mehaniskas un
strukturalas ipasibas, vienlaikus saglabajot citosaderibu.

ZINATNISKA NOVITATE

1. Izstradata viena sola slapja kimiskas sintézes metode tira un MOM (pieméram, acetatu,
askorbatu, citratu, itakonatu un glutamatu) saturosa AKF sintézei.

2. Pirmo reiz sintez&ts acetatu, askorbatu un itakonatu saturo$s AKF.

3. Pirmo reizi raksturota MOM ietekme uz fidens medietas AKF transformacijas kin&tiku uz
Ap.

. lIzstradata jauna AKF saturosa biotinte, ka arT AKF saturo$i VT un DT hidrogeli.
5. lIzveidots jauna sastava PAM-GELMA-P123 hidrogels.

PRAKTISKA NOZIME
1. Izstradato metodi var izmantot arT citu MOM saturosu AKF sintézei.
2. Specifiskam lietojumam AKF transformacijas kin&tiku uz Ap var pielagot, izmantojot
noteiktu MOM un Gdens vides kombinaciju.
3. DT hidrogela mehaniskas ipasibas var kontrolét, modulgjot P/23 koncentraciju PAM-
GELMA hidrogela.

PROMOCIJAS DARBA STRUKTURA
1. Promocijas darbs veidots ka tematiski vienota zinatnisko publikaciju kopa, kur ieklauti
pétijumi, kas veltiti MOM saturoSu AKF sintézei un sintezéto AKF saturosas biotintes, VT
un DT hidrogelu izstradei. Katra publikaciju kopas zinatniska publikacija ir
originalp&tijums, kura atspogulotas jaunas zinaSanas. Kopa §is publikacijas apraksta



pétijumu par jaunu pieeju MOM saturo$u AKF sintez&Sanai un tos saturo$u nanokompozitu
izstradi.

. Pirms eksperimentala darba saksanas veikts literatliras apskats (promocijas darba autora
1. publikacija) par dazadu CaP veidu fizikalajam ipaSibam, biologisko sastopamibu un
sintézi, ka arT to lietoSanu kaulaudu regeneracija. Literatiiras izp&tes rezultata secinats, ka
ktmiski tira, kristaliska CaP iegliSanai nepiecieSama augsta sint€zes temperatira vai
apstrade. AKF ir metastabila CaP forma, tap&c to nevar sakepinat augsta temperatiira.

. Promocijas darba autora 2. publikacija AKF tika sintez&ts, izmantojot SkidinaSanas-
nogulsnésanas metodi. No sintezéta AKF pulvera tika iegiiti paraugi ar augstu relativo
blivumu, to uniaksiali presgjot 1250 MPa lidz 1500 MPa spiediena istabas temperatiira.
legtitie paraugi saglabaja AKF fazi.

. Dabigais kaulu Ap ir nestohiometrisks un strukturali nesakartots. Tap&c mérkis bija izprast
kaulu Ap veidoSanas mehanismu, ka arl kolagé€na un organisko molekulu lomu
mineralizacijas procesa regulésana (promocijas darba autora 3. publikacija). Dabigais AKF
veidojas procesos, kas saistiti ar §inu mitohondrijiem. AKF mitohondrijos ir saistits ar
organisku savienojumu. Organisko savienojumu sanu grupas (karboksila un hidroksila
grupu) regulé Ap nukleaciju un kolagéna intrfibrilaro mineralizaciju. Balstoties literattiras
apskata, tika atlasttas piecas MOM, kas sastopamas $tinu mitohondrijos, kuram ir dazadas
funkcionalajas grupas un kas ir nozimigas kaulu fiziologija. Sis MOM tika izmantotas
MOM saturosu AKF sintézei, kas bija promocijas darba galvenais mérkis.

. Promocijas darba autora 4. publikacija galvena uzmaniba tika pieversta vienas pakapes
slapjas kimiskas metodes izstradei AKF ACE un AKF CIT sintézei. 4. publikacija
aprakstita autora izstradata sint€zes metode péc tam tika izmantota, lai sintez&tu arl
AKF GLU, AKF ITA un AKF ASK (promocijas darba autora 5. publikacija). Sintezu
rezultata iegiitie AKF tika raksturoti ar dazadam metodém. legiitie rezultati demonstre
MOM ietekmi uz AKF ipasibam un citosaderibu.

. Promocijas darba autora 6. publikacija analizéta AKF dalinu lieluma, transformacijas
kingtikas un MOM ietekme uz ADA-GEL hidrogelu un izdrukatajam konstrukcijam.
AKF ACE un AKF_CIT tika izmantoti ka neorganiska pildviela 4ADA-GEL organiskaja
matricé nanokompozithidrogelu iegiiSanai. Nanokompozitu biotintes tika iegiitas, AKF-
ADA-GEL hidrogeliem pievienojot MC3T3-E1 S§tnas. Gan AKF ACE, gan AKF CIT
biotintes bija citosaderigas, tomér AKF CIT bija efektivaka izdrukato konstrukciju
strukturalas integritates saglabasanai.

. Promocijas darba autora 7. publikacija aprakstits izstradatais AKF_CIT saturo$s GELMA
hidrogels, izmantojot kimiskas SkerssaistiSanas metodi ka alternativu fotoskerssaistisanai.
In vitro analize apstiprinaja, ka kimiska Sk@rssaistiSana un AKF CIT pievieno$ana
neietekmé&ja GELMA hidrogela citosaderibu.

. Promocijas darba autora 8. publikacija aprakstits sintez&tais DT hidrogels, kas sastav no
PAM-GELMA-P123. Pirmais DT hidrogela tikls tika ieglits, izmantojot P/23, otro tiklu
veidoja PAM-GELMA kopolimérs. Abi PAM-GELMA tikli tika kimiski S$k&rssaistiti.
Sakotngji P123 koncentracija PAM-GELMA hidrogela tika pielagota, lai ieglitu optimalas
mehaniskas pasibas. Pec tam tika analiz€ta dazadu AKF CIT koncentraciju ietekme uz
PAM-GELMA-P123 hidrogela mehaniskajam 1pasibam. Papildus tika izpétits DT
nanokompozithidrogela formas atminas efekts.
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AUTORA PERSONIGAIS IEGULDIJUMS

Saja promocijas darba aprakstitie pétijumi ir izstradati sadarbiba ar 16 zinatniekiem.
Petljumus uzraudzija pieredz&juSi mentori, kuri sniedza bitisku atbalstu un vertigu
ieguldfjumu. Katra no publicEtajiem p€tijumiem autoram bija vadosa loma — gan pétot
zinatnisko literatliru, gan veicot pétljumu. Autora personigais ieguldijums $aja promocijas
darba ietver vienas pakapes mitras kimiskas sintézes metodes izstradi AKF sint€zei (ar un bez
MOM) un sintezgta produkta raksturoSanu. Sintez&tais AKF tika izmantots ka pildviela biotintg,
VT un DT hidrogelos.

Promocijas darba izstrades gaita liela nozime bija diskusijam ar Iidzautoriem un promocijas
darba vaditajiem, kas bija butiskas, lai parvarétu dazadus sarezgljumus, kas radas p&tniecibas
gaita.

PROMOCIJAS DARBA IZSTRADES GAITA SAGATAVOTO UN
PUBLICETO ZINATNISKO PUBLIKACIJU SAVSTARPEJA SAISTIBA

Literatiiras apskats par . _ _ o ADA-GEL nanokomporzitbiotintes
A D e e i (19 AKF IanEeze un auksta Tira, z}cetatu un CI_tratu icgiiana, izmantojot AKF_ACE un
(A1l s sakepinaana saturosa AKF sintéze AKF_CIT ka pildvielu

=
0O-@0 600 *{

1. publikacija 2. publikacija 3. publikacija 4. publikacija 5. publikacija 6. publikacija

8. publikacija

GELMA nanokompozithidrogela
iegtsana, izmantojot AKF_CIT ka
Literatiiras apskats par kaula _ _ pildvielu
veido§ands mehanisnu un '(t}al.ll:mqltmu’ :"Skof baAtllz;n i
; itakonatu saturosa sintéze
organisko molckulu lomu PAM-P123-GELMA

mineralizacijas procesa B e
HESID nanokomporzithidrogela iegtisana,

izmantojot AKF_CIT ka pildvielu

1. att. Promocijas darba izstrades gaita sagatavoto un public&to zinatnisko publikaciju
tematika un savstarpgja saistiba.
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PROMOCIJAS DARBA REZULTATI

LITERATURAS APSKATS

Kauli (kaulaudi) ir bliva saistaudu forma, kas veido cilvéka skeletu. Kaulaudi sastav no
specifiskam Sinam un matrices, kas péc masas satur 65-70 % biomineralu un 5-8 % tdens,
savukart pargjais ir organiskas vielas [9]. Minerala faze sastav no kalcija fosfata (CaP) —
karbonatus saturo$a hidroksilapatita (HA). Organiska faze satur 90 % kolagéna un 10 % citu
proteinu.

CaP ir nozimiga kaulu sastavdala. P&déjas desmitgadés gan kaulaudu regeneracijas
pétijumos, gan kliniski izmantoti dazadi biomateriali, kas satur CaP [10]. Promocijas darba
autora 1. zinatniskaja publikacija ir sniegts visaptveroSs parskats par CaP, pieméram, to
fizikalajam 1pasibam, biologiskajiem aspektiem un to sintézes metodém [11]. Apskatita
literatlira par sint€zes metodeém, ko izmanto kimiski tiru, stehiometrisku CaP materialu
ieglisanai. Veicot literatiiras analizi, secinats, ka kimiski tira, kristaliska CaP ieglsanai
nepiecieSama augsta sint€zes temperatiira vai apstrade augsta temperatiira.

Sintétiska HA, kas ieglts augstas temperattras, kimiska formula ir Caio(PO4)s(OH)..
Apatits (Ap), kas sastopams kaulos, veidojas zema temperatira un nav tik kristalisks. To
uzskata par vaji kristalisku Ap formu, kas nav stohiometriska viena vai vairaku katjonu (Na,
K', Fe**, Mg?*, Zn>', Sr*") un/vai anjonu (HPO4>-, COs>", CI', F, citrata) klatbiitnes dél ta
strukttira [12]. PiemaisTjumi kaula Ap rada spriegumus ta kristalstrukttira, padarot to mazak
stabilu, tacu reag@tsp&jigaku [13]. Kaula Ap kristaliem ir unikdla geometrija — garums
neparsniedz 30-50 nm, savukart biezums ir tuvu 2 nm [14]. Promocijas darba autora
3. publikacija galvena uzmaniba pievérsta kaulu Ap veidoSanas mehanisma izpratnei [15].

Amorfais kalcija fosfats (AKF) ir pirma CaP faze, kas veidojas procesos, kas saistiti ar §iinu
mitohondrijiem. AKF mitohondrijos ir saistits ar organisku savienojumu — Hovarda faktoru,
kas liecina par kompleksu organiska-neorganiska savienojuma veidoganos. Sis komplekss tiek
parnests uz kolagéna matrici, kur AKF transformé&jas uz vaji kristalisku Ap.

Kaulu organiskajai komponentei ir fundamentala nozime Ap veidoSanas procesa. Ka
redzams 2. att€la, kaulos kolagéns ir izkartots paraléla zigzagveida masiva. Kolagéna
molekulas cita pret citu ir nobiditas par attalumu D (67 nm), savukart attalums starp divam
tropokolagéna molekulam ir 40 nm, ko déve par atstarpes zonu [16]. Atstarpes zona notiek AKF
nukleacija un transformacija uz Ap. Ap kristalu ¢ ass ir orient&ta paraléli kolagéna molekulu
garenvirzienam [17].

Agrak veiktajos pétljumos konstatéts, ka sintétiska AKF/kolagéna kombinacija neizraisa
AKF transformaciju uz Ap [18]. Ta rezultata kluva skaidrs, ka kolagéns nevar patstavigi
ierosinat mineralizaciju un tam nepiecieSsams nukleacijas procesu regulgjoss katalizators. Sis
katalizators ir organiska molekula ar specifiskam reakttvam sanu grupam (karboksilgrupa vai
hidroksilgrupa), kas izkartotas stereokimiska forma [8].
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9 ; r&; ﬁa?,; f&ﬁz\":f Aminoskabes

l Kolagéna molekula

| Kolagéna fibrila

D-nobides attalums 67 nm | Mineralizeta kolagena fibrila
o

Kolagena molekula ; Y
Atstarpes zona —> Zf)vnm Starpfibrilu minerali
Parklasanas apgabals — 27 nm

2. att. Kolagéna hierarhiskas struktiras shematisks att€lojums.

Pirmais organiskais savienojums, kura ietekme uz kolagé€na starpfibrilaro mineralizaciju
tika pétita, bija poliaspartats. Poliaspartata pievienoSana uzlaboja mijiedarbibu starp CaP un
kolag@nu, ka rezultata kolagena fibrilas veidojas atseviski CaP kristali. Ja poliaspartats netika
pievienots, veidojas ar kolagéna fibrilam vaji saistiti CaP kristalu klasteri. Poliaspartats
adsorbg&jas uz CaP virsmas, un CaP kristalizacijas aizkavéSana var bt saistita ar paléninatu
AKF transformaciju uz Ap vai ar mijiedarbibu ar kristalisko fazi, kavéjot nukleacijas centru
augSanu [7]. Ming@tais p&tfjums pieradija, ka organiskajam molekulam ir fundamentala nozime
kolagéna starpfibrilaras mineralizacijas regulésana.

Zinatniskaja literatiira izveértéta dazadu organisko molekulu (proteinu, poliméru un mazu
organisko molekulu (MOM)) ietekme uz CaP sintézi. Organisko molekulu saraksts, kuru
ietekme uz CaP sintézi pétita, atrodams promocijas darba autora 3. publikacija.
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MAZO ORGANISKO MOLEKULU IZVELE

AKF dabigi veidojas procesos, kas saistiti ar $inu mitohondrijiem (3. A attéls). Stnu
mitohondrijos AKF veido kompleksu ar organisku savienojumu. Literatira mingts, ka
organiskie savienojumi ar sanu grupam (karboksilgrupu un hidroksilgrupu) var izraisit Ap
nukleaciju [5]. Organisko savienojumu funkcionalajam grupam jabut ar noteiktu konfiguraciju,
lai izraisttu CaP nukleaciju simulétas kermena vides apstaklos. Promocijas darba pé&tijumu
veik3anai tika izvélétas piecas MOM, kas sastopamas $iinu mitohondrijos. STm MOM ir biitiska
nozime kaulaudu regeneracija, un tam ir dazadas funkcionalas grupas, ka redzams 3. B attéla.

A) AKF veidoSanas dabiga cela procesos, kas saistitiar $inu mitohondrijiem

Amorfais kalcija fosfats (AKF)

Kalcija joni

Mitohondrijs AKF Starptaze Apatits

B) MOM, kuras atrodamas $iinu mitohondrijos un izmantotas MOM saturo$a AKF sintézei
HO

O. O" O
I m ﬁ/\
O
0 o O
)J\ \”/\H)‘\ W I = : -
NH, OH
Acetits Itakonéts Glutamats Citrats Askorbits

3. att. A) AKF veidoSanas procesos, kas saistiti ar §tinu mitohondrijiem;
B) MOM, kas atrodamas $tinu mitohondrijos un izmantotas MOM saturosa AKF sintézei
promocijas darba autora 4. publikacija.

Acetats ir monokarboksilsavienojums, kas uzlabo cilmes §tinu diferenciaciju, palielinot
histona acetiléSanu un hromatina veidoSanos. Kaulu smadzenu mezenhimalas cilmes $iinas
(MCS) regulé kaulaudu regeneraciju, diferencigjoties par adipocitiem, hondrocitiem un
osteoblastiem. Novecojusam MCS ir samazinata spéja diferencéties osteogénaja un
hondrogénaja $tnu linija. Acetats var samazinat novecojusu MCS osteogengzes defektus [19].

Itakonats un glutamats ir dikarboksilsavienojumi, kas sastopami S$tnu mitohondrijos.
Itakonats ir metabolits, kas regulé osteoklastu diferenciaciju un aktivaciju, uztur kaulu
homeostazi un mazina lipopolisaharidu izraisita iekaisuma kaulaudu zudumu [20]. Glutamats
ir fundamentala arpuss$iinas signalmolekula, kas tiek izmantota neiralai un neneiralai signalu
parnesei kaulaudos. Osteoblasti, osteoklasti un kaulu smadzenu Stnas ekspresé glutamata
receptorus. Glutamata receptoru aktivacija kontrol€ osteoblastu un osteoklastu fenotipu in vitro
un kaulu masu in vivo [21]. Turklat glutamats kaulu lizumu gadijuma palidz uzturét slapekla
lidzsvaru, tadgjadi paatrinot kaulu dziSanas procesu [22].

Citrats ir trikarboksilsavienojums un biitiska komponente, kas tiek sintezéta Krebsa cikla.
Citrata klatbtitne kaulos pirmo reizi tika detekt&ta 1941. gada [23]. Citrata koncentracija kaulos
ir 20-80 umol/g, kas 100—400 reizes parsniedz ta koncentraciju mikstajos audos. Kauli satur
1,6 % citrata, kas veido 90 % no citrata, kas ir cilvéka kermeni [24]. Jaunakie kodolmagné&tiskas
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rezonanses (KMR) pétijumi ir apstiprinajusi citrata klatbttni kaulos [25]. Citrata un apatita
kompleksa mijiedarbiba reguleé Ap kristalrezga orientaciju, dalinu izm&ru un sadalijumu.
Citrata molekulas gareniska ass ir paral€la Ap virsmai. Tr1s citrata karboksilgrupas atrodas 0,3—
0,45 nm attaluma no Ap virsmas. Karboksilgrupu atstatums sakrit ar kalcija jonu uz apatita c
ass, tapec apatita kristala augSana tick kaveta ta skeérsvirziena, bet turpinas garenvirziena [26].

Askorbatam (C vitaminam) ir iz§kiroSa nozime kolagéna sint€z€, un tas ir loti svarigs
organisks savienojums saistaudos un kaulos [27]. Kolagéns veido kaula struktiiru un nodrosina
elastibu, laujot tam izturét mehanisku slodzi. Bez pietieckama askorbata daudzuma tiek traucéta
kolagéna sintéze, vajinot kaulu struktiru un palielinot kaulu lizumu iesp&amibu [28].
Askorbats ietekme arT osteogéno $tinu diferenciaciju [29], [30].

Kopuma tadam MOM ka acetatam, itakonatam, glutamatam, citratam un askorbatam ir
iz8kiro8a nozime kaulaudu fiziologija. Tadél $1s MOM tika izmantotas, lai sintezétu MOM
saturoSu AKF un analizétu to funkcionalo grupu ietekmi uz AKF fiziokimiskajam 1pasibam un
citosaderibu.

MOM SATUROSA AKF SINTEZE

Vienas pakapes AKF sint€zei var izmantot $kidinasanas-izgulsnéSanas metodi, vispirms
izS8kidinot HA un tad iegiitajam Skidumam strauji pievienojot bazi (promocijas darba autora
2. publikacija), ka paradits 4. A atteéla. Turprett MOM saturoSu AKF sinté€zé parasti tiek
izmantotas daudzpakapju metodes, kur MOM pievieno vai nu skabes, vai ari bazes forma, ka
redzams 4. B attela.

Sarezgitakais AKF sint&z€ ir fosfatu jonu triprotiskais raksturs. Ja AKF sintez&ts skaba vide,
tas satur HPO4>", nevis PO4>, kas negativi ietekmé AKF ipasibas [31]. Boskey un Posner
pieradija tadu faktoru ka sintézes pH, virsmas laukuma, kalcija koncentracijas, maisiS§anas
atruma un $kiduma koncentracijas ietekmi uz sintézes rezultata iegita AKF fizikalajam un
ktmiskajam 1pasibam (sintéze veikta kontroletas temperatiiras apstaklos 26 °C temperatiira).
AKEF sintézes pH ietekme uz laiku, kas nepiecieSams, lai tas transform&tos uz Ap, redzama 1.
tabula.

1. tabula
Sintézes pH ietekme uz AKF transformaciju par Ap [32]
AKF sintézes Laiks, kas nepiecieSams AKF transformacijai uz Ap
pH (min)
6,8 16
7,0 30
7,5 48
8,0 120
9,0 135
10,0 280

Zinatniskaja literatlira aprakstitas dazadas metodes tira un MOM saturoSa AKF sintézei.
Sintézes veiktas atsSkirigos pH, dazados maisiSanas atrumos, reakcijas laikos, atskirigos
tilpumos, ka arT dazadas kalcija un fosfata jonu koncentracijas. Tapéc ir sarezgiti salidzinat
sint€zu rezultata iegttos tiros un MOM saturosos AKF.
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Promocijas darba gaita izstradata vienas pakapes slapjas kimiskas sintézes metode tira un
MOM saturosa AKF iegiiSanai, saglabajot nemainigus sintézes parametrus, pieméram, sintézes
pH, reakcijas tilpumu, temperatiiru, maisiSanas atrumu un kalcija un fosfatu jonu koncentraciju.
S standartizéta pieeja lauj analizét MOM ietekmi uz AKF fizikalajam un kimiskajam ipasibam.

Promocijas darba izstrades gaita (promocijas darba autora 4. publikacija) tira AKF
iegliSanai tika izmantota Sada pieeja: vispirms tika pagatavots kalcija hlorida vai kalcija nitrata
Skidums (150 mM 150 ml dejonizeta @idens), ta pH pielagots lidz 11,5, izmantojot 3M NaOH
Skidumu. P&c tam, vienmérigi maisot ar atrumu 500 apgr./min., §im Skidumam tika pievienots
identisks apjoms trinatrija fosfata Skiduma (100 mM 150 ml dejoniz&ta tidens), ka redzams 4. C
attela.

Lai iegiitu MOM saturosu AKF (promocijas darba autora 4. un 5. publikacija), vispirms
kalcija glutamats (150 mM), kalcija acetats (10 mM) vai kalcija citrats (150 mM) tika pievienots
150 ml dejonizéta tdens. legiita skiduma pH tika pielagots lidz 11,5, izmantojot 3M NaOH
$kidumu, kam sekoja identiska apjoma trinatrija fosfata skiduma pievienosana (100 mM 150
ml dejonizeta tidens), skidumu maisot ar 500 apgr./min. (4. D attgls).

Itakonatu un askorbatu saturo$a AKF iegtiSanas process redzams 4. C attéla. 150 ml
dejonizeta tidens tika pievienots kalcija hlorids (150 mM), itakonskabes anhidrids (150 mM)
vai askorbinskabe (150 mM). Iegiito skidumu pH tika pielagots lidz 11,5, izmantojot 3M NaOH
Skidumu. P&c tam tika pievienots identisks apjoms trinatrija fosfata skiduma (100 mM 150 ml
dejonizeta fidens), nepartraukti maisot ar atrumu 500 apgr./min.

) 2M NaOH B) - ) Skabes vai bizes
3M HCl pievienosana pievienosana Nitrija citréts vai citronskabe Topia o Pavienrians ph
pielgotanal
-w°r X . cacl, é » CIT_AKF
& . AKF / =
s | — . —
Hidroksilapatits =— ——>
- - 1 n m vl v
I 1 11
C) NaOH pievienosana Trindtrija fosfts D) N.om pievienodana Trindtrija fosfits
pH pieregul#fanal pH pieregulésanai
/ Y / 3 P CIT_AKF
{ - AKF

CaCl,
1 u 11}

Kalcija citrats

I 1 1

4. att. Tradicionala sint&zes pieeja tira (A) un MOM saturoSa AKF iegiisanai (B). Promocijas
darba gaita tira AKF sint&zei izmantots kalcija hlorida skidums (pH pielagots lidz 11,5 ar 3M
NaOH), kuram p&c tam pievienots trinatrija fosfata skidums (C). MOM saturo$a AKF sintézei
izmantots attiecigas MOM kalcija sals Skidums, kuram p&c pH pielagoSanas pievienots
trinatrija fosfata Skidums (D).

Visu sintézu gadijuma kalcija sals skidumu (art MOM saturoso) pH tika pielagots lidz 11,5,
izmantojot 3M NaOH. Trinatrija fosfata Skiduma pH vertiba p&c biutibas ir 12. Sajaucot Sos
Skidumus, reakcijas pH saglabajas robezas no 10,5 lidz 11,5. Sintézu reakcijas tilpums,
temperatlira, maisiSanas atrums, kalcija un fosfatu jonu koncentracija, ka arT skaloSanas un
zavesanas process (centrifugéSana, triskarteéja skaloSana ar destilétu tideni, iegiito nogul$nu
sasaldesana, izmantojot Skidro slapekli un liofilizacija) bija identiski. Gan AKF, gan MOM
saturosie AKF tika ieguti lidzigos apstaklos, kas laujot tos savstarpgji salidzinat un spriest par
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MOM ietekmi gan uz AKF fizikalajam un kimiskajam ipasibam, gan AKF transformacijas
kingtiku uz Ap.

SINTEZES REZULTATA IEGUTO AKF IPASIBAS

Promocijas darba autora 4. publikacija aprakstitas gan sint€zes rezultata iegiito tiro AKF,
gan acetatu un citratu saturo§o AKF Ipasibas, savukart 5. publikacija sniegta informacija par
askorbatu, glutamatu un itakonatu saturosajiem AKF.

Visu sintez&to AKF RTG ainas uzradija divus platus izliekumus, apliecinot, ka sintézu
rezultata ir iegiits AKF. Absorbcijas joslu $kel3anas vy POs*~ raksturigaja svarstibu apgabala
(500-620 cm™') paraugiem iegiitajos FTIR spektros netika novérota, liecinot par visu sintézes
rezultata ieglito AKF amorfo dabu.

Visu iegiito AKF cietvielu *'P kodolmagnétiskas rezonanses (KMR) analize uzradija AKF
raksturigo plato piki ar Gausa sadalijuma formu, kas centréts starp 2,2 ppm Iidz 6,5 ppm. AKF
un attiecigo MOM funkcionalo grupu klatbiitne tika apstiprinata, izmantojot FTIR un cietvielu
13C KMR analizi.

Morfologija AKF, kura klatbatne detektéta zebrzivs spuru kaulos, calu embriju garajos
kaulos un pelu galvaskausos, ir sferiska vai globulara, ar izmeéru 10-50 nm [33], [34]. 5. attéla
redzama promocijas darba izstrades gaita sintez&to tiro un MOM saturoSo AKF transmisijas
elektronu mikroskopijas (TEM) attéli. Tira, acetatu, askorbatu, glutamatu un itakonatu saturosa
AKF dalinam ir sfériska forma ar diametru ap 20 nm. Novérojams, ka dalinam ir dobs vidus.
Citratu saturo$ajam AKF ir globulara morfologija ar diametru ap 40 nm.

B)

5. att. Promocijas darba izstrades gaita sintezéto AKF morfologija (m&rogs 20 nm). A) tirs

AKF; B) AKF ACE (acetatu saturo$s AKF); C) AKF ITN (itakonatu saturo§s AKF);

D) AKF GLU (glutamatu saturo§s AKF; E) AKF ASK (askorbatu satuross AKF); F)
AKF_CIT (citratu satuross AKF).

MOM ietekme uz AKF patieso blivumu un patngjo virsmas laukumu (IVL) redzama 2.
tabula. Saja pétijuma izmantotajam MOM ir dazadas funkciondlas grupas. Acetdts ir
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monokarboksilats, glutamats un itakonats ir bikarboksilats, citratam ir tris karboksilata grupas
un hidroksilgrupa, savukart askorbatam ir hidroksilgrupas. AKF sastava esoSie kalcija un
fosfata joni var reag€t ar acetata, citrata, itakonata un glutamata karboksilata grupam.
Hidroksilgrupas var reagét gan ar fosfata, gan kalcija joniem. Nemot véra to, ka sintézei
izmantotajam MOM ir at$kirigs karboksilatu un hidroksilgrupu skaits un, attiecigi, to negativo
ladinu skaits, tas atSkirigi reage ar AKF sastava esoSajiem kalcija un fosfata joniem. 2. tabula
redzamas tira un MOM saturo$o AKF patiesais blivums un IVL.

2. tabula
Sintézes rezultata iegiito AKF patiesais blivums un IVL
Paraugs Patiesais blivums (g/cm®) IVL (m%/g)

AKF 2,62 105

Acetatu saturoSs AKF 2,47 118
Itakonatu saturo$s AKF 2,43 130
Glutamatu saturo$s AKF 2,64 92
Askorbatu saturo$s AKF 2,82 115
Citratu saturoSs AKF 2,57 62

SINTEZETO AKF KRISTALIZACIJAS KINETIKA UDENS VIDE

In vitro analize tiek izmantota, lai noteiktu $inu atbildes reakciju uz materialu. Sis analizes
laika materials tiek paklauts dazadu skidumu iedarbibai. Metastabiliem materialiem, piem&ram,
AKEF, pirms in vitro analizes veikSanas ir loti butiski novertet kristalizacijas kin&tiku tidens
vidé. Promocijas darba autora 5. publikacija aprakstiti visu sintezéto AKF kristalizacijas
kingtikas p&tjjumi. Eksperimenti tika veikti dejonizeéta tident, fosfata buferskiduma (FBS) un
stnu kultdiras barotné Minimum Essential Medium (a-MEM).

Lidz $im public&tie pétijumi liecina, ka AKF kristalizacijas kinétiku neietekmé sadi faktori:
a) izmantotas buferskiduma sistémas veids; b) dazada veida monovalento jonu klatbatne;
¢) AKF saskare ar sint€zes skidumu, filtréSana, zavésana vai ta pievienoSana tikko pagatavotam
buferskidumam.

Faktori, kas ietekmé kristalizacijas kin&tiku, ir maisiSanas atrums, sintézes Skiduma sastavs,
skidinataja veids, piesarnojuma klatbtitne un piedevas (polimetroliti, fosfolipidi, poliglikoli,
proteini). Lidz $im veiktajos petjumos MOM ietekmei uz AKF kristalizaciju pieversta maza
uzmaniba [32].

Kristalizacijas eksperimenti vispirms tika veikti dejoniz&ta ident (6. att.). Acetatu saturosa
AKF transformacija uz Ap notika atrak neka tira AKF gadijuma. Organiska savienojuma sanu
grupas (karboksilata vai hidroksilgrupa) nodro$ina mijiedarbibu ar CaP. Organisko molekulu
funkcionalajas grupas var butiski ietekmét AKF fizikalas un kimiskas ipasibas (pieméram,
morfologiju, dalinu lieclumu, TVL un patieso blivumu).

KMR analize apstiprinaja, ka tirs AKF satur karbonatu jonus (ladin$ —2). Acetata ladin$ ir
—1. Zinatniskaja literatira minéts, ka fluoru saturo$s AKF uz Ap transforméjas atrak neka tirs
AKF, kas saistams ar fluora jona negativo ladinu [35], [36]. Acetata negativais ladin$ vargja

Ir zinams, ka karbonata jonu klatbiitne AKF struktiira kave ta transformésanos uz Ap [31].
Itakonats un glutamats satur divas karboksilata grupas (katrai ladins —1), ka rezultata to ietekme
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varétu bt lidziga ka karbonatus saturoSam AKF. Tapéc tira, ka arT glutamatu un itakonatu
saturo$a AKF transformacijas atrums uz Ap vargja but lidzigs.

Citrats satur trTs karboksilata grupas (kopgjais negativais ladin§ —3). Ta rezultata citratu
saturo$a AKF transformacijas atrums bija vislénakais. Askorbata anjona l1adins ir —1, kas vargja
paléninat ta transformacijas atrumu, salidzinot ar tiru, acetatu, itakonatu un glutamatu saturosu
AKF.
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6. att. AKF transformacija uz Ap dazadas tidens vidés. Transformacijas kriterijs bija v4
PO4*~ svarstibu apgabals paraugu FTIS spektros. Paraugi, kuros v« PO4*~ svarstibu apgabala
netika noverota skaidra SkelSanas, uzskatiti par amorfiem; paraugi, kuriem novérota skelSanas

v4PO4* svarstibu apgabala transformgjusies uz Ap.
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FBS gadifjuma visi sintezétiec AKF atrak transform&jas par Ap. Zinatniskaja literatiira
minéts, ka FBS skiduma organiskie savienojumi no AKF virsmas izdalas jonu apmainas ar
fosfatu grupam no FBS vides rezultata. Ta rezultata pieaug fosfatu koncentracija AKF, kas
samazina ta stabilitati un izraisa straujaku transformaciju uz Ap fazi [37]. Fosfatu saturs o-
MEM vide ir mazaks neka FBS. Tadé| transformacijas kinétika bija 1énaka (iznemot citratu
saturoSo AKF).

Citratus saturoSais AKF a-MEM vide stabilitati saglabaja lidz 2880 mintitém ilgi. Agrak
public€tajos petljumos minéts, ka ap citrata stabilizétam zelta nanodalinam albumina seruma
veidojas ar proteiniem bagats slanis. Iesp&jams, lidzigi, negativi lad&tais citrats no citrata
stabilizétajam AKF dalinam mijiedarbojas ar fetalo liellopa serumu, kas ir a-MEM sastava, un
ta rezultata tiek aizkaveta AKF kristalizacija [38], [39].

FTIS analizes apstiprinaja, ka attiecigo MOM funkcionalas grupas CaP struktiira saglabajas
arT péc transformacijas. MOM saturoSu Ap var iegit, integréjot sint€zes un transformacijas
kingtikas procesus.

SINTEZETO AKF RAKSTUROSANA IN VITRO

Sintezeta AKF raksturoSana in vitro tika veikta ar osteoblastu prekursoru stinam, kas iegtitas
no peles (Mus musculus) galvaskausa (MC3T3-E1). Lai veiktu testus ar $inam, tika sagatavotas
AKF suspensijas, pievienojot 10 m/v % AKF dalinu a-MEM videi, kas péc tam ar tidens
tvaikiem piesatinata atmosfera, kas sastavéja no 95 % gaisa un 5 % CO,, 37 °C temperatira
tika inkub&ta 24 stundas.

Ekstrakti vispirms tika centrifugéti un p&c tam filtreti, lai atdalitu cietas dalinas. P&c tam tie
tika atSkaiditi ar a-MEM, lai iegltu nepiecieSamo koncentraciju — 1 m/v% un 0,1 m/v %. In
vitro petljumiem izmantots gan neatSkaidits ekstrakts, gan ekstraktu atskaidfjumi (1 m/v un 0,1
m/v %). Péc tam ekstrakti tika pievienoti MC3T3-E[ saturosam $0nu platém, kas p&c tam tika
inkubgtas 48 stundas. a-MEM vide tika izmantota ka pozitiva kontrole. Ka negativa kontrole
tika izmantota a-MEM vide, kas saturgja 6 tilp.% dimetilsulfoksida. Stnu dzivotsp&jas
analizésanai tika izmantots WST-8 (CCK-8, Sigma Aldrich) komplekts.

Promocijas darba autora 4. publikacija analizeti tira, ka art AKF_CIT un AKF_ACE in vitro
testu rezultati. Absorbcija, kas registréta no §tinam, kas tika kultivétas pozitivas kontroles vide,
tika normalizéta Iidz 100 %. Siinas, kas kultivétas ar 10 w/v % AKF_ACE ekstraktu, uzradija
zemako S§tnu dzivotsp&ju. Vislielaka $tinu dzivotsp&ja tika novérota 0,1 w/v % AKF CIT
ekstrakta. Starp 10 w/v % koncentracijas ekstraktiem visaugstako Stunu dzivotsp&ju uzradija
AKF _CIT ekstrakts, kam sekoja tirs AKF (AKF_CL un AKF NIT) un AKF_ACE.
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Ta ka visi AKF paraugi (7. att.) uzradija $inu dzivotsp&ju virs 70 %, var secinat, ka visi
paraugi ir citosaderigi. /n vitro analizes rezultati liecina, ka AKF CIT ekstraktos §tnu
dzivotspéja bija visaugstaka, kas liecina, ka Stnu dzivotsp&ja pieaug, ja AKF satur citratus.

3 g

g

Relativa $tnu dzivotspgja (%)

N
&
L

Nt ] O JACE] CL | NIT ] CIT_[ACE] CL | Nit [cit JACE] ¢t [ wi
o] 10% | % 0.1%

7. att. Atskirigu koncentraciju (10 % m/v, 1 % m/v un 0,1 % m/v) AKF ekstraktos
kultivetu MC3T3-E1 $anu relativa dzivotspgja (n = 12, CNT — kontrole, trs atkartojumi,
*p <0,05). CL un NIT reprezenté tiru AKF paraugus, CIT un ACE — citratu un acetatu
saturoSus AKF.

Promocijas darba autora 5. publikacija aprakstita in vitro analize, kas veikta askorbatu,
glutamatu un itakonatu saturoS§iem AKF. Pozitiva un negativa kontrole apziméta attiecigi ka
CNT+ un CNT-. legiitie rezultati liecinaja, ka 10 % w/v AKF_GLU ekstrakts bija citotoksisks.
Augsta glutamata koncentracija var izraisit ekscitotoksicitati un/vai oksidativu glutamata
toksicitati [40], [41]. Tomer, samazinot AKF_GLU ekstrakta koncentraciju lidz 1 % w/v, $inu
dzivotspéja pieauga.

Stinu dzivotspéja 10 % AKF ITN un AKF ASK ekstrakta bija labaka neka 10 %
AKF GLU ekstrakta. Lidziga tendence tika novérota arT 1 % w/v AKF ITN un AKF ASK
ekstrakta gadfjuma. Siinu dzivotsp&ja 10 % w/vun 1 % w/v AKF_ASK ekstrakta bija labaka
neka CNT+ gadijuma.
stunu dzivotsp&jai [42], [43]. Ka redzams 8. attéla, Sinu dzivotsp&ja visos AKF ekstraktos
(iznemot 10 % w/v AKF_GLU) bija lielaka par 70 %, tap&c var secinat, ka visi ekstrakti ir
citosaderigi.

. .
150=

“ . -
100=

B 10% (wiv)
B 1% (W)

Dzivotspéja
{%normalizéta attieciba pret pozitivo kontroli)

8. att. Relativa dzivotsp&ja MC3T3-E1 stinam, kas kultiveétas dazadu koncentraciju AKF
ekstraktos (10 % un 1 % m/v), kas iegliti a-MEM vidg. Visi paraugi tika analizgti tr1s reizes, un
dati noraditi ka videja vertiba un standartnovirze. CNT + un CNT — attiecigi ir pozitiva un
negativa kontrole.
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NANOKOMPOZITA BIOTINTE

Promocijas darba gaita izstradata nanokompozithidrogela biotinte, kas satur AKF, tika
izstradata pirmo reizi. Nanokompozithidrogela biotintes iegliSanai tika izmantots citratu un
acetatu saturoSais AKF. Petljuma analizéta izdrukato konstrukciju strukturala integritate, dalinu
izméra, kristalizacijas kin€tikas un attieciga MOM ietekme uz biotintes ipasibam.

Promocijas darba autora 6. publikacija aprakstita nanokompozithidrogela pamatnu
biodrukasana, kas tika veikta tris posmos — pirmsdrukasana, drukaSana un p&cdrukaSanas
analize.

Pirmsdrukasanas posma tika izvélets pamatnu dizains, materials un $tinas. Kopuma iegiitas
divas nanokompozita biotintes, kur alginata dialdehida-zelatina (ADA-GEL) organiskaja
matricg tika ieklauts citratu un acetatu saturosais AKF.

GEL ir vienpavediena proteins, kas iegtts kolagéna hidrolitiskas noardisanas rezultata. Tas
satur glicinu, prolinu un 4-hidroksiprolina, un tam piemit lidzigas biomehaniskas ipasibas ka
kolagénam [44]. Alginats ir dabigs polimérs, kas iegiits no brinajam jiiraszalem, kas sastav no
B-(1-4), kas saistits ar mannouronskabi, un B-(1-4), kas saistits ar I-glikuronskabes vientbam.
Pie alginata nevar piesaistities Snas, tacu to biezi izmanto kopa ar GEL, lai izgatavotu 3D
pamatnes [45]. Alginatam nepiemit sp&ja mijiedarboties ar GEL, tapéc tas tika parveidots par
alginata dialdehidu (4DA). Ta rezultata tas nodrosinaja reaktivas grupas GEL SkerssaistiSanai,
nodroginot Sifa bazes veido$anos [46].

Otrais solis bija biotin§u drukaana. Vispirms tika veikta hidrogelu reologijas analize, ka
ar veikta biodrukasanas parametru optimizacija. Amplitiidas tests ir pirmais solis hidrogelu
viskoelastigo pasibu raksturosana [47].

Visu hidrogelu VEA ieklaujas 20 % no maksimalas bides deformacijas vertibas, ka redzams
9. A—C attela. Papildus visiem hidrogeliem tika veikts frekvences un tecéSanas tests pie 1 % no
maksimalas bides deformacijas vértibas. Frekvences tests tika veikts, lai analizétu hidrogelu
krajuma moduli (G') un zuduma moduli (G"), ka redzams 9. D-F attéla.

ADA-GEL un AKF saturosa ADA-GEL hidrogeliem G™G", kas ir velami konstrukciju
biodrukasanai. Zemaka frekvence, pie kuras tika analizétas hidrogelu G' un G" vértibas, bija 1
Hz. ADA-GEL hidrogela G' un G" bija attiecigi 99,2 £ 9,3 Pa un 9 + 1,1 Pa. AKF_ACE
saturo$ajam A DA-GEL hidrogelam G' un G" vertibas ir 134,9+ 16,5 Paand 6,5 £ 0,5 Pa, savukart
AKF CIT saturoSajam ADA-GELA hidrogelam G' un G" v@rtibas ir attiecigi 142,6 = 14,1 Paun
7,6 £ 1,2 Pa. Visiem iegiitajiem hidrogeliem piemit neniitona Skidrumu pasibas (9. G att.).
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9. att. ADA-GEL un AKF saturosa ADA-GEL hidrogela oscilacijas testi. (A—C) amplitiidas
krituma analize tika veikta, lai novertétu hidrogela VEA. (D-F) frekvencu analize — lai raksturotu
hidrogelu krajuma (G") un (G"). Rezultati liecina, ka AKF pievieno$ana ADA-GEL hidrogelam
uzlabo ta G' un G". (G) hidrogela pliistamibas analize veikta, attiecinot viskozitates.

Drukasanas parametri tika optimiz&ti ar izméginajuma un klidu metodi, izmantojot 4DA-
GEL hidrogelu. Lai optimiz&tu printéSanas spiedienu un drukaSanas atrumu, tika izdrukata 8 x
8 mm? konstrukcija — rezgis. Sakotngji drukasana tika veikta lénam — ar atrumu 2 mm/s — pie
mainiga spiediena. DrukaSanas atrums tika optimizets péc tam, kad drukasanas rezultata tika
ieglits nepartraukts rezgis ar viendabigu acu izméru, ka redzams 10. attéla. Optimalais
drukaganas spiediens bija 65 kPa, savukart atrums 5 mm/s. Sie drukasanas parametri tika
izmantoti, lai izdrukatu konstrukcijas, izmantojot ADA-GEL un AKF saturoSu 4DA-GEL
biotinti, kas peéc tam tika Ské&rssaistitas, izmantojot kalcija hloridu un bakterialo
transglutaminazi un iemérktas a-MEM vidg.
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TreSais posms ir izdrukato konstrukciju analize, kuras laika autors parliecinajas par
izdrukato konstrukcijas stabilitati. Drukasanas indekss un vidgja poru laukuma analize tika
veikta, izmantojot /mageJ programmatiru. Agrak publicgtos pétfjumos drukasanas indekss
izmantots, lai optimiz€tu drukasanas parametrus. Veiktaja pé&tfjjuma drukasanas indekss
izmantots, lai raksturotu izdrukato konstrukciju acu geometrijas izmainas ka funkciju no laika.
Savukart drukasanas indeksa rezultati tika koreléti ar vidgjo rezga acs laukumu, ka redzams 11.
attela.

A. Spiediena optimiz&$ana

50 kPa 55kPa 60 kPa 65 kPa
B = e
N
bos s
oes s

B. Drukasanas atruma optimizé$ana

/s 2 /s < 5 “‘ s
1 mm/s 2 mm/s 3 mm/s 4 mm/s 5 mm/s 6 mm/s

2 mm

10. att. Izméginajuma un klidu metodes izmantoSana drukasanas parametru optimizacijai,
izmantojot dazadas drukasSanas spiediena un atruma kombinacijas. A) Vispirms drukasanas
spiediens tika optimiz€ts pie drukasanas atruma 2 mm/s. B) Drukasans atrums optimiz&ts pie
spiediena 65 kPa.

Izdrukato konstrukciju acu geometrija tika novertéta, izmantojot drukasanas indeksu [48].

Slegta apgabala cirkularitate (C) tiek definéta ka:
4TTA

C=— (D),

L2
kur L — perimetrs, 4 — rezga acs laukums. Apla formai ir vislielaka cirkularitate — C = 1,
savukart kvadrata formai cirkularitate ir vienada ar n/4. Zinatniskaja literatlira aprakstitajos
petijumos biotintes drukas indekss (Pr) kvadratveida formas poram ir noteikts, izmantojot $adu
funkciju [49]:
2
Pr==22=2 @)
Ideali sazelgjusas rezga konstrukcijas acij ir kvadratveida forma ar Pr vértibu 1. Pr > 1
liecina par neregularas acs formas geometriju, savukart Pr < 1 apraksta izliektas formas acs
geometriju [50]. Drukato ADA-GEL un AKF saturo$a ADA-GEL konstrukciju attéli ieguti,
izmantojot stereomikroskopu. Katras rezga konstrukcijas acu cirkularitate (n = 16) tika
analizéta, izmantojot Image-J programmatiiru, péc tam aprékinot Pr vertibu [51]. Dati uzraditi
ka videja Pr veértiba ar standartnovirzi.
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11. att. ADA-GELA un AKF saturoSas ADA-GEL biotintes drukato konstrukciju pécdrukas
analize (ADA-GEL, ADA-GEL-AKF_ACE un ADA-GEL-AKF_CIT). Stereomikroskopijas attélu
analize tika veikta 1., 3., 7. un 14. diena (mérogs 2 mm). Drukas indekss (Pr) un vidgja poru
laukuma analize tika veikta, izmantojot att€lu analizi programmattru, atlasot 16 poras. Poru
geometrija tika novertéta, analiz§jot Pr vertibu; pieméram, Pr < 1 attélo izliektu, Pr = 1 atbilst
kvadratveida, Pr > 1 neregularu iporu geometriju. (A—C) demonstré Pr vértibas, (D—F) parada
vidgjo biotintes poru laukumu. ADA-GEL biotintes uzrada straujas konformacijas izmainas poru
geometrija un biotintes vid€ja poru laukuma samazinasanos, liecinot par zemu strukturdlo
stabilitati, salidzinot ar AKF saturoS$ajam ADA-GEL biotinteém.

AKF _ CIT pievienosana nodro$inaja labaku izdrukatas konstrukcijas strukturalo integritati
neka AKF ACE pievienosSana, kas, iesp&ams, saistits ar atskirigo kalcija un fosfatu jonu
izdaliSanas kinetiku no AKF CIT un AKF ACE (12. att.). Jonu izdaliSanas eksperimenti tika
veikti 168 stundas (septinas dienas), lai analiz&tu kalcija un fosfata jonu izdaliSanos. Sakotngji,
pirmo stundu laika, tika novérota strauja kalcija un fosfatu jonu izdalisanas, kas p&c tam
pakapeniski samazinajas [52], [53]. AKF_CIT uzradija augstaku izdalito jonu koncentracija.
AKF ACE izdalttais kalcija un fosfatu jonu daudzums bija salidzino$i neliels — robezas no 1 mM
Iidz 1,5 mM.
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12. att. Fosfatu un kalcija jonu izdaliSanas kin&tika. (A) Citratu saturo$s AKF; (B) acetatu
saturos§s AKF.

Ar1 AKF dalinu izm@ram var bt biitiska nozime izdrukatas konstrukcijas strukturalas
integritates nodrosinasana. AKF ACE dalinu izmers ir mazaks (~ 20 nm) neka AKF_CIT (~ 40
nm) (detalizétaka informacija atrodama promocijas darba autora 4. publikacija). Mazaks dalinu
izmérs nodros$ina lielaku virsmas laukumu un, attiecigi, lielaku tendenci dalinam aglomeréties,
kas var negativi ietekm@t izdrukatas konstrukcijas strukturalo integritati [54].

Briva citrata karboksilgrupa potenciali var reagét ar Zelatina aminu grupu, nodro$inot amida
saites veidosanos. Gan ADA, gan GEL var Skerssaistit ar citratu saturoSu AKF [55]. Precizai
Skérssaistisanas mehanisma noteiks$anai biitu nepieciesams veikt papildu analizes.

Izdrukato konstrukciju raksturoSana in vitro tika veikta, izmantojot iekrasoSanu ar rodamina
falloidinu un DAPI. 13. attela redzams Stinu piesaistiSanas izdrukatajai konstrukcijai pirmaja
diena, kam seko stinu pagarinasanas, sapliiSana un tiklojuma veidosanas nakamo dienu laika.

Konstrukciju virsmu 14. diena klaja $tinas, kas apstiprina izveidotas nanokomozita biotintes
citosaderibu.

1. diena 3. diena 7. diena 14. diena

AKF ACE ADA-GEL

ADA-GEL-

500 pm

ADA-GEL-
AKF _CIT

13. att. Epifluorescences mikroskopija rodamina-faloidina (sarkana krasa) un DAPI (zila
krasa) iekrasotam MC3T3-E1 §tnam, kas ieklautas ADA-GEL un AKF saturo$a ADA-GEL
konstrukceijas (ADA-GEL-AKF ACE un ADA-GEL-AKF ACE). Mérogs 500 um.
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Lai raksturotu Stnu izplatiSanos izdrukato konstrukciju tilpuma, izmantota divfotonu
mikroskopija. legiito divfotonu mikroskopijas att€lu grupu 3D rekonstrukcijas redzamas 14. attéla.
Attelos redzams, ka $@inu populacija ar laiku pakapeniski pieaug, apstiprinot rezultatus, kas iegfiti
ar epifluorescences mikroskopiju.

I::\:l 1. diena 3. diena 7. diena 14. diena
p

200 pm

ADA-GEL

ADA-GEL-
AKF_ACE

ADA-GEL-
AKF_CIT

14. att. Trisdimensionali rekonstruéti daudzfotonu mikroskopijas atteli kvalitativai
morfometrijas un Siinu sadalijuma analizei.

NANOKOMPOZITU HIDROGELI

Promocijas darba autora 7. publikacija aprakstits nanokompozithidrogels, kura matricu
veido GELMA, savukart pildviela ir AKF. GELMA ir pateicigs materials audu inzenierijai,
nemot veéra ta biosaderibu, biologisko noardisanos, bioaktivitati un unikalas Sk&rssaistiSanas
pasibas, kas lietojamas nanokompozituhidrogelu izgatavosanai [56].

Izplatitaka metode GELMA hidrogelu Skérssaistisanai ir fotoSkeérssaistiSana, kur tiek
izmantota ultravioleta (UV) gaisma un fotoiniciators . GELMA $kidums satur fotoiniciatoru,
kas tiek paklauts UV gaismas iedarbibai. Fotoiniciators absorb&€ UV gaismu un fotolizes
reakcijas rezultata generé brivos radikalus. Brivie radikali reagé ar GELMA esoS$ajam
metakriloila grupam, izraisot radikalu veidoSanos uz GELMA molekulam. Radikali blakus
esosajas GELMA molekulas sak kédes reakciju, veidojot kovalentas saites starp metakriloila
grupam. Lidziga veida redoksa sistéma izmanto kimisko iniciatoru amonija persulfatu (APS)
un n,n,n’,n’-tetra metiletilénadiammu (TEMED).

FotoskerssaistiSanai ir trikumi, pieméram, l1€na ZeléSana un sarezgits sagatavosanas process
[57]. FotoskerssaistiSanas efektivitati var butiski samazinat pildvielas, kas hidrogelu padara
necaurspidigu, proti, pasliktina ta gaismas caurlaidibu, kas traucé fotopolimerizacijas reakcijas
procesu un Sk@rssaistiSanas dzilumu [58]. AKF pievienosSanas rezultata hidrogels klast
necaurspidigs (15. B att.), kas apgriitina GELMA fotoSkersaistiSanas procesu. Lai izstradatu
AKF CIT saturoSus GELMA hidrogelus, tika izmantota redoksa ierosinata kimiska
Skérssaistisana, izmantojot APS/TEMED [59]. lzgatavotie hidrogeli redzami 15. attéla.
AKF _CIT pievienoSana minimali ietekm&ja GELMA hidrogela viskoelastiskas 1pasibas.
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A) GELMA B) GELMA-AKF_CIT

-~

1000 pm

15. att. Iegiitie GELMA un GELMA-KF_CIT hidrogeli (m&rogs 1000 um).

Amplitidas testa rezultati redzami 16. (A-C) attéla. Hidrogela VEA tika analizgts,

izmantojot amplitiidas testu apgabala, kas ir mazaks par 10 % no maksimalas bides
deformacijas veértibas. Papildu analize tika veikta zem 1 % no maksimalas bides deformacijas
vertibas. Neskerssaistitas GELMA krajuma (G") un zuduma modulis (G') bija loti zems (mazaks
par 0,1 Pa) ar krustoSanas punktu (G" = G'") 501 %, kas liecina par tas sp&ju izturét bides speku
izraisTtu neatgriezenisku deformaciju. P&c SkérssaistiSanas GELMA hidrogela G' un G" pieauga,
savukart krustoSanas punkts samazinajas lidz 125,8 %. AKF CIT pievienoSana GELMA
hidrogelam uzlaboja moduli, paaugstinot krustoSanas punktu lidz 158,4 %, un ta rezultata
uzlabojas hidrogela spg&ja izturet bides speku izraisttu neatgriezenisku deformaciju.
Lai noveértetu iegiito hidrogelu viskoelastigas Ipasibas, tiem tika veikts frekvences tests (16.
(D-F) att.). Hidrogelu G' un G" tika noteikti pie frekvences 1 Hz (16. A att.). NeSkerssaistitai
GELMA G'un G" vertibas ir loti zemas (attiecigi, 0,12 Pa un G" 0,016 Pa), kas raksturigas
mehaniski neizturigam un viegli deform&jamam materialam. P&c $kérssaistiSanas tas tika
uzlabotas, G' sasniedzot 82,6 = 13 Pa, savukart G" 2,28 + 0,5 Pa. Pievienojot AKF CIT,
GELMA krajuma un zuduma modula veértibas palielinajas, G' sasniedzot 318,8 + 6,5 Pa,
savukart G" 11,3 £ 0,23 Pa.
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16. att. Hidrogelu viskoelastigas 1pasibas tika analizétas, izmantojot oscilacijas testu: (A—
C) hidrogela VEA tika analizéts ar amplitiidas testu; (D—E) hidrogelu krajuma un zuduma
moduli raksturoti ar frekvences testu.
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Izstradatie VT hidrogeli tika raksturoti in vitro, izmantojot iekrasoSanu ar rodamina
falloidinu un 4',6-diamidino-2-fenilindolu un DAPI (17. att.). Stinu piesaistisanas hidrogeliem
tika noveérota pirmaja diena. Septitajai diena Stinas bija vienmérigi izklied&tas pa visu hidrogelu,
apliecinot APS/TEMED S$kérssaistiSanas panémiena citosaderibu. Turklat netika novérota
negativa AKF_CIT ietekme uz MC373-E1 $unu proliferacijas procesu.

1. diena 7. diena
<
=
=
U —-— —
100 um 100 pm
+ =
30
§ |
5 2
100 m 100 m

17. att. Epifluorescences mikroskopija rodamina-faloidina (sarkana krasa) un DAPI (zila krasa)
iekrasotam MC3T3-E1 stinam, kas ieklautas GELMA un GELMA-AKF_CIT hidrogelos.

DUBULTTIKLA NANOKOMPOZITHIDROGELI
Promocijas darba autora 8. publikacija aprakstits dubulttikla nanokompozithidrogels
(DTKH), kura AKF_CIT ieklauts P/23-PAM-GELMA matric€. Pirmais dubulttikla hidrogela
tikls tika izveidots, izmantojot P/23. Otrais tikls sastav no PAM un GELMA kopolim&riem.
Otra tikla SkérssaistiSana tika veikta, izmantojot APS un TEMED (18. att.).

P123 PAM GELMA AKF_CIT

1. tikls 2. tikls

APS/TEMED
Skerssaistits

Dubulttikls
[zturigs un stingrs

18. att. DT hidrogela iegliSana, izmantojot fizikalo un kimisko Skerssaistianu. Primaro
tiklu veidoja Pluronic P123, savukart sekundaro tiklu — kopolim@ra sist€ma, kas sastav no
poliakrilamida-Zelatina metakrilata (PAM-GELMA). AKF_CIT izmantota ka neorganiska

pildviela hidrogela.

Sagatavojot DT nanokompozitu hidrogelus, tika izmantota sistematiska pieeja; sakotngji
tika pétita dazadu P123 (2,5 %, 5 %, 7,5 % un 10 %) koncentraciju ietekme uz PAM-GELMA
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mehaniskajam ipasibam (elastibas moduli, stiepes stipribu, pagarinajumu stiep€). Starp tiem
DT hidrogelam ar 7,5 w/v % P123 koncentraciju PAM-GELMA bija vislabakas mehaniskas
Tpasibas, tade] tas tika izmantots arT nanokompozita DT hidrogelu izstradg, hidrogela ieklaujot
dazadas AKF_CIT koncentracijas (0,75 %, 1,5 % un 3 %).

AKF CIT saturoSais DT hidrogels ar 0,75 w/v% AKF CIT koncentraciju (saisinati DT3-
AFKO0,75) uzradija visaugstvértigakas mehaniskas ipasibas (19. att.). Sim kompozitam papildus
tika izvertétas reologiskas Ipasibas un citosaderiba un salidzinata ar tira DT hidrogela (7,5
w/v% P123-PAM-GELMA, satsinati DT3) 1pasibam.
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19. att. Ieglito hidrogelu stiepes sprieguma-deformacijas likne. (A) P23 koncentracijas
ietekme uz PAM-GELMA hidrogela pagarinajumu stiepe. (B) AKF_CIT koncentracijas
ietekme uz DT3 hidrogela pagarinajumu stiep€. (C) Elastibas modulis, (D) stiepes izturiba un
pagarinajums sagrausanas bridi (%) visiem iegiitajiem hidrogeliem.

Visu sintez&to hidrogelu reologijas testi paradija, ka to G G", kas liecina par gelam
raksturigajam Ipasibam. Lai novertétu iegiito hidrogelu viskoelastigas Ipasibas, papildus tika
veikts frekvences tests (20. A att.). Hidrogelu G' un G" tika analiz@ts pie frekvences 1 Hz (20. A
att.). P123 ir loti zemas G' un G" vertibas (attiecigi, 1112,3 + 28,5 Pa), kas atbilst mehaniski
neizturiga, miksta materiala ipas§ibam. Savukart PAM-GELMA hidrogelam ir augstas G' un G"
vertibas (attiecigi, 10916,6 £ 625,3 Pa un 4058,6 + 213,8 Pa), kas atbilst augstai stipribai un
trauslumam. Palielinot PAM-GELMA hidrogela P123 saturu, G' vertiba tika ietekmé&ta mazak
neka G" vertiba. G" samazinajums nozimé, ka deformacijas laika tiek izkliedets mazaks
energijas daudzums, kas liecina, ka hidrogels vairak izturas elastigi neka viskozi. Tadgjadi,
palielinoties P/23 koncentracijai, atSkirtba starp G' un G" ve@rtibam liecina par elastibas
palielinasanos [60]. STparadiba tika novérota lidz P23 koncentracijai 7,5 w/v % PAM-GELMA
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Tan &

hidrogela (DT3). Turpinot palielinat P/23 koncentraciju lidz 10 w/v % (DT4), G'
samazinasanas izraisija G" palielinasanos, ietekméjot hidrogela elastibu.

DT3 hidrogeliem ar zemaku AKF CIT koncentraciju (0,75 w/v%) G’ vertiba sasniedza
9141 + 2545 Pa, savukart G" 341,3 + 134,8 Pa. AKF_CIT ieklausana (0,75 w/v%) samazina G'
un G" vértibas, tomér G' vertibas kritums ir neliels, salidzinot ar G" vértibas samazinasanos,
kas var€ja veicinat ta elastigo pasibu uzlabosanos. AKF CIT koncentracijai DT3 hidrogelos
pieaugot lidz 1,5 %, G' un G" vértiba butiski palielinajas (attiecigi, 17766,6 + 2689,4 Pa un
1034,9 +290,2 Pa), kas uzlaboja hidrogela stingribu. Palielinot AKF CIT koncentraciju lidz 3
w/v% G' un G" vértibas dramatiski pieauga (attiecigi, uz 22523,3 + 6950 Pa un1422,6 + 47,6
Pa), kas vargja izraisit kompozita mehanisko Ipasibu pasliktinasanos [61], [62].

Visu sintez&to hidrogelu tan § analize redzama 20. C attéla. Tan 9 ir viskoelastiga materiala G'
un G" attieciba, ko bieZi izmanto materiala slapé$anas ipasibu raksturoSanai. Ta kvantificé energijas
daudzumu, kas izkliedéts siltuma veida. Viskoelastiga materiala lielaka tan ¢ vértiba (tuvaka 1)
liecina par lielaku energijas dalu, kas izklied@ta siltuma veida, attieciba pret elastibas energiju. No
otras puses, mazaka tan & vértiba liecina, ka vairak saglabata elastibas energija, salidzinot ar
energiju, kas zaud@ta siltuma veida [47].
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20. att. A) Krajuma (G') un zuduma modula (G") analize pie 1 Hz frekvences.
B) Tan 6 analize pie 1 Hz frekvences. C) Visu sintezéto hidrogelu tan 6 analize dazadas
frekvences. D) Kompleksas viskozitates analize.

PAM-GELMA hidrogela tan & vértiba bija 0,37 + 0,03, analiz€jot pie 1 Hz frekvences
(20. D att.). Palielinoties P23 koncentracijai PAM-GELMA hidrogelos, tan 8 vertibas picaug
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uz attiecigi 0,28 + 0,13 DTI1, 0,16 + 0,01 DT2, 0,067 = 0,01 DT3 un 0,09 + 0,02 DT4
hidrogelam. ST analize liecindja, ka tan & vértibas samazinajas, lidz P23 koncentracija bija 7,5
w/v% PAM-GELMA (DT3), ko var attiecinat uz palielinatu elastibu [63]. Ja P/23 koncentracija
tika palielinata Iidz 10 w/v% PAM-GELMA (DT4), slapéSanas vértiba palielinajas, samazinot
elastibu.

Nanokompozithidrogelos tan & veértibas bija 0,036 + 0,05 DT3-AKF0.75, 0,057 + 0,008
DT3-AKF1.5un 0,067 £ 0,02 (DT3-AKF3). DT3-AKF0.75 tan § vertiba bija viszemaka, ko var
attiecinat uz visaugstako elastibu. Palielinot AKF_CIT koncentraciju DT3 hidrogelos Iidz 1,5
m/v % (DT3-AKF1.5) un 3 m/v % (DT3-AKF3), palielinas tan o vértiba, ko var attiecinat uz
slapésanas Ipasibu samazinasanos. Palielinoties AKF CIT koncentracijai, sak pieaugt tan &
vertiba, kas var ietekm@t Sk&rssaistianas blivumu un poliméru k&zu mobilitati hidrogela,
tadgjadi ietekmejot hidrogela kop€jas mehaniskas pasibas.

Visu sintezéto hidrogelu kompleksa viskozitate samazinajas, palielinoties frekvencei.
Kompleksas viskozitates variacijas tika novérotas pie dazadam P7/23 un AKF _CIT
koncentracijam PAM-GELMA hidrogela [64]. Ka redzams 20. D attéla, P/23 koncentracijas
palielinasanas PAM-GELMA hidrogela izraisa ieveérojamu kompleksas viskozitates
samazinasanos.

Stiepes testu rezultati korel€ ar oscilacijas bides testiem, kas liecina par to, ka P123 uzlabo
PAM-GELMA hidrogelu elastibu un mehaniskas Ipasibas. Tomér P/23 ietekme ir atkariga no
koncentracijas. ArT AKF_CIT ietekme uz hidrogela Tpa§ibam ir atkariga no ta koncentracijas
hidrogela. Pie noteiktas AKF CIT koncentracijas noverota hidrogela elastibas pastiprinasanas
varétu but saistita ar AKF CIT esosa citrata pseidoskerssaistisanos ar GELMA. Tomer, lai
apstiprinatu citrata-GELMA mijiedarbibu, ir nepiecieSamas izverstakas analizes. DT3 un
nanokompozitmateriala DT3-AKF0.75 hidrogelam ir augstveértigakas mehaniskas ipasibas.
Tapéc Siem diviem hidrogeliem tika veiktas papildu analizes.

Materiala pliistamibas (creep) un atjaunos$anas TpaSibas palidz izprast viskoelastiga
materiala poliméru k&zu mijiedarbibu, kas savukart palidz analizét hidrogela deformacijas
mehanismu. Lai noveértétu DT3 hidrogela un DT3-AKF0.75 nanokompozita poliméru k&zu
mijiedarbibas izmainas, tika veikta to plustamibas un atjaunoSanas analize (21. A att.).
AKF CIT ieklausanai DT3 hidrogela (DT3-AKF0.75) ir pozitiva ietekme uz plistamibas
sprieguma samazinasanu. Tas var biit saistits ar poliméru k&zu kustiguma samazinasSanos
AKF_CIT nanodalinu pievienoSanas rezultata [65]. Sprieguma relaksacijas liknes redzamas 21.
B attéla. DT3 hidrogelam un DT3-AKF0.75 nanokompozitam raksturiga strauja sprieguma
relaksé$ana.
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21. att. Slides-atjaunosanas analize (A), sprieguma relaksacija (B), uzbriesanas sp&ja C), ka
ari zavétu un uzbriedusu DT3 un DT3-AKF0.75 hidrogelu fotografijas (D un E).

DT3 hidrogela un DT3-AKF0.75 uzbrieSanas sp&ja redzama 21. C attéla. Gan DT3, gan
DT3-AKF0.75 izmérs uzbrieSanas rezultata picaug divas reizes (21. D un E att.). AKF CIT
pievienoSana DT3 hidrogelam ietekm& uzbrieSanas kin&tiku. DT3-AKF0.75 hidrogelu
uzbrieSanas sp€jas samazinasanos var izraisit tas, ka brivas poliméru k&des kustigumu kave
AKF_CIT klatbiitne [66].

Formas atminas hidrogeliem ir divu veidu $kérssaites. Pirmais tikls ir kovalenti $kérssaistits,
kas ir butiski hidrogela struktiiras integritates saglabasanai. Otrais tikls ir atgriezeniski fizikali
Skerssaistits un atbild par pagaidu formas fiksé$anu. Pé&titais hidrogels PAM-GELMA veido
kovalenti Skérssaistitu tiklu [67]. Termojutigais P/23 augsta temperatira (70 °C) veido
atgriezeniski Sk@rssaisttu tiklu, ierosinot formas mainu, ja hidrogels tiek paklauts 4 °C
temperatiirai, tadéjadi nodrosinot formas atminu un formas atjauno$anas ipasibas, ka redzams
22. attela.
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Iegiitais hidrogels Fikséta pagaidu Sakotnéjas formas

Sikotnéja forma forma atgiisana.
1)70°C
2 min 200
o 70°C
oy e a—
R 2)4°C 2 min
5 min
i
b
= -
e 70°C
A —
< 2 min
[t
h
e

22. att. Temperatiiras izraisits DT3 un DT3-AKF0.75 hidrogelu formas atminas efekts

Tegiita hidrogela un nanokopozia in vitro analize veikta, izmantojot iekrasosanu ar rodamina
faloidinu un DAPI (23. att.). Siinu piesaiste hidrogelam un nanokompozitam tika novérota
pirmaja diena. TreSaja diena Stinas bija vienmérigi izplatfjds gan pa hidrogelu, gan
nanokompozitu. Gan hidrogels, gan nanokompozits septitaja diena bija blivi noklats ar §tinam,
apliecinot iegtita DT3 un DT3-AKFO0.75 citosaderibu.

1. diena 3. diena 7. diena

DT3

DT3-AKF_CIT

100 w 100 w 100 pm

23. att. Epifluorescences mikroskopija rodamina-faloidina (sarkana krasa) un DAPI (zila krasa)
iekrasotam MC373-E] §tinam, kas ieklautas DT3 un NC1DT3 hidrogelos.



SECINAJUMI

. Negativa ladina atSkirtbas MOM sanu grupas ietekmé MOM mijiedarbibu ar AKF,
ietekmejot AKF 1pasibas.

Skiduma medigtas AKF transformacijas kinétiku uz Ap ietekmé $kiduma vides sastavs.
Neskatoties uz to, MOM saturosu AKF transformacijas uz Ap seciba dazadu skidumu vidés
nemainas: AKF_ACE >> firs AKF = AKF ITN = AKF GLU >> AKF ASK > AKF CIT.
FBS vide visi sintezétie AKF atrak transforméjas uz Ap, salidzinot ar dejonizéta tidens vidi.
FBS esosie fosfatu joni nodrosina papildu vietas kalcija jonu saistiSanai, paatrinot AKF
transformaciju uz Ap. Transformacija a-MEM vide ir 1énaka neka FBS, kas saistama ar ta
salidzinos$i zemo fosfatu jonu koncentraciju.

. Citratu un acetatu saturosa AKF pievienoSana (1 %) ADA-GEL hidrogelam palielina gan ta
krajuma, gan zuduma moduli (AKF_CIT saturoSam ADA-GEL G'= 142,6 + 14,1 Paun G" =
7,6 + 1,2 Pa, AKF_ACE saturoSam ADA-GEL G' = 134,9 + 16,5 Paun G" = 6,5 £+ 0,5 Pa,
savukart ADA-GEL hidrogelam G'= 99,2 + 9,3 Paun G" =9 + 1,1 Pa). Palielinatais krajuma
un zuduma modulis uzlabo izdrukato konstrukciju strukturalo integritati. Sis uzlabojums
saistams ar papildu kalcija joniem, ko AKF nodrosina 4DA $kérssaistiSsanai.

. GELMA hidrogela krajuma G' un zuduma G" modulu vértibas (attiecigi, 82,6 £ 13 Pa un
2,28 + 0,5 Pa) var bitiski uzlabot, hidrogelam pievienojot 2 % citratu saturoSa AKF. Ta
rezultata GELMA hidrogela G' sasniedza 318,8 + 6,5 Pa, savukart G" 11,3 £ 0,23 Pa.

. AKF CIT ietekme uz DT3 hidrogela mehaniskajam 1pasibam ir atkariga no ta
koncentracijas hidrogela. Pievienojot 0,75 w/v % AKF_CIT, tiek palielinata DT3 hidrogela
elastiba, kas saistams ar poliméru k&zu mijiedarbibas samazinasanos AKF CIT ietekmes
rezultata. Pieaugot AKF_CIT koncentracijai, G' un G" vértibas butiski palielinas, padarot
hidrogelu stingraku un ietekméjot ta mehaniskas 1pasibas.
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GENERAL OVERVIEW OF THE THESIS

INTRODUCTION

Globally, over 4.5 million reconstructive surgeries are conducted each year to address a range
of causes, including accidents, cancer procedures, and cosmetic enhancements [1]. Global Burden
Disease data analysis revealed that approximately 1.71 billion people worldwide have
musculoskeletal conditions [2]. Consequently, there is a need for effective biomaterial for bone
treatment and replacement. The unique characteristics of bone, its constituent phases, and
structural relationships at various hierarchical levels are complex. Therefore, replicating it
artificially to achieve biomaterials with properties comparable to bone has proven challenging [3].

For this reason, allograft remains a gold standard for treating bone-related disorders [4]. There
is a need to develop synthetic materials similar to natural bone [5]. Bone is a nanocomposite
material made up of inorganic and organic counterparts. The organic component primarily
comprises calcium phosphate (CaP), while the organic content predominantly comprises collagen.

The inorganic content of bone is synthesized through a mitochondrial-dependent cellular
mechanism in the form of amorphous calcium phosphate (ACP), which is further nucleated to low-
crystalline apatite (Ap) in the presence of collagen [6]. In mitochondria, the ACP is associated
with an organic compound that regulates interfibrillar collagen mineralization. The side chains of
an organic compound (carboxylate or hydroxyl groups) allow interaction with CaP by surface
adsorption [7]. The organic compound delay CaP crystallization can be due to retarding the
transformation rate (crystallization) of ACP to Ap or interaction with the crystalline phase by
inhibiting the growth of nuclei. Therefore the organic compound becomes a key player in
regulating interfibrillar collagen mineralization [8]. The Doctoral Thesis aims to develop small
organic molecule-containing ACPs and their nanocomposites as bone substitute materials for
improved bone regeneration. Based on this, five synthetic SOMs have been selected with diverse
functional groups and used for the development of SOM-containing ACPs. These SOMs are also
naturally present in mitochondria and play a role in bone regeneration.

The primary goal was to develop a wet chemical synthesis route for the synthesis of SOM-
containing ACP and analyze the impact of SOM on ACP's physiochemical properties (particle
size, morphology, true density, specific surface area, and transformation kinetics) and
cytocompatibility. Synthetic SOM-containing ACPs were used as inorganic fillers in an organic
matrix to develop nanocomposite scaffolds.

Nanocomposite bioink was developed by adding the SOM-containing ACPs as an inorganic
filler in an alginate-dialdehyde-gelatin (ADA-GEL) organic matrix wherein citrate-containing
ACP (ACP_CIT) was effective in maintaining the structural integrity of the bioprinted scaffolds.
Subsequently, a single-network (SN) nanocomposite hydrogel consisting of gelatin methacrylate
(GELMA) and ACP_CIT was developed using chemical crosslinking.

Afterwards, a double network (DN) nanocomposite hydrogel of polyacrylamide (PAM),
Pluronic P123, GELMA, and ACP_CIT was formulated. Initially, the effect of P123 on the
mechanical properties of PAM-GELMA hydrogel was evaluated, followed by analyzing the effect
of ACP on the mechanical and rheological properties of PAM-GELMA-P123 hydrogels.
Subsequently, their shape memory effect was also evaluated. In conclusion, all the synthesized
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ACPs and their nanocomposite bioink, SN, and DN hydrogels demonstrate cytocompatibility,
suggesting their potential use in bone tissue regeneration applications.

THE AIM OF THE THESIS

The Thesis aimed to develop SOM-containing ACPs, investigate their physiochemical
characteristics and cytocompatibility, employ them as fillers in nanocomposite development, and
assess their mechanical and rheological properties. The following tasks were set to fulfil the aim:
1. To develop a wet chemical route for the synthesis of SOM-containing ACP.

2. To examine the influence of SOM on the physiological properties and transformation kinetics
of ACP to low-crystalline apatite (Ap) in aqueous media: deionized (DI) water, PBS and a-
MEM cell culture media.

3. To incorporate developed ACPs into bioink, SN, and DN hydrogel and investigate the
properties of developed nanocomposites.

THESIS TO DEFEND

1. Incorporating SOM in ACP influences its physiochemical properties, transformation kinetics,
and cytocompatibility.

2. Solution-mediated transformation of ACP to Ap is affected by the composition of aqueous
media (deionized water, PBS, and a-MEM cell culture media).

3. The addition of ACP filler in bioink, SN, and DN hydrogels enhances their rheological,
mechanical, and structural properties while maintaining cytocompatibility.

SCIENTIFIC NOVELTY

1. Aone-step wet chemical approach was developed to synthesize pure and SOM-containing ACP
(such as acetate, ascorbate, citrate, itaconate, and glutamate).

2. New ACPs with acetate, ascorbate, and itaconate were synthesized.

3. For the first time, the influence of SOM on the transformation kinetics of ACP to Ap in different
aqueous mediums was evaluated.

4. Novel nanocomposite bioink, SN and DN hydrogel containing ACP were developed.

5. A new formulation of PAM-GELMA-P123 hydrogel was created.

PRACTICAL SIGNIFICANCE

1. The developed synthesis methods can be expanded to include other SOMs in ACP.

2. The transformation kinetics of ACP to Ap can be tailored using a combination of specific SOM
and aqueous media for specific applications.

3. DN hydrogel with tailored mechanical properties can be developed by modulating the
concentration of P123 in PAM-GELMA hydrogel.
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STRUCTURE OF THE THESIS

. The Thesis is created as a thematically unified set of scientific papers which focus on
developing SOM-containing ACPs and their nanocomposites (bioink, SN, and DN hydrogel).
Each paper stands on its own, presenting new knowledge and original research. Together, the
papers form an extensive long-term body of research to create a new approach for synthesizing
SOM-containing ACP and developing its nanocomposites.

. The study began with an in-depth literature review (Publication 1) to understand the physical
properties, biological occurrence, and synthesis of various calcium phosphate (CaP) types and
their use as bone substitute materials. The examination revealed that achieving pure crystalline
CaP requires high-temperature synthesis or treatments. Amorphous calcium phosphate (ACP)
is a metastable form of calcium phosphate; therefore, densification at high temperature is not
possible.

. In Publication 2, ACP was synthesized using the dissolution precipitation method. The
obtained ACP powder was sintered to near full density by simple uniaxial pressing at 1250—
1500 MPa at room temperature maintaining the amorphous nature.

. Naturally, the bone apatite is nonstoichiometric and structurally disordered. Therefore,
Publication 3, focused on understanding the mechanism of bone apatite formation and the role
of collagen and organic molecules in regulating mineralization. Naturally, ACP is formed
through a mitochondrial-dependent cellular mechanism. Additionally, ACP is associated with
an organic compound in the mitochondria. The side chains of organic compounds (carboxyl
and hydroxyl groups) regulate Ap nucleation and collagen interfibrillar mineralization. The
organic compounds' capability depends on the number of functional groups at specific
configurations. Therefore, five SOMs were selected based on different functional groups,
natural presence in mitochondria, and role in bone physiology. The primary goal of the
Doctoral Thesis was to synthesize the SOM-containing ACP.

. In Publication 4, the focus is on developing a one-step wet chemical approach for the synthesis
of pure, acetate (ACP_ACE), and citrate-containing ACP (ACP_CIT). The synthesis approach
developed in Publication 4 was further used to synthesize glutamate (ACP_GLU), itaconate
(ACP_ITN), and ascorbate-containing ACP (ACP_ASC) in Publication 5. All the synthesized
ACPs were characterized, and the results have shown the impact of SOM on the
physiochemical properties and cytocompatibility of ACP.

. In Publication 6, the effect of ACP's particle size, transformation kinetics, and SOM on ADA-
GEL hydrogel and printed scaffold were analyzed. ACP_ACE and ACP_CIT were used as an
inorganic filler in the ADA-GEL organic matrix for developing nanocomposite hydrogels.
Nanocomposite bioinks were developed by adding MC3T3-E1 cells in the ACP-ADA-GEL
hydrogels. Both bioinks comprising ACP_CIT and ACP_ACE were cytocompatible; however,
the ACP_CIT was more effective in maintaining the structural integrity of the printed scaffolds.
. In Publication 7, a nanocomposite SN hydrogel of ACP_CIT and GELMA was developed
using a chemical crosslinking approach using APS/TEMED as an alternative to photo-
crosslinking. /n vitro analysis has confirmed that the chemical crosslinking and incorporation
of ACP_CIT did not hamper the cytocompatibility of GELMA hydrogel.

In Publication 8, a DN thermoresponsive hydrogel consisting of PAM-GELMA-P123 was
synthesized. The primary network of DN hydrogel was developed using P123, while the
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secondary network consisted of a co-polymer of PAM-GELMA. Both the PAM-GELMA were
chemically crosslinked using APS/TEMED. Initially, the concentration of P123 in PAM-
GELMA hydrogel was adjusted to achieve optimum mechanical properties. Afterwards, the
effect of different concentrations of ACP_CIT on the mechanical properties of PAM-GELMA-
P123 hydrogel was analyzed. Additionally, the shape memory effect of the nanocomposite DN
hydrogel was examined.

LIST OF APPENDED PAPERS

RESULTS OF THE THESIS WERE PUBLISHED IN SCI SCIENTIFIC
PUBLICATIONS

Published

. Indurkar, A., Choudhary, R., Rubenis, K., & Locs, J. (2021). Advances in sintering techniques
for calcium phosphates ceramics. Materials, 14(20), 6133. doi.org/10.3390/mal4206133
(Scopus, Open Access, IF 3.4, Q2, CiteScore 5.2). (Publication 1).

. Rubenis, K., Zemjane, S., Vecstaudza, J., Lazdovica, K., Bitenieks, J., Wiecinski, P., Indurkar,
A., & Locs, J. (2022). Sintering of amorphous calcium phosphate to near-full density by

uniaxial compaction at room temperature. Journal of the European Ceramic Society, 42(13),
6199—6205. doi.org/10.1016/].jeurceramsoc.2022.06.041 (Scopus, Open Access, IF 5.7, Ql,
CiteScore 10.1) (Publication 2)

. Indurkar, A., Choudhary, R., Rubenis, K., & Locs, J. (2023). Role of carboxylic organic
molecules in interfibrillar collagen mineralization. Frontiers in Bioengineering and
Biotechnology, 11, 1150037. doi.org/10.3389/fbioe.2023.1150037 (Scopus, Open Access, IF
5.7, Q1, CiteScore 6.7) (Publication 3)

. Indurkar, A., Choudhary, R., Rubenis, K., Nimbalkar, M., Sarakovskis, A., Boccaccini, A. R.,
& Locs, J. (2023). Amorphous calcium phosphate and amorphous calcium phosphate
carboxylate: Synthesis and characterization. ACS Omega. doi.org/10.1021/acsomega.3c00796
(Scopus, Open Access, IF 4.1, Q1, CiteScore 5.9) (Publication 4)

. Indurkar, A., Kudale, P., Rjabovs, K., Heinmaa, I,. Demir, O., Kirejevs, M., Rubenis, K.,
Chaturbhuj, G., Turks, M., & Locs, J. (2023). Small Organic Molecules Containing Amorphous
Calcium Phosphate: Synthesis, Characterization and Transformation. Frontiers in
Bioengineering and Biotechnology, 11. doi.org/10.3389/fbioe.2023.1329752 (Scopus, Open
Access, IF 5.7, Q1, CiteScore 6.7) (Publication 5)

In press (Under review)

. Indurkar, A., Heid, S., Bauer, J., Rubenis, K., Friedrich, O., Locs, J., & Boccaccini, A. R.
Amorphous Calcium Phosphate Reinforced Alginate-Dialdehyde-Gelatin (Ada-Gel) Bioinks
for Biofabrication of Bone Tissue Scaffolds (Under review in Scientific reports) (Scopus, Open
Access, IF 4.6, Q1, CiteScore 6.9). (Publication 6)

. Indurkar, A., Rubenis, K., Boccaccini, A. R., & Locs, J. Development of nanocomposite

hydrogel using citrate-containing amorphous calcium phosphate and gelatin methacrylate
(Under review in Frontiers in Bioengineering and Biotechnology) (Scopus, Open Access, IF
5.7, Q1, CiteScore 6.7) (Publication 7)
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of Thermoresponsive Double-Network Nanocomposite Hydrogel for Bone Tissue Engineering
(Under review in Macromolecular Materials and Engineering) (Scopus, Open Access, IF 3.9,
Ql1, CiteScore 6.5) (Publication 8)

RESULTS OF THE THESIS PRESENTED AT SCIENTIFIC
CONFERENCES

. Development of nanocomposite double network hydrogel: Vecstaudza, J., Egle, K., Indurkar,
A., Locs, J. 64" International Scientific Conference of Riga Technical University, Latvia held
on 6™ October 2023. (Oral presentation)

. Development of nanocomposite double network hydrogel: Indurkar, A., Rubenis, K.,
Boccaccini, A. R., & Locs, J. 64th International Scientific Conference of Riga Technical
University, Latvia, held on 6™ October 2023. (Oral presentation)

. Amorphous calcium phosphate citrate reinforced gelatin-alginate dialdehyde bioink for bone
regeneration: Indurkar, A., Rubenis, K., Boccaccini, A. R., & Locs, J. International
Conference on Biofabrication, Saskatoon, Canada, held on 17" to 20" September 2023. (Oral
Ppresentation)

. Amorphous calcium phosphate citrate reinforced gelatin-alginate dialdehyde bioink for bone
regeneration: Indurkar, A., Rubenis, K., Boccaccini, A. R., & Locs, J. FEMS EuroMat 2023,
Frankfurt, Germany,held on 3™ to 7" September 2023. (Oral presentation)

. Amorphous calcium phosphate citrate reinforced gelatin-alginate dialdehyde bioink for bone
regeneration: Indurkar, A., Rubenis, K., Boccaccini, A. R., & Locs, J. 5" World Congress of
Latvian Scientists, Riga, Latvia, held on 26" to 29" June 2023. (Poster presentation)

. Biomimetic synthesis of amorphous calcium phosphate: Indurkar, A., Choudhary, R.,
Rubenis., & Locs, J. 16" Scandinavian Society of Biomaterials, Rgros, Norway held on 21% to
24" March 2023. (Poster presentation)

. Tailor-made synthesis of bionic amorphous calcium phosphate: Indurkar, A., Choudhary, R.,
Rubenis, K., Locs, J. Biomaterials and novel technologies for healthcare 3" biennial
International Conference BIOMAH, Rome, Italy, held on 18" to 21% October 2022. (Oral
presentation)
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INDIVIDUAL CONTRIBUTION TO PAPERS

The papers discussed in this Thesis are co-authored with 16 collaborators and supervised by
experienced mentors who provided strong support and valuable input. The author of the Thesis
played a pivotal role in each paper, shaping the research and exploring background literature. The
author of the Thesis focused on developing a one-step wet chemical approach for synthesizing
ACP (with and without SOM) and its characterization. The developed ACPs were used to create
nanocomposite bioink, SN, and DN hydrogel.

During the Doctoral Thesis, the author had interactive discussions with the co-authors and
supervisors, which has proven vital for overcoming hurdles and navigating the complexity of the
research. The collective process has kept the author actively involved with his team. While the
author’s work and theirs are distinct, all the co-authors and supervisors have propelled the study
in this field forward.

Physical properties, X . ) . Development of ADA-GEL nano-
synthesis of various types Synthesis and cold sintering Synthesis of pure. acelate and  composite bioink using acetate and
of calcium phosphate ol ACIP citrate-containing ACP citrate containing-ACP as an inorganic
filler
@ — @ g Publication 7
Publication 1 Publication 2 Publication 3~ Publication 4 Publication 5 Publication 6 \
Publication 8
Development of GELMA nanocomposite
5 . hydrogel using citrate containing-ACP as
Understanding bone formation . an inorganic filler
3 g
mechanism and role of organic ynthesis of glutamate, ascorbate

el e o e o and itaconate-containing ACP Development of PAM-P123-GELMA

nanocomposite hydrogel using citrate-
containing ACP as an inorganic filler

Fig. 1. Roadmap of appended papers for developing SOM-containing ACP and its
nanocomposites bioink, SN, and DN hydrogels.
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THE MAIN RESULTS OF THE THESIS

LITERATURE SURVEY

Bone is a dense form of connective tissue (osseous tissue) that constitutes the fundamental
framework of the human skeletal system. Osseous tissue comprises specialized cells and a matrix
comprising 65-70 % biomineral by weight and 5-8 % water, with the rest including organic
materials [9]. The mineral phase mainly comprises CaP, the principal component being carbonated
hydroxyapatite (cHA). The organic matrix comprises 90 % collagen and 10 % non-collagenous
proteins.

CaP is a significant component in bone. In past decades, various CaP biomaterials have been
used in bone regeneration studies and clinical applications [10]. Therefore, Publication 1
highlighted a comprehensive overview of CaP materials, such as their physical properties,
biological occurrences, and diverse synthesis methods [11]. The examination revealed that
achieving pure crystalline CaP requires high-temperature synthesis or treatments, encouraging to
review numerous sintering methods for obtaining pure and stoichiometric CaP materials.

Synthetic hydroxyapatite (HA) developed under high temperatures has the chemical formula
Cai0(PO4)s(OH)2. However, bone apatite formed at low temperatures is not well crystalline and
termed a low or poorly crystalline form of calcium apatite that is structurally disordered and
nonstoichiometric due to the presence of one or more cationic (Na*, K*, Fe?, Mg?', Zn?*, Sr*")
and/or anionic (HPO4*, COs%, CI', F, citrate) species [12]. Such impurities in bone apatite
introduce stress into the crystal structure, making it less stable and more reactive [13]. Moreover,
bone apatite has a unique geometry where the length does not exceed 30—50 nm while maintaining
a thickness close to 2 nm [14]. Therefore, Publication 3 focused on understanding the mechanism
of bone apatite formation [15].

The organic component of bone plays a vital role in apatite formation. ACP is the first solid
phase of CaP formed by mitochondrial-dependent cellular mechanisms. ACP is associated with an
organic compound (Howard factor) in mitochondria, indicating a complex inorganic-organic
formation. This complex is transferred onto the collagen matrix, where ACP transforms to low
crystalline apatite (Ap).

The organic component of bone plays a crucial role in Ap formation. In bone, collagen is
arranged in a parallel staggered array, as shown in Fig. 2. The collagen molecules are shifted by
distance D, wherein one D-repeat consists of a complete collagen sequence of 67 nm, and the
distance between two tropocollagen subunits measures 40 nm, termed as the gap zone [16]. The
gap zone serves as a nucleation site for ACP to Ap transformation, wherein Ap achieves its c-axis
orientation parallel to the long axis of collagen [17].
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However, previous studies have shown that synthetic combinations of ACP/collagen cannot
initiate apatite nucleation [18]. Therefore, it was clear that collagen alone cannot initiate
mineralization independently, and a nucleation catalyst regulating the process is present. The
nucleation catalyst is an organic molecule of specific reactive side chains (carboxyl or hydroxyl

groups) arranged in a stereochemical array [8].

D-spacing . , -—
67nm 4 Mineralized Collagen fibril

, ‘
—w
—  —— ——]
Collagen

|
—m—m———
Gap— 40 nm Interfibril minerals
Overlap — 27 nm

molecule

Fig. 2. Schematic illustration of the hierarchical structure of collagen.

Poly-aspartate was the first organic compound analyzed for collagen interfibrillar
mineralization. Adding poly-aspartate improves the connection between CaP and collagen,
creating separate CaP crystals in the collagen fibril. On the contrary, the absence of poly-aspartate
resulted in clusters of CaP crystals loosely bound to collagen fibril. Poly-aspartate interacts with
CaP by surface adsorption, and the delay of CaP crystallization can be due to retarding the
transformation rate of ACP to Ap or due to interaction with the crystalline phase by inhibition
growth of nuclei [7]. This study established the fundamental significance of organic molecules in
regulating collagen interfibrillar mineralization.

Subsequently, further research was focused on analyzing different organic molecules (non-
collagenous proteins, polymers, and small organic molecules) in developing synthetic CaP. The
list of the organic molecules used in developing CaP is highlighted in Publication 3.
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SELECTION OF SMALL ORGANIC MOLECULES

Naturally, ACP is formed through a mitochondrial-dependent cellular mechanism, as
illustrated in Fig. 3 A). Furthermore, ACP forms a complex with an organic compound in the
mitochondria. The literature showed that the side chains of organic compounds (carboxyl and
hydroxyl groups) can induce apatite nucleation [5]. The functional groups should have the required
configuration to induce CaP nucleation under stimulated body conditions. Therefore, in this study,
five synthetic SOMs have been selected that are also naturally present in mitochondria. These
SOMs play a role in bone regeneration and have different functional groups, as shown in Fig. 3 B).

A) Cellular mechanism of ACP synthesis

Amorphous calcium phosphate
(ACP)

ACP deposition in the .
collagen fibril

Phosphate ions .

accumulation .
U

Calcium ions

ACP Intermediate Bone
state crystal

Acetate Itaconate Glutamate Citrate Ascorbate

Fig. 3. A) — Formation of ACP by mitochondrial-dependent cellular mechanism. B) —
Synthetic SOMs that are also naturally present in mitochondria are used to synthesize SOM-
containing ACP.
Acetate is a monocarboxylic compound that enhances stem cell differentiation by increasing

histone acetylation and chromatin assembly. Bone marrow mesenchymal stem cells (MSCs)
regulate bone regeneration by giving rise to adipocytes, chondrocytes, and osteoblasts. However,
aged MSCs have a decreased capacity to differentiate into osteogenic and chondrogenic linage.
Treatment of aged MSC by supplementing acetate rescues the osteogenic defects of aged MSC
[19].

Itaconate and glutamate are dicarboxylic compounds present in mitochondria. Itaconate is a
metabolite that regulates osteoclast differentiation and activation, maintains bone homeostasis, and
reduces inflammatory bone loss caused by lipopolysaccharide-induced inflammation [20].
Glutamate is a fundamental extracellular messenger molecule used for neural and non-neural
signaling in bone. The osteoblasts, osteoclasts, and bone marrow cells express the glutamate
receptors. Activation of glutamate receptors controls the phenotype of osteoblasts and osteoclasts
in vitro and bone mass in vivo [21]. Moreover, glutamate has attained the nitrogen balance in a
fractured bone, thus accelerating the bone healing process [22].

Citrate is a tricarboxylic compound and an essential component synthesized in the Kerbs cycle.
In 1941, the presence of citrate in bone was first identified [23]. The citrate concentration in bones
is 20-80 umol/g, which is 100—400 folds higher than in most soft tissues. Bone comprises 1.6 %
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citrate, and about 90 % of body citrates are found in human bone [24]. Recent NMR studies have
shown the presence of citrate in bone [25]. The complex interaction of the citrate with the apatite
regulates the Ap's lattice orientation, particle size, and distribution. The long axis of the citrate
molecule is parallel to the surface of the apatite. The three carboxylic groups of citrates are at 0.3—
0.45 nm from the apatite surface. The spacing of the carboxylic groups matches with the calcium
ion along the c-axis of the apatite. Therefore, the crystal growth is inhibited in the direction of
thickness but continued in the longitudinal direction [26].

Ascorbate (vitamin C) is crucial in collagen synthesis and is a vital organic compound in
connective tissues and bone [27]. Collagen provides structure and flexibility to the bone, enabling
it to withstand mechanical stress. Without sufficient ascorbate, collagen synthesis is impaired,
weakening the bone structure and increasing susceptibility to bone fractures [28]. Furthermore,
osteogenic cell differentiation depends on ascorbate [29], [30].

In summary, SOMs such as acetate, itaconate, glutamate, citrate, and ascorbate play a crucial
role in bone physiology. Therefore, these SOMs were used to synthesize SOM-containing ACP,
and the effect of different functional groups on the physiochemical properties of ACP and
cytocompatibility was analyzed.

SYNTHESIS OF ACP WITH SOM

Initially, the dissolution precipitation method was used to synthesize ACP in one step involving
the dissolution of hydroxyapatite and rapid addition of alkali (Publication 2), as depicted in Fig.
4 A). However, previous studies have performed the synthesis of SOM-containing ACP by a
multi-step approach wherein the SOM was either introduced in its acidic or basic form, as
illustrated in Fig. 4 B). Therefore, the aim was to develop a one-step approach to synthesize ACP
both with and without SOM.

The complicated step in ACP synthesis is the triprotic nature of phosphate ions. In an acidic
solution, ACP contains HPO4>" instead of PO4>" therefore compromising the synthesized product
(ACP) [31]. Boskey and Posner have proved the influence of factors such as synthesis pH, surface
area, calcium concentration, stirring rate, and slurry concentration on the physiochemical
characteristics of synthesized ACP under consistent temperature conditions at 26 °C. The effect of
the synthesis pH of ACP on the transformation time to apatite is shown in Table 1.

Table 1
Effect of Synthesis pH on ACP Transformation to Apatite [32]
ACP synthesis pH Time needed for ACP transformation to apatite (min)
6.8 16
7.0 30
7.5 48
8.0 120
9.0 135
10.0 280

The literature describes various approaches to synthesize pure and SOM-containing ACP.
Different approaches have different synthesis parameters, such as pH, stirring rate, reaction time,
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volume, and calcium and phosphate ion concentrations. Therefore, comparing pure and SOM-
containing ACP becomes problematic when using different synthesis parameters.

In the Doctoral Thesis, a one-step wet chemical synthesis approach of pure and SOM-
containing ACP was developed, keeping constant synthesis parameters such as synthesis pH,
reaction volume, temperature, stirring rate, and calcium and phosphate ions concentrations. This
standardized approach allows us to analyze the effect of SOM on ACP's physiological properties.

The synthesis approach described in Publication 4 for the pure ACP employed the following
strategy: calcium chloride or calcium nitrate solutions (150 mM in 150 ml Milli-Q® water) were
prepared, and their pH was adjusted to 11.5 using 3M NaOH solution, followed by the addition of
an equal amount of trisodium phosphate (100 mM in 150 ml Milli-Q® water) under constant
stirring of 500 rpm, as illustrated in Fig. 4 C).

Similarly, for the synthesis of SOM-containing ACP (Publications 4 and 5), (150 mM)
calcium acetate, (50 mM) calcium citrate, or (150 mM) calcium glutamate was added in 150 ml
Milli-Q® water. Their pH was adjusted to 11.5 using 3M NaOH solution, followed by adding an
equal amount of trisodium phosphate (100 mM in 150 ml Milli-Q® water) under constant stirring
of 500 rpm, as illustrated in Fig. 4 D).

The process for itaconate and ascorbate-containing ACP followed a similar approach, as shown
in Fig. 4 D). Calcium chloride (150 mM) and itaconic anhydride (150 mM) or ascorbic acid were
added to 150 ml Milli-Q® water. Their pH was adjusted to 11.5 using 3M NaOH solution, followed
by adding an equal amount of trisodium phosphate (100 mM in 150 ml Milli-Q® water) under
constant stirring of 500 rpm.

A) Addition of 2M B)
Addition of 3M HCI NaOH Phosphate source Addition of acid or base for

Sodium citrate or Citric acid
pH adjustment

ACD CaCl, V ACP_CIT

— . E +
Hydroxyapatite

1 1 1 1 ] ] VI v

Q)

o D]
Addiiod of Naom Trisodium phosphate )

for pH adjustment ‘ ’I‘IJ‘JTL:::D:d(;Irl\II\l:zI\II &
/ /

Trisodium phosphate

ACP ACP_CIT

CaCl * —— . ) ==
= Calcium citrate

I i m | n 1

Fig. 4. Traditional synthesis approach for pure ACP (A) and SOM-containing ACP (B). The
synthesis approach in which the pH of the calcium chloride solution was adjusted to 11.5 using
3M NaOH, followed by adding trisodium phosphate (C). SOM was consumed as calcium salt,

making pH adjustment convenient with marginal pH variation after adding trisodium phosphate

(D).

In every synthesis method, the pH of the calcium salt (with or without SOM) was set to 11.5
using 3M NaOH, and trisodium phosphate inherently had a pH of 12. The reaction pH stayed
between 10.5 and 11.5 when these solutions were mixed. Moreover, the synthesis reaction volume,
temperature, stirring rate, calcium and phosphate ions concentrations, and the downstream process
(centrifuge, washing thrice with Milli-Q® water, liquid nitrogen freeing of precipitate, and
lyophilization) were the same. As a result, pure and SOM-containing ACPs were produced under
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similar conditions, enabling a comparison between them. Moreover, it also allows examining the
effect of SOM on physiochemical properties and transformation kinetics of ACP to Ap.

PHYSIOCHEMICAL PROPERTIES OF SYNTHESIZED ACP VARIANTS

Publication 4 outlines the physiochemical characteristics of synthesized pure ACP as well as
ACP_CIT and acetate-containing ACP (ACP_ACE). At the same time, Publication 5 provides
information on ascorbate (ACP_ASC), glutamate (ACP_GLU), and itaconate-containing ACP
(ACP_ITN).

The XRD analysis of all the synthesized ACP variants shows a broad featureless background,
showing an X-ray amorphous nature. The splitting in the v« PO,* vibration region (500—-620 cm™
1) in FTIR spectra is not seen, thus confirming the amorphous nature of all the synthesized ACP
variants.

The solid-state *'P nuclear magnetic resonance (NMR) analysis of all ACP variants has shown
a characteristic broad Gaussian peak centered from 2.2 ppm to 6.5 ppm, corresponding to ACP.
The functional groups of ACP and respective SOM were confirmed using FTIR and solid-state
13C nuclear magnetic resonance (NMR) analysis.

The morphology of ACP observed in zebrafish fin, embryonic chicken long bones, and
developing mouse calvaria were either spherulite or globular, with particle sizes ranging from 10—
50 nm [33], [34]. Figure 5 displays the TEM analysis of the synthesized and SOM-containing ACP
variants.

G) Pure ACP H) ACP_ACE I) ACP_ITN

®D

J) ACP GLU K) ACP_ASC

L) ACP_CIT

20 mm

20 o

Fig. 5. Morphology and particle size analysis of all the synthesized ACP variants (scale bar of 20
nm): A) — pure ACP, B) ACP_ACE (acetate-containing ACP); C) — ACP_ITN (itaconate-
containing ACP); D) — ACP_GLU (glutamate-containing ACP; E) — ACP_ASC (ascorbate-
containing ACP); and F) — ACP_CIT (citrate-containing ACP).
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The pure ACP, ACP_ACE, ACP_ASC, ACP_GLU, and ACP_ITN have a hollow spherical
morphology with particle sizes close to 20 nm. On the other hand, ACP_CIT shows globular
morphology with particle size close to 40 nm.

The effect of SOM on ACP's true density and specific surface area is shown in Table 2. The
SOM used in this study possesses different functional groups. For instance, acetate is
monocarboxylic, glutamate and itaconate is dicarboxylic, citrate contains tricarboxylic and a
hydroxyl group, and ascorbate has hydroxyl groups. Both calcium and phosphate ions in ACP can
react with the carboxylate group of acetate, citrate, itaconate, and glutamate. Similarly, the
hydroxyl group can react with both phosphate and calcium ions. The functional group variations
offer diverse negative charges, which react differently with calcium and phosphate ions in ACP.
Therefore, the effect of SOM was observed on ACP's morphology, particle size, density, and SSA
of ACP.

Table 2
Density and SSA of Synthesized ACP Variants
Sample True density (g/cm®) SSA (m?/g)
Pure ACP 2.62 105
Acetate-containing ACP 2.47 118
Itaconate-containing ACP 2.43 130
Glutamate-containing ACP 2.64 92
Ascorbate-containing ACP 2.82 115
Citrate-containing ACP 2.57 62

CRYSTALLIZATION KINETICS OF SYNTHESIZED ACPS IN AQUEOUS
MEDIUM

In vitro analysis is the primary measure to scrutinize the cellular responses of a material. This
examination often involves the material's exposure to diverse solutions. Specifically, for ACP,
which is recognized for its metastable nature, a comprehensive investigation of its transformation
kinetics in an aqueous medium becomes crucial before evaluating the in vitro performance.
Therefore, in Publication 5, transformation kinetic experiments of all the synthesized ACPs were
performed. The media used were DI water, PBS, and o-MEM medium.

In literature, earlier studies have discovered that the transformation kinetics of ACP to Ap is
unaffected by the following factors: a) the nature of the buffer system used, b) the presence of
different types of univalent ions, ¢) the ACPs were in contact with mother liquor or filtered, dried,
or added to the fresh buffer. The parameters affecting the transformation kinetics are stirring rate,
slurry composition, solvent type, presence of foreign ions, and additives (polyelectrolytes,
phospholipids, polyglycols, proteins). In this context, the effect of SOM on ACP to Ap
transformation has received relatively less attention [32].

The transformation experiments were initially performed in DI water, as shown in Fig. 6.
Results revealed that the transformation of ACP_ACE to Ap was faster than pure ACP. The side
chains of an organic compound (carboxylate or hydroxyl groups) allow interaction with CaP by
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surface adsorption. The functional groups in organic molecules possess different effects on the
physiochemical properties of ACP (morphology, particle size, SSA, and true density of ACP).

NMR analysis has confirmed that pure ACP has carbonate ions with a negative charge of —2.
Acetate consists of single carboxylic groups offering a negative charge of —1. Fluoride ions also
have a negative charge of —1; therefore, the transformation of ACP to Ap was faster in the presence
of fluoride-doped ACP than in pure ACP [35], [36]. The negative charge of —1 in acetate was
attributed to the faster transformation of ACP_ACE to Ap. The presence of carbonate ions in ACP
is known to retard its conversion to Ap [31]. Similarly, itaconate and glutamate are dicarboxylic
compounds with a negative charge of —2 and may behave similarly to carbonate-substituted ACP.
Therefore, the transformation rate of pure ACP, ACP_GLU and ACP_ITN was the same.

Citrate is a tricarboxylic compound that can interact with CaP in four ways. The first most
accepted interpretation is the interaction of Ca*" with the COO", a group of citrates. The second
interpretation is the interaction of OH" of citrate with the phosphate ions. The third possible occurs
through the substitution of the phosphate group with citrate anion. The fourth prediction is the
interaction of carboxylic groups with phosphate ions. The carboxylate group of citrate has a
negative charge of —3 offering multiple interactions with ACP, which can be attributed to the
retarded transformation rate of ACP_CIT. In the case of ascorbate anion, the transformation rate
was slower than other ACP variants (except ACP_CIT). The ascorbate anion can react with ACP,
which may result in complex formation, thus retarding its conversion to Ap.

In PBS, all the synthesized ACPs showed rapid transformation to Ap. Earlier studies have
revealed that in the presence of PBS solution, the organic compounds are released from the surface
of ACP due to ionic exchange with the phosphate groups in the medium. This leads to an elevated
phosphate concentration in ACP, thus reducing stability and rapidly transforming to Ap [37]. The
phosphate content in the a-MEM medium was less than in PBS. Therefore, the transformation
kinetics were slower (except for the ACP_CIT).

In the case of ACP_CIT, the amorphous nature was kept up to 2880 min in the a-MEM
medium. In literature, the interaction of serum albumin with citrate-stabilized gold nanoparticles
forms a protein-rich layer around the particle. Similarly, the delayed transformation of ACP_CIT
may be due to the interaction of negatively charged citrate with Fetal bovine serum (FBS) present
in a-MEM medium [38], [39].

FTIR analysis confirmed that the functional groups of respective SOMs in the transformed Ap
were retained. SOM-containing Ap can be developed by integrating the synthesis and
transformation kinetics approaches.
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Fig. 6. Transformation kinetics of ACP to Ap in different aqueous mediums. The evaluation was
based on v4,PO4> vibration region. The samples that did not show clear splitting in the v4 PO4*
vibration region was termed amorphous; on the contrary, the samples that showed splitting of the
vs PO/ vibration region were termed low crystalline apatite.
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IN VITRO ANALYSIS OF SYNTHESIZED ACPS

In vitro analysis of synthesized ACPs was performed with an osteoblast precursor cell line
derived from mouse (Mus musculus) calvaria (MC3T3-E1). For cellular analysis, suspensions
were prepared by adding 10 % w/v ACP precipitate in o-MEM medium and incubated at 37 °C in
a humidified atmosphere of 95 % air and 5 % CO; for 24 h.

The extracts were collected by centrifugation and filtered to eliminate solid particles. The
extracts were diluted with o-MEM medium to get the concentration of 1 % and 0.1 % w/v. For in-
vitro analysis three concentrations were tested as follows: 10 %, 1 %, and 0.1 % w/v of each ACP
variant. The extracts were then added to MC3T3-E1 containing well plates and incubated for 48 h.
The o-MEM medium was added as a positive control. In contrast, the a-MEM medium with 6
vol% DMSO (dimethyl sulfoxide) was used as a negative control. The WST-8 (CCK-8, Sigma
Aldrich) kit was used to analyze cell viability.

In Publication 4, in vitro analysis of pure ACP, ACP_ACE and ACP_CIT was performed. The
absorbance recorded from the positive control cells cultured in only medium was normalized to
100 %. The cells cultured with a 10 % w/v ACP_ACE extract showed the lowest cell viability. In
contrast, the highest cell viability was observed in a 0.1 % w/v extract ACP_CIT. In the group of
10 % w/v, ACP_CIT has the highest cell viability, followed by pure ACP (ACP_CL and
ACP_NIT) and ACP_ACE.

Since all the ACP samples shown in Fig. 7 exhibited cell viability of more than ~ 70 %, it can
be inferred that all the samples were cytocompatible. /n vitro analysis showed that ACP_CIT
possesses maximum cell viability compared to other ACP samples (pure and ACP_ACE). This
shows that the association of citrates enhanced the cell viability of ACP.
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Fig. 7. Relative viability of MC3T3-E1 cells cultured with extract of different ACPs in 10 %,
1 %, 0.1 % w/v cell culture media dilutions (n = 12; CNT = control; samples in triplicate;
*p < 0.05). The CL and NIT represent the pure ACP samples, while CIT and ACE represent
citrate and acetate-containing ACP.

In Publication 5, in vitro analysis of ACP_ASC, ACP_ITN and ACP_GLU was performed.
The CNT+ and CNT- were positive and negative controls, respectively. Results revealed that the
10 % w/v ACP_GLU was cytotoxic. Higher glutamate concentration leads to excitotoxicity and
or oxidative glutamate toxicity [40], [41]. However, reducing the concentration to 1 % w/v,
ACP_GLU improved cell viability.
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The 10 % w/v ACP_ITN and ACP_ASC concentration was better than 10 w/v% ACP_GLU.
A similar trend was found in 1 w/v% ACP_ITN and ACP_ASC. The cell viability of 10 % and
1 % w/v ACP_ASC was better than CNT+.

Ascorbate is critical for the differentiation of the preosteoblast, and this may explain the higher
cell viability [42], [43]. In conclusion, ACP samples (except 10 % w/v ACP_GLU), shown in Fig.
8, exhibited cell viability of more than ~ 70 %. It can be inferred that all the samples were
cytocompatible.

100+

= 10% (w/v)
B 1% (wh)

Viability
(%,Normalized to Positive Control)

Fig. 8. Relative cell viabilities of MC3T3-E1 cells cultured with extracts of ACP variants
(10 % and 1 % w/v) prepared in o-MEM medium. All the samples were analyzed in triplicate,
and data is presented in average and standard deviation. The CNT+ and CNT— were positive and
negative controls, respectively.

NANOCOMPOSITE BIOINK

The nanocomposite bioink containing ACP was designed for the first time. To analyze the
effect of particle size, transformation kinetics, and respective SOM-containing ACP on the printed
constructs' bioink properties and structural integrity, citrate and acetate-containing ACP were used
for the nanocomposite bioink development.

In Publication 6, bioprinting of the nanocomposite scaffold was performed in three stages:
pre-printing, printing, and post-printing analysis.

In the pre-printing stage designing approach, scaffold material and cells were selected. Two
nanocomposite bioinks were developed by incorporating ACP_CIT and ACP_ACE in the alginate-
dialdehyde and gelatin (ADA-GEL) organic matrix.

GEL is a single-stranded protein obtained from the hydrolytic degradation of collagen. It
consists of a large number of glycine, proline, and 4-hydroxyproline residues and displays similar
biomechanical properties to collagen [44]. Alginate is a natural polymer obtained from brown
seaweed consisting of $-(1-4) linked to mannouronic acid and B-(1-4) linked with I-glucuronic
acid units. It lacks a cell attachment site and is often used with GEL to fabricate 3D scaffolds [45].
Alginate lacks binding properties with GEL; therefore, it was modified to alginate dialdehyde
(ADA), offering reactive groups for crosslinking GEL by Schiff base formation [46].

The second step was printing, in which the oscillator shear tests and optimization of bioprinting
parameters were performed with the hydrogels. The amplitude sweep analysis is the first step in
characterizing the linear viscoelastic region (LVE) of the hydrogels [47].

The LVE region of all the synthesized hydrogels falls within 20 % of the strain, as shown in
Fig. 9 A—C. Therefore, further analysis was performed at 1 % strain. The frequency sweep analysis
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was performed to analyze the storage moduli (G') and loss moduli (G") of the hydrogels, as shown
in Fig. 9 D-F.

The formulated hydrogels of ADA-GEL and ACP reinforced ADA-GEL have G'>G",
favorable for bioprinting of scaffold. The G' and G" value of hydrogels was analyzed at the lowest
frequency of 1 Hz. In the ADA-GEL hydrogel, the G' and G" were 99.2 £ 9.3 Paand 9 £+ 1.1 Pa,
respectively. By the addition of ACP_ACE in ADA-GEL hydrogel, the G' and G" 0of 134.9 £ 16.5
Pa and 6.5 + 0.5 Pa; on the other hand, incorporation of ACP_CIT in ADA-GEL hydrogel shows
G'and G" 0f142.6 + 14.1 Paand 7.6 + 1.2 Pa, respectively. The flow behavior of all the formulated
hydrogels has non-Newtonian shear thinning properties, as shown in Fig. 9 G.
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Fig. 9. Oscillatory shear tests of the ADA-GEL and ACP-reinforced ADA-GEL hydrogels. A—C
— Amplitude sweep analysis was performed to assess the LVE region of the hydrogel. D-F —
Frequency sweep analysis to examine (G') and loss moduli (G") of the hydrogels. Results indicate
that reinforcement of ACP in ADA-GEL enhances both G' and loss moduli G" of the ADA-GEL
hydrogel. G — A flow behavior analysis of hydrogels was performed using viscosity analysis
against shear rate. An increase in the shear rate led to decreased viscosity, revealing the shear-
thinning properties of hydrogels.

Further, the printing parameters were optimized by a trial-and-error method using ADA-GEL
hydrogel. An 8 x 8 mm? construct optimized pressure and printing speed. Initially, the printing
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was performed slowly at 2 mm/s, and the pressure was varied. Printing speed was adjusted once
the construct with the unbroken grid line and uniform pores were obtained, as shown in Fig. 10.

A. Optimizing pressure

50 kPa 55 kPa 60 kPa 70 kPa

B. Optimizing printing speed

1 mm/s 2 mm/s 3 mm/s 6 mm/s

4 mm/s

2 mm

Fig. 10. Trial-and-error approach for evaluating the optimum printing under different printing
pressure and speed combinations. A — Initially, the printing pressure was assessed at a slow
printing speed of 2 mm/s. B — To overcome this, printing was performed at different speeds,

keeping the pressure at 65 kPa.

The optimized printing pressure and speed of 65 kPa and 5 mm/s were used to fabricate
constructs with ADA-GEL and ACP-reinforced ADA-GEL bioink, which were further crosslinked
(using calcium chloride and microbial transglutaminase) and immersed in o-MEM cell culture
media. The third step of post-printing analysis of the construct is essential to ensure the stability
of the printed construct. Printability index and average pore area analysis were performed using
Imagel software. The printability index reveals the scaffold's pore geometry, which was analyzed
at different day points. Moreover, the results from the printability index were correlated with the
average pore area, as shown in Fig. 11.

The pore geometry of the printed constructs was evaluated using the printability index [48].

The circularity (C) of an enclosed area is defined as follows:

=" (1),
where L is the perimeter, and 4 is the area of the pore. Circles have the highest circularity where
C equals 1, whereas, for the square shape, circularity equals n/4. Therefore, previous studies have
defined the bioink printability index (Pr) based on a square shape using the following function
[49]:
w1 12
T e @
For an ideal gelation condition, the interconnected channels of the constructs would display a

Pr =

square shape with a Pr value of 1. The Pr > 1 shows irregular pore geometry, while Pr < 1 signifies
curved geometry [50]. Optical images of ADA-GEL and ACP-reinforced ADA-GEL constructs
were obtained using a stereo microscope. The circularity of pores (n = 16) of each construct was
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analyzed using ImageJ software (National Institute of Health, Maryland, USA), and Pr values
were calculated [51]. The data are presented as averages of Pr values with standard deviation.
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Fig. 11. Post-printing analysis of the printed construct of ADA-GEL and ACP reinforced ADA-
GEL bioink (ADA-GEL-ACP_ACE and ADA-GEL-ACP_CIT). Stereo microscopy image
analysis was performed on days 1, 3, 7, and 14 (scale bar 2 mm). Printability index (Pr) and
average pore area analysis were performed using image J analysis by selecting 16 pores. Pore
geometry was evaluated by analyzing the Pr value; for instance, Pr < 1 represents curved, Pr =1
corresponds to square, and Pr > 1 resembles variable pore geometry. A—C reveal the Pr values.
D-F show the average pore area of bioink. ADA-GEL bioinks show rapid conformational changes
in pore geometry and reduction in the average pore area of bioink, showing poor structural stability
compared to ACP-reinforced ADA-GEL bioinks.

ACP_CIT offers better structural integrity than ACP_ACE, possibly due to the ion release
kinetics shown in Fig. 12. The ion release was studied for 168 h (seven days) to analyze calcium
and phosphate ion release. Initially, a burst release was observed within the first few hours,
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gradually reducing over time [52], [53]. The highest ion release was observed in ACP_CIT, while
the calcium and phosphate ions released in ACP_ACE were low, ranging between 1-1.5 mM.
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Fig. 12. Kinetic release of phosphate and calcium ions. A) — ACP_CIT and B) - ACP_ACE.

The particle size can also play a crucial role in keeping the structural integrity of the constructs.
ACP_ACE has a smaller particle size (~ 20 nm) than ACP_CIT (~ 40 nm) (for more details, see
Publication 4). Smaller particle size provides higher surface area and a higher agglomeration
tendency, thus affecting the structural integrity [54].

The carboxylate group of citrates can potentially react with the amine group of gelatins to form
amide bond formation. ADA, GEL, or both can be crosslinked with ACP_CIT [55]. However,
more advanced analyses are needed to confirm the exact mechanism.

In vitro analysis was performed using Rhodamine phalloidin and DAPI staining. Figure 13
shows cellular attachment on day 1, followed by cell elongation, fusion, and network formation
on the consecutive day points. The scaffold surface was covered with cells on day 14, confirming
the cytocompatibility of the developed nanocomposite bioink.

Day 1 Day 3 Day 7

Day 14

ADA-GEL

ADA-GEL-
ACP_ACE

Fig. 13. Epifluorescence microscopy of rhodamine-phalloidin (red) and DAPI (blue) staining of
MC3T3-E1 cells embedded in ADA-GEL and ACP reinforced ADA-GEL constructs (ADA-GEL-
ACP_ACE and ADA-GEL-ACP_ACE). (Scale bar 500um).

ADA-GEL-
ACP_CIT

Two-photon microscopy analyzed the three-dimensional cell distribution within the biofabricated
constructs. The 3D reconstructions of the obtained two-photon microscopy image stacks are
presented in Fig. 14, showing cell distribution in the scaffolds. The images show that the cell
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population gradually grows over time in the scaffolds, supporting the results from the
epifluorescence microscopy experiments.

Roh Day1 Day 3 Day 7 Day 14

Fig. 14. Three-dimensionally reconstructed multiphoton microscopy images for qualitative
morphometry and cell distribution analysis.

NANOCOMPOSITE HYDROGELS

In Publication 7, a nanocomposite hydrogel was developed by incorporating ACP_CIT in the
gelatin methacrylate (GELMA) matrix. GELMA is an attractive material in tissue engineering due
to its biocompatibility, biodegradability, bioactivity, and unique crosslinking properties in
developing nanocomposite hydrogels [56].

A commonly used method for crosslinking GELMA hydrogels is photo-crosslinking, wherein
ultraviolet (UV) light and a photo-initiator are used. The GELMA solution has a photo-initiator
that is exposed to UV light. The photo-initiator absorbs the UV light and undergoes a photolysis
reaction, generating free radicals. The generated free radicals then react with the methacryloyl
groups present in GELMA, causing the formation of radicals on the GELMA molecules. The
radicals on neighboring GELMA chains start a chain reaction, forming covalent bonds between
the methacryloyl groups. Similarly, a redox system uses a chemical initiator, APS and TEMED.

Photo-crosslinking has disadvantages, such as slow in situ gelation and complex preparation
processes [57]. One of the significant limitations of photo-crosslinking is the incorporation of
fillers that make the hydrogel opaque, which deteriorates light penetration, thus obstructing the
photopolymerization reaction process and curing depth [58]. ACP fillers create opaque hydrogel,
as shown in Fig. 15 B), which makes photo-crosslinking of GELMA difficult. Therefore, we have
utilized the redox initiator chemical crosslinking approach using APS/TEMED to develop
GELMA- ACP_CIT hydrogels [59]. The fabricated hydrogels are shown in Fig. 15. Adding
ACP_CIT has enhances the viscoelastic properties of GELMA hydrogel.

A) GELMA B) GELMA-ACP_CIT

e

Fig. 15. Fabricated GELMA and GELMA-ACP_CIT hydrogels.
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The amplitude sweep is shown in Fig. 16 A—C. The LVE region of the hydrogel was analyzed
using amplitude sweep, which falls under 10 % of the stain. Therefore, further analysis was
performed under 1 % strain. The storage (G") and loss modulus (G") of the uncrosslinked GELMA
was very low (less than 0.1 Pa) with a crossover point (G" = G') of 501 %, indicating its ability to
withstand strain-induced irreversible deformation. After cross-linking, the G" and G' of the
GELMA hydrogel were enhanced, whereas the crossover point decreased to 125.8 %. Adding
ACP-CIT to GELMA hydrogel enhanced the modulus by increasing the crossover point to
158.4 %. The crossover point was enhanced, resulting in hydrogel's ability to withstand strain-
induced irreversible deformation.

A frequency sweep analysis was performed to evaluate the viscoelastic properties of the
prepared hydrogels, as shown in Fig. 16 D-F. The G' and G" of the hydrogels were analyzed
against the frequency of 1 Hz shown in Fig. 16 A. Uncrosslinked GELMA possesses very low G'
(0.12 Pa) and G" (0.016 Pa) corresponding to the characteristic of weak and soft material. On the
contrary, after crosslinking, the GELMA hydrogel G' (82.6 + 13 Pa) and G" (2.28 + 0.5 Pa) were
enhanced, corresponding to the increase in strength. Incorporating ACP_CIT have shown further
enhancement of G' (318.8 + 6.5 Pa) and G" (11.3 + 0.23 Pa) values, conforming reinforcement of

GELMA hydrogel.
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Fig. 16. The viscoelastic properties of the hydrogels were analyzed using oscillatory shear
tests: A—C — the LVE region of the hydrogel was analyzed by amplitude sweep; D-F —
investigation of storage and loss modulus of the hydrogels by frequency sweep analysis.

The in vitro analysis of the developed SN hydrogels was evaluated using thodamine phalloidin
and DAPI staining, as shown in Fig. 17. Cell attachment to the hydrogels was observed on day 1.
By day 7, the cells were spread and distributed well on the hydrogel, confirming the
cytocompatibility of APS/TEMED crosslinking. Furthermore, ACP_CIT did not harm the
proliferation of MC3T3-Elcells.
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Fig. 17. Fluorescent microscopy of rhodamine-phalloidin (red) and DAPI (blue) staining of
MC3T3-E1 cells in GELMA and GELMA-ACP_CIT hydrogels.

NANOCOMPOSITE DOUBLE NETWORK HYDROGELS

In Publication 8, a nanocomposite DN hydrogel consisting of ACP_CIT in a P123-PAM-
GELMA matrix was fabricated. The first network of DN hydrogel was created using Pluronic
P123. The second network consists of polyacrylamide (PAM) and GELMA co-polymers. The
second network was crosslinked using ammonium persulfate (APS) and N,N,N',N'’-
Tetramethylethylenediamine (TEMED), as shown in Fig. 18.

=he
=

Primary network Secondary network
Self-assembly Chemically crosslinked

NANOCOMPOSITE HYDROGEL

APS/TEMED
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Fig. 18. Development of DN hydrogel by a physical-chemical network. Pluronic P123 self-
assembly was used as a primary network, and the secondary network was composed of a co-
polymer system made up of polyacrylamide-gelatin methacrylate (PAM-GELMA). Moreover,
the ACP_CIT was utilized as an inorganic filler.

A systematic approach was deployed for preparation for DN nanocomposite hydrogels;
initially, the impact of varying w/v concentration of P123 (2.5 %, 5 %, 7.5 %, and 10 %) on
mechanical properties (Young's modulus, tensile strength, elongation at break) of PAM-GELMA
was explored. Amongst these, the DN hydrogel with 7.5 w/v% P123 in PAM-GELMA (DN3)
exhibited the highest mechanical properties; therefore, it was further used for the development of
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nanocomposite DN hydrogels by incorporating different w/v concentrations of ACP_CIT (0.75 %,
1.5 %, and 3 %) in P123.

The nanocomposite DN hydrogels with 0.75 % w/v ACP_CIT (abbreviated as DN3-ACP0.75)
exhibited the highest mechanical properties (as shown in Fig. 19), whose rheological
characteristics and cytocompatibility were further evaluated and compared with pristine DN

hydrogel (7.5 w/v% P123-PAM-GELMA) (abbreviated as DN3).
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Fig. 19. Tensile stress-strain curve of the prepared hydrogel. A — Analyzing the effect of
P123 concentration on the Elongation of the PAM-GELMA hydrogel; B — analyzing the effect of
ACP_CIT concentration on the Elongation of the DN3 hydrogel; C — Young's modulus; D —
tensile strength, and elongation at break (%) of all the synthesized hydrogels.

The amplitude sweep of all the synthesized hydrogels reveals that the hydrogels possess
G'> G", showing gel-like behavior. A frequency sweep analysis was performed to evaluate the
viscoelastic properties of the prepared hydrogels (for more details, see Publication 8). The G' and
G" of the hydrogels were analyzed against the frequency of 1 Hz shown in Fig. 20 A. P123
possesses very low G' (1904 + 50 Pa) and G" (1112.3 £ 28.5 Pa), corresponding to the
characteristic of weak and soft material. On the contrary, the PAM-GELMA hydrogel has high G'
(10916.6 + 625.3 Pa) and G" (4058.6 + 213.8 Pa), corresponding to the high strength and brittle
nature. By increasing the P123 in PAM-GELMA hydrogel, the G' value was less affected
compared to the G" value. The reduction in G" means less energy is dissipated during deformation,
indicating that the hydrogel behaves more elastically and less viscously. Therefore, as the
concentration of P123 increases, the difference between the G' and G" values shows increasing
elastic behavior [60]. This phenomenon was observed until the P123 concentration of 7.5 w/v%
in PAM-GELMA hydrogel (DN3). However, further increasing the P123 concentration to 10
w/v% in PAM-GELMA hydrogel (DN4), the decrease in the G' and increase in G", obstructed the
elastic behavior of the hydrogel.

In the case of nanocomposite hydrogels at lower concentration of ACP_CIT (0.75 % w/v) in
DN3 hydrogels (DN3-ACP0.75), reveals the G' of 9141 + 2545 Pa and G" of 341.3 + 134.8 Pa.
The incorporation of ACP_CIT (0.75 % w/v) decreases G' and G" values, however the reduction
in the G' was marginal while G" values drastically decreased, which may be responsible for
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enhancing elastic property. However, as the concentration of ACP_CIT (1.5 % w/v) increased in
DN3 hydrogels (DN3-ACP1.5) drastically increased values of G' (17766.6 + 2689.4 Pa) and G"
of (1034.9 + 290.2 Pa) imparting rigidity to the hydrogel. A further increase in ACP_CIT
concentration (3 % w/v) in DN3 hydrogels (DN3-ACP3) shows extreme enhancement on G'
(22523.3 £ 6950 Pa) and G" of (1422.6 £+ 47.6 Pa), which may be responsible for compromising
the mechanical properties [61], [62].

The tan d analysis of all the synthesized hydrogels is shown in Fig. 20 C. Tan 6 is the ratio of
G" to G' of viscoelastic material often used to analyze the damping properties of the material. It
quantifies the ratio of energy dissipated as heat. In viscoelastic material, a higher tan & value (close
to 1) indicates a higher proportion of energies dissipated as heat relative to the energy stored
elastically. On the other hand, a lower tan § value indicates that more energy is elastically stored
compared to dissipated energy [47].
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Fig. 20. A — Analyzing storage (G') loss modulus (G") at the frequency of 1 Hz. B —
Evaluation of the tan § at 1 Hz. C — Tan 8 analyzed all synthesized hydrogels at varying
frequencies. D — Complex viscosity.

The tan & of PAM-GELMA hydrogel was 0.37+0.03 when analyzed at a frequency of 1 Hz,
shown in Fig. 20 D. Increasing P123 concentration in PAM-GELMA hydrogels shows tan 6 of
0.28+0.13 (DN1), 0.16 £ 0.01 (DN2), 0.067 + 0.01 (DN3) and 0.09 + 0.02 (DN4), respectively.
This analysis revealed that tan o values decreased till the P123 concentration was 7.5 % w/v in
PAM-GELMA (DN3), which can be attributed to increased flexibility [63]. However, when the
P123 concentration was increased to 10 % w/v in PAM-GELMA (DN4), the tan ¢ value increased,
thus hindering the damping properties and reducing flexibility.

In the nanocomposite hydrogels, the tan 6 values were 0.036 +£0.05 (DN3-ACPO0.75),
0.057 + 0.008 (DN3-ACP1.5), and 0.067 £ 0.02 (DN3-ACP3). The tan § value of DN3-ACP0.75
was the lowest, which can be attributed to the highest elasticity. Increasing the concentration of
ACP_CIT in DN3 hydrogels to 1.5 % w/v (DN3-ACP1.5) and 3 % w/v (DN3-ACP3) increases
the tan & value, which can be attributed to the reduction in the damping properties. With the
increase in the ACP_CIT concentration, the tan 6 value starts to increase, which can alter the
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crosslinking density and polymer chain mobility within the hydrogel, thus affecting the hydrogel's
overall mechanical properties.

The complex viscosity of all the synthesized hydrogel decreased with an increase in frequency,
demonstrating shear thinning behavior. Variations in the complex viscosities were observed with
different concentrations of P123 and ACP_CIT in PAM-GELMA hydrogel [64]. As shown in Fig.
20 D, an increase in P123 concentration in PAM-GELMA hydrogel led to a notable reduction in
complex viscosity.

The results from tensile strength analysis go hand in hand with the oscillatory shear tests,
confirming that blending of P123 enhances the elasticity and mechanical properties of PAM-
GELMA hydrogels. However, the performance of P123 was concentration-dependent. In addition,
the performance of ACP_CIT was also concentration-dependent. At deficient concentrations,
enhancement in elasticity was observed, which may be due to pseudo crosslinking of citrate in
ACP_CIT with GELMA. However, more advanced analyses are required to confirm the
ACP_CIT-GELMA interaction. The DN3 and its nanocomposite DN3-ACP0.75 hydrogel have
the highest mechanical properties. Therefore, further analysis was performed on these two
hydrogels.

Creep and recovery behavior help reflect the interaction of polymeric chains of the viscoelastic
material, which helps to understand and analyze the deformation mechanism of the hydrogels.
Therefore, the creep recovery analysis was performed to evaluate the interaction change among
the polymer chain of the one DN3 and nanocomposite DN3-ACPO0.75 hydrogels, as shown in Fig.
21 A. The incorporation of ACP_CIT in DN3 hydrogel (DN3-ACPO0.75) shows a positive effect
on decreasing creep strain. This can be due to restricted polymer chain movements by adding

ACP_CIT nanoparticles [65]. The stress relaxation curves are presented in Fig. 21 B. The DN3
and nanocomposite DN3-ACP0.75 hydrogels show rapid stress relaxations.
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Fig. 21. Analyzing creep-recovery (A), stress relaxation (B), water uptake capacity (C), and
photographs of dried and swelled DN3 and DN3-ACP0.75 hydrogels (D and E).
The water uptake capacity of DN3 hydrogel and its composite DN3-ACP0.75 is presented in

Fig. 21 C. Both the DN3 and DN3-ACPO0.75 hydrogels grow double in size after swelling, as
observed in Fig. 21 D and E. The incorporation of ACP_CIT in the DN3 hydrogel affects the
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swelling kinetics. A reduction in the water uptake capacity of DN3-ACP0.75 hydrogels can be due
to the hindrance of the free polymer chain movement by the addition of ACP_CIT [66].

The shape memory hydrogel possesses two different types of crosslinks. One of the crosslinks
is composed of a covalent network, which is essential to maintaining the structural integrity of the
hydrogel. On the other hand, the second crosslink is composed of a physical reversible network
responsible for fixing the temporary shape. In this investigation, PAM-GELMA forms the
covalently crosslinked network [67]. The thermosensitive P123 forms reverse physical
crosslinking when exposed to high temperature (70 °C), triggering the temporary shape formation
when exposed to (4 °C), thus providing shape memory and recovery properties, as shown in Fig.
22.

Casted Hydrogel Fixed Recovery

Original shape temporary shape Original shape

DN3

DN3-ACP0.75

Fig. 22. Temperature-induced shape memory behavior of DN3 and DN3-ACP0.75 hydrogels.

In vitro analysis of the fabricated hydrogel was evaluated using rhodamine phalloidin and
DAPI staining, as shown in Fig. 23. The cell attachment on the hydrogel was observed on day 1.
On day 3, the cells spread well and were distributed on both hydrogels. On day 7, the scaffold
was densely populated with cells, confirming the cytocompatibility of developed DN3 and DN3-
ACP0.75 hydrogels.
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DN3-ACP_CIT

100w 100pum 100um

Fig. 23. Fluorescent microscopy of rhodamine-phalloidin (red) and DAPI (blue) staining of
MC3T3-E1 cells in DN3 and DN3-ACPO0.75 hydrogels.



CONCLUSIONS

1. The variation in the negative charge within the side chain of SOMs influences the interaction
of SOMs with ACP, consequently impacting the physiological properties of ACP.

2. Solution-mediated transformation kinetics of ACP to Ap is affected by the media composition.
However, the transformation order remains consistent across different media compositions:
ACP_ACE>>pure ACP=ACP_ITN=ACP_GLU>>ACP_ASC>>ACP_CIT. In PBS, all the
synthesized ACPs showed accelerated transformation to Ap compared to DI water. The presence
of phosphate ions in PBS reduces the ACP stability, thus accelerating Ap formation. a-MEM shows
slower transformation kinetics than PBS, attributed to its lower concentration of phosphate ions.

3. The addition of 1 % w/v ACP_CIT and ACP_ACE to ADA-GEL hydrogel increases both the
storage and loss modulus (G'=142.6 = 14.1 Paand G" =7.6 + 1.2 Pa for ACP_CIT, G'=134.9+
16.5 Paand G"=6.5+0.5 Pa for ACP_ACE, and G'=99.2+ 9.3 Paand G"=9 + 1.1 Pa for ADA-
GEL hydrogel). Enhancements in the storage and loss modulus improved the printed scaffold's
structural integrity. The enhancement can be attributed to the additional calcium ions provided by
ACP for ADA crosslinking.

4. The GELMA hydrogel possesses G' (82.6 + 13 Pa) and G" (2.28 + 0.5 Pa) addition of 2 % w/v
ACP_CIT to GELMA hydrogel enhanced G' (318.8 + 6.5 Pa) and G" (11.3 £ 0.23 Pa) values, thus
confirming reinforcement of GELMA hydrogel by addition of ACP_CIT.

5. The effect of ACP_CIT on the mechanical properties of DN3 hydrogel was concentration-
dependent. Adding 0.75 % w/v ACP_CIT increases the flexibility of DN3 hydrogel, which can be
attributed to the reduction in polymer chain entanglement by the small amount of ACP_CIT.
However, as the concentration of ACP_CIT increased, the G' and G" values drastically increased,
thus imparting rigidity to the hydrogel, resulting in compromised mechanical properties.
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Abstract: Calcium phosphate (CaP) biomaterials are extensively used to reconstruct bone defects.
They resemble a chemical similarity to the inorganic mineral present in bones. Thus, they are termed
as the key players in bone regeneration. Sintering is a heat treatment process applied to CaP powder
compact or fabricated porous material to impart strength and integrity. Conventional sintering is
the simplest sintering technique, but the processing of CaPs at a high temperature for a long time
usually leads to the formation of secondary phases due to their thermal instability. Furthermore, it
results in excessive grain growth that obstructs the densification process, limiting the application of
CaP’s ceramics in bone regeneration. This review focuses on advanced sintering techniques used
for the densification of CaPs. These techniques utilize the synergy of temperature with one or more
parameters such as external pressure, electromagnetic radiation, electric current, or the incorporation
of transient liquid that boosts the mass transfer while lowering the sintering temperature and time.

Keywords: calcium phosphates; sintering; bioceramics; bone tissue engineering

1. Introduction

Sintering is a thermal process in which loosely bound particles are converted into a
consistent solid mass under the influence of heat and/or pressure without melting the
particles. During the process, the atoms in the material migrate towards the boundaries of
particles either by diffusion or assimilation. This results in the fusion of particles which
leads to the formation of one solid piece. Sintering is a traditional technique known since
human civilization and which was extensively used to treat (fire) pottery and earthen-
ware [1]. Theoretical and experimental evidence of sintering came in the early 1900s. It
is defined as a “processing technique used to produce density-controlled materials by
utilizing thermal energy”. It is the most crucial step in ceramic manufacturing, wherein
a green body is fired at a high temperature, below the melting point of the material. A
green body is referred to as a self-supporting compact procured from powders that are
compacted uniaxially or isostatically. During sintering, the raw material undergoes several
physical and chemical transformations [2]. The sole aim of sintering is to enhance the
product’s mechanical properties by particle bonding, densification, or recrystallization. For
the accomplishment of desired mechanical properties’ materials, sintering is inevitable.
Therefore, it is considered amongst the four essential components of material science and
engineering [3].

CaP bioceramics belong to a resorbable and bioactive class of biomaterials and are
widely used in bone regeneration and tissue engineering applications [4]. The specific
formulation of CaP is illustrated in Table 1.
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Table 1. Physical properties, synthesis, and application of various types of calcium phosphates. Adapt from references [5-14].
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CaP has a chemical similarity to bones and teeth; therefore, it possesses inherent
properties that support osteoblast adhesion and proliferation, and new bone formation [15].
As a result, they are employed in damaged or diseased mineralized tissue to reduce pain
and restore function. The biomedical application includes the healing of bone defects, bone
augmentation, fracture treatment, joint replacement, craniomaxillofacial reconstruction, or-
thopedics, spinal injury, ophthalmology, percutaneous devices, dental fillings, periodontal
treatment, and dental implants [16]. The aim of tissue engineering is the de novo formation
of tissues and organs. Significant efforts are taken in the development of 3D supports
for cells that can stimulate the formation of an extracellular matrix [17]. The progress of
calcium phosphate biomaterials in bone regeneration is elaborated elsewhere [18].

Although CaP bioceramics have excellent biocompatibility, low mechanical strength
is a major hurdle for load-bearing applications. Therefore, for such applications, CaP
must be consolidated at elevated temperatures. However, due to narrow temperature
ranges of respective calcium phosphate consolidation at high temperatures, this leads to
thermal instabilities which give rise to different phases. For example, tricalcium phosphate
(TCP) is a well-known bioresorbable ceramic [19] that exists in four polymorphs, «, «’,
3, and v, that are stable at different temperatures. For instance, the «’-phase is stable at
temperatures above 1470 °C whereas the x-phase is stable at temperatures ranging from
1125 to 1420 °C [20]. On the contrary, the 3-phase is stable at lower temperatures (less
than 1125 °C). The conversion of 3 — x—o’-TCP occurs when heat treatment is beyond the
respective stability temperature. On the other hand, under the application of high pressure
(4 GPa) and a high temperature (950 °C), p-TCP is converted to y-TCP [21]. Among
the polymorphs of TCP, o” and y phases are difficult to synthesize because of their high
temperature and pressure requirements [22]. Due to the very narrow temperature range of
the polymorphs, it is crucial to control the sintering temperature to obtain a pure phase
of TCP.

Moreover, the amorphous TCP (also known as amorphous calcium phosphate (ACP))
converts rapidly to TCP at elevated temperatures (above 600 °C) [23]. Another form of
CaP is stoichiometric hydroxyapatite (HA) which is stable at a temperature range from
1300 to 1550 °C. Exposure to higher temperatures leads to its conversion to o’-TCP and
tetra-calcium phosphate [24]. In addition, a high sintering temperature and long holding
time that is characteristic of conventional sintering lead to the coarsening of grains and
surface contamination which deteriorates the mechanical properties of CaPs [25]. To
overcome these drawbacks, advanced sintering techniques are developed that utilize either
external pressure, electromagnetic radiations, electric current, or the incorporation of
transient liquids that boost up the mass transfer while lowering the time and temperature.
This review is focused on such advanced sintering techniques that have potential in the
development of single-phase CaPs under lower temperatures than conventional sintering.

2. Sintering Process

The sintering process has three stages: initial, intermediate, and final. The powder
characteristics are governing the parameters of the compact. The uniform arrangement
of powders without flaws or defects gives rise to an ideal compact [26]. In the sintering
process, the expression of changes in the connectivity of the particle within the ideal
compact is shown in Table 2 [27]. Sintering is an irreversible process that takes place due to
a reduction in Gibbs’s free energy. The three driving forces responsible for this reduction
are: (i) surface curvature, (ii) external pressure, and (iii) chemical reaction [3]. Surface
curvature is always the primary driving force of sintering. It is always present with or
without the influence of pressure or a chemical reaction.
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Table 2. Stages in the sintering process.

Loss in Total

Stage Process Densification Coarsening Specific Surface
Area (SSA)
Initial Neck grc?wth Trivial Negligible 50%
formation
Intermediate Elonga’uon and Substantial Increase in grain Complete los.s of
rounding of pores and pore size open porosity
Closure of pores Slow and minor ~ Enormous pore
Final with final change in and grain Negligible

densification density growth

The addition of external pressure induces work conducted on the compact, which
increases the driving force that aids the sintering process. The densification of a sample by
a chemical reaction is the highest driving force compared to external pressure [28]. The
detailed sintering behavior of these ceramics is illustrated elsewhere [29].

Densification and coarsening are two competitive mechanisms. Densification leads
to shrinkage due to the grain boundary migration of the sintered object, while coarsening
increases the particle size by interparticle mass transport, as shown in Figure 1. The
reduction in surface or interface energy is the fundamental driving force of the sintering
process indicated in Equation (1). A stands for the total interfacial energy of the powder
compact; v is the specific surface area; and A is total surface area. In the equation, one Ay
is a change in interfacial energy, which leads to densification, while AA states a change in
the interfacial area due to grain coarsening [30].

A(YA) = (Ay)A+v(bA) M

Densification . .
Densification

and
coarsening

Coarsening

Figure 1. A basic phenomenon occurring during the sintering process.
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A) Conventional Sintering

Insulation

Furnace

3. Conventional Sintering

Conventional sintering is the simplest technique by which the green body is heated
up to a defined temperature without applying any external pressure, as represented in
Figure 2A. It is also known as the “pressure-less sintering” technique [31]. Considering
the thermal instabilities of CaPs, conventional sintering possesses a major drawback in
fabricating pure phases of CaPs. In addition to this, treatment at high temperatures for
longer times makes the process expensive and energy intensive. Grain growth occurs
simultaneously with the densification process. This takes place actively during the final
stage of sintering and is promoted at elevated temperatures. In conventional sintering,
extensive grain growth at higher temperatures compromises the mechanical properties
and densification. Therefore, it has become the major hurdle in the development of CaP
materials for bone tissue engineering applications. Significant efforts in the development of
advanced sintering techniques to achieve phase purity and dense materials are elaborated
in the following sections.

B) Hot Pressing

i t { C) Hot Isostatic Pressing

1 o y Pressure i

Vo4 Gas inlet

VW Cylindrical

VW
VW VW Inductive Pressure
kel VW' heat Vessel
VW VW

t t

t 1 tPressure

Tttt

1

Figure 2. Schematic representation of (A) Conventional sintering, (B) Hot pressing, and (C) Hot Isostatic pressing.

3.1. Hot Pressing

Hot pressing (HP) is a sintering technique performed under the simultaneous ap-
plication of heat and pressure [32]. As shown in Figure 2B, HP is committed to rigid
graphite die by applying uniaxial pressure. The process is operated under a vacuum or
protective atmosphere to avoid damage to the die. The uniaxial pressure delivers an extra
driving force that elevates the sintering process by (a) increasing particle rearrangement in
the initial stage, (b) accelerating the grain boundary sliding and diffusional creep in the
intermediate and final stage, and (c) generating a surplus chemical potential and vacancy
concentration gradient that promote mass transfer in the final stage [33]. Moreover, the
friction resistance between the particles is reduced under heating and applied pressure
to achieve dense packing. An external hydraulic system generates uniaxial pressure and
radial pressure against the walls of the die [34]. The radial stress generated by applying
pressure is given by the formula (v/1 — v), in which v is the effective Poisson’s ratio. In
the final stage of sintering, for nearly dense ceramics, v is equal to 1/2, where the radial
stress comes close to the applied pressure. These radial stresses result in the acceleration
of an interparticle shear leading to the particle rearrangement and collapse of the large
pores. Therefore, acceleration in the initial stage of sintering is due to the creation of more
particle contact. Grain boundary sliding can be accomplished by viscous flow in liquid
or creep flow in solid-state sintering assisted by hot pressing. In dense ceramics’ gain,
boundary sliding contributes to diffusional creep, assisting the pressure-aided sintering in
the intermediate and final stages. Compared to conventional sintering, the consolidation
of hydroxyapatite (HAp) by HP reveals a reduction in the temperature and holding time to
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1100 °C and 30 min, respectively, under the pressure of 30 MPa [35]. Moreover, the addition
of a sintering aid further reduces the requirement of a high temperature. Halouani et al.
studied the effect of NazPO, on the densification of HAp by HP [36]. Results indicated
that treatment at a temperature of 1000 °C within 30 min at a 20 MPa pressure results in a
ceramic with a relative density of 97.5%. Compared to HP, in the absence of a sintering aid,
the temperature requirement was increased to 1100 °C. Moreover, a drastic reduction in
temperature was observed by combining hydrothermal synthesis with HP. HAp synthe-
sized by hot hydrothermal pressing (HHP) required a temperature and pressure of 150 °C
and 40 MPa, respectively, with a holding time of 6 h [37]. Moreover, a reduction in holding
time to 3 h requires an increase in the pressure and temperature conditions up to 60 MPa
and 200 °C, respectively [38].

3.2. Hot Isostatic Pressing

The hot isostatic pressing (HIP) technique utilizes the simultaneous application of
isostatic pressure and heat for consolidation ceramics, as shown in Figure 2C. The primary
factor that distinguishes HIP from other sintering techniques is the gas used for applying
pressure in three dimensions to the material it surrounds [39]. For example, Argon gas
heated to 1000 °C with 98 MPa of applied pressure results in higher heat transfer coeffi-
cients than conventional sintering. In HIP treatment, pressure, temperature, and time are
the essential parameters that decide the density and mechanical properties of the product.
The critical aspect of HIP is the isolation of the interface from applying pressure [40]. For
sealing the contact area, the green body is encapsulated with thermally stable material.
In HIP, heat is transferred through convection, and densification of the material occurs
through particle rearrangement and plastic flow at the particle contact. This technique
can work with up to 3000 °C and 200 MPa as the maximum temperature and pressure
conditions [40]. Compared to uniaxial pressure in HP, isostatic pressure in HIP has flexibil-
ity in sintering samples having different shapes. One of the examples for the application
of HIP is in the development of orthopedic implants, where fretting is observed due to
potential degradation failure of the material [41]. Due to significant differences in the elastic
modulus of two materials in contact, the shearing microenvironment occurs between the
interface of the bone and implant. Fretting induces small groves and microgrooves in
which the body fluid gets entrapped, leading to the corrosion of an implant. The oscillatory
microenvironment at contact results in fatigue crack and wear, which cause early failure
of the joint prosthesis [42]. Titanium (Ti) alloys are used as implants, but their biocom-
patibility and bioactivity are less than HAp. However, HAp is mechanically weak and
cannot be used alone in load-bearing activities. Therefore, to overcome the drawback,
HAp is coated on the implant surface [43]. HIP is extensively used for this process as it
reduces the porosity and enhances ceramics’ physical and mechanical properties while
maintaining the shape of the implant. In 1994, Hero developed HP coating on titanium
alloys. Consolidation of the coating by HIP at a temperature of 700-850 °C and pressure
of 1000 bars for 35 min was conducted [44]. Furthermore, Fu and co-workers successfully
developed HP-coated titanium implants. Results indicate that HIP treatment leads to the
densification of ceramics while decreasing the fretting wear [42].

3.3. Spark Plasma Sintering

Spark Plasma sintering (SPS) is also known as pulsed electric current sintering (PECS)
or the Field-assisted sintering technique (FAST). It utilizes uniaxial pressure and pulsed
direct electric current (DC) under low atmospheric pressure or inert gases to densify
ceramics [45]. In general, SPS consists of a mechanical loading system, an electric current
generator, a water-cooling system, and a vacuum apparatus which allow rapid heating and
cooling rates. The rapid heating rates favor particles’ rearrangement, thus reducing the
grain coarsening [46]. As shown in Figure 3A, SPS is a modification of the HP technique
in which the application of the DC leads to Joule heating, achieving high heating rates of
1000 °C/min. The SPS system synchronizes both uniaxial pressure and the electric current



Materials 2021, 14, 6133

70f18

to consolidate the sample [47]. Moreover, the consolidation of materials is accelerated
by the application of pressure [48]. SPS takes place in four stages. Initially, the powder
compact is between the graphite die, and a vacuum is generated by removing the gas.
Then, uniaxial pressure is applied to the die which contains the powder, followed by
resistant heating of the die and finally cooling [49]. This results in the heating of the sample
from outside and inside, leading to self-heating. This rapid increase in the temperature is
governed by self-heating and does not rely on the external heating source [50]. This enables
the processing of compacts without degrading their inherent properties. Grain coarsening
can be prohibited by SPS more than conventional powder sintering [51]. SPS provides an
advantage in processing materials with thermal instabilities such as calcium phosphates.
Gu and co-workers utilized the advantage of SPS and successfully demonstrated the
sintering of pure HAp. The consolidation was performed at a temperature and pressure
of 950 °C and 30 MPa, respectively. Further, a pulsed electric discharge was applied at
25V and 750 A for 30 s. The actual densification took place when DC was used. After
holding the sample for 5 min at the desired temperature, the pressure was released, and
the electric current was terminated; further cooling was performed at 100 °C/min. The
XRD analysis showed no phase difference between pre-sintered and sintered samples,
which states that the consolidation by SPS preserved the intrinsic nature of the material.
The relative density of the sintered HAp was 99.6%, which resembled HAp ceramics that
were conventionally sintered at 1100 °C for 1 h [25,52]. In another study, Kawagoe et al.
utilized SPS for the fabrication of dense 3-TCP. This sintering was performed in 10 min
at a temperature ranging from 800 to 900 °C, under a uniaxial pressure of 60 MPa and
heating rate of 25 °C/min. The XRD analysis of the sintered product did not show any
secondary phase, which states that the original properties of the materials were preserved
after sintering. 3-TCP prepared at 800 °C, 900 °C, and 1000 °C had 70, 95, and 99% relative
densities, respectively. Moreover, treatment at 1000°C led to an improved transparency
of B-TCP [53]. Compared to HIP and the conventional sintering of 3-TCP, a reduction
in temperature, pressure, and time was observed when the sintering was conducted by
SPS. [49]. Nanocrystalline apatite with a preserved hydrated layer is tough to sinter by
the conventional technique. The generation of higher pressure (100 MPa) is required to
limit the water elimination from the structure. Furthermore, the application of a higher
pressure limits the temperature requirement to 150-200 °C. SPS has the potential to develop
biomimetic apatite with a preserved hydrated layer [54].

3.4. Flash Spark Plasma Sintering

Flash Sintering (FS) is a technique in which an electric field is applied to produce a
dense product by decreasing the sintering temperature. This technique differs from SPS as
it involves a high electric field, a shorter sintering period, direct current flow through the
specimen, and a lower furnace temperature. Three mechanisms are proposed for FS: (a)
grain boundary diffusion and electrical conductivity are enriched due to Joule heating at
grain boundaries; (b) there is an increase in Frenkel pair nucleation due to the applied field;
and (c) there is a change in self-diffusion at the grain boundaries due to the non-linear
field applied [55]. FS is the latest technique employed in the fabrication of dense materials.
This technique falls under the domain of field-assisted sintering techniques (FAST), which
utilize the voltage and current of FS, and the cell design is similar to SPS [56]. FS is an
energy-efficient process that involves a short time of 1-60 s. It operates in two steps;
initially, the specimen is heated by a conventional sintering process, and then the current is
applied over the heated sample to achieve rapid sintering. Figure 3B shows the graphical
representation of flash spark plasma sintering. This thermal profile enables heating rates
ranging from 250 to 9726 °C/min, completing the sintering in a fraction of seconds [57].
The FS starts with a fine powder with a density ranging from 10 to 50 mW/mm?3. This
technique was first used by Raj and co-workers who reported that the electric field retards
the grain growth, resulting in an accelerated rate of sintering [58]. The consolidation of HA
by FS was studied by Hwang and Yun. The powder compact was prepared by applying
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A) Spark Plasma sintering

uniaxial pressure, followed by drilling two holes of a diameter of 1 mm. A platinum wire
was hooked in the two holes, and contact resistance was avoided by sealing the holes by
platinum paste. Further, the furnace was heated to 900 °C at a heating rate of 10 °C/min,
followed by an application of an electric field over the heated sample. The occurrence of
flash was detected in the range of a 925-1200 °C temperature and 500-1200 V/cm electric
field. The XRD analysis of the sintered samples indicated the presence of pure HAp. The
relative density of the FS samples that were sintered for 10 s at 1051 °C was compared with
the samples that were conventionally sintered at 1192 °C for 5 min. The relative density
of FS samples was superior to conventionally sintered samples. Studies also revealed
that sintering in a vacuum was more beneficial than in air. At elevated temperatures, the
dehydration of HAp leads to the generation of hydroxyl or hydrogen type defects, leading
to an increase in the electric current during FS [59]. In conventional sintering, a higher
temperature initiates the transition of the 3 phase to the o phase of TCP. This conversion
follows first-order kinetics, which is controlled by a high activation energy. Therefore, the
reconversion of a— B-TCP is kinetically inhibited on cooling, giving rise to a metastable
a-TCP [60]. In conventional sintering, the conversion of 3 —« and «— & occurs at 1125 °C
and 1470 °C, respectively [61]. To overcome this drawback, Frasnelli and Sglavo utilized
FS for the consolidation of pure 3-TCP without a transition to the x-TCP phase. The
consolidation process was carried out in a horizontal loading dilatometer in which the axes
of the green body were aligned to the Al;O3 boat with a constant heating rate of 20 °C/min.
At the contact of the base surface of the sample, Pt-Rh electrodes were placed and connected
to the DC supply. Further, the silver paste was applied to enhance electrical conductivity.
The current was limited to 100 mA for less than 5 min. For comparison, the samples were
also consolidated by conventional sintering at the same heating rate up to 1500 °C. Results
suggested that FS requires less processing time as well as a lower temperature to achieve
considerable shrinkage and avoid the 3— o transition of TCP. Dense 3-TCP was obtained
at a temperature of 1000 °C in a few minutes [62].

B) Flash Spark Plasma sintering
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3.5. Ultrafast High-Temperature Sintering

Ultrafast high-temperature sintering (UHS) is performed under a uniform high sin-
tering temperature (up to 3000 °C) under high heating (10-~10* °C/min) and cooling
rates (10* °C/min). The ultrafast temperature and heating rates enable rapid sintering
(~10's). UHS was first reported in 2020 by Wang et al., for the synthesis of Tantalum-doped
Lig 5sLazZr; 5Tag5012. In this study, the green body was sandwiched between Joule-heating
carbon strips, which were rapidly heated by conduction and radiation, forming a uniform
heating environment shown in Figure 3C [63]. Compared to microwave and spark plasma
sintering, UHS required a simple setup, allowing for the consolidation of complex geome-
tries. Pure phase 3 or «-TCP are tough to synthesize due to their thermal instabilities [21].
Biesuz et al. reported the successful synthesis of pure phase TCP by sintering calcium
deficient hydroxyapatite (CDHA). Results indicated that CDHA transforms to polymorphs
of TCP depending on the application of the current. The sample treated with 20-25A con-
verted to 3-TCP, whereas a-TCP was formed when more than a 30A current was applied.
Depending upon the current application, the temperature is influenced, leading to different
polymorphs of TCP. These observations suggested that by the application of UHS, it is
possible to fabricate a single phasic TCP [24].

3.6. Microwave Sintering

Electromagnetic radiation in the range of 300 MHz to 300 GHz is termed microwaves.
They are mainly used for telecommunication and heating purposes [64]. Based on electrical
and magnetic properties, materials are classified into transparent, opaque, and absorb-
ing [65]. The most crucial parameter for any material to interact with microwaves is
permittivity or permeability. Microwave sintering (MWS) is a relatively new approach to
sintering which differs from conventional sintering by the nature of the heat transfer as
shown in Figure 4A. In conventional sintering, the heat is transferred to materials from the
surface to the core, while in MWS, the process occurs through several physical mechanisms
such as resistive heating, bipolar rotation, and electromagnetic and dielectric heating. One
or more mechanisms can be attributed to the response to the incoming radiation depending
on the material [66]. When microwaves penetrate through the material, the electromagnetic
waves stimulate motion in free and bound charges and dipoles. The natural equilibrium of
the material resists the motion due to frictional, inertial, and elastic forces, which cause
the dissipation of energies. This leads to an attenuation of the electric field associated with
microwaves, and heating of the material occurs [67]. Therefore, MWS is categorized as a
non-conventional technique of sintering. It is a fast, reliable, and user-friendly technique,
with the significant advantage of higher heating rates, lower energy consumption, and
lower cost. Hong Sung and associates studied the kinetic mechanism of MWS in ceramic
materials and stated that the densification mechanism in MW is different from that of con-
ventional sintering. Their model indicates that the MWS shrinkage rate is proportional to
t?/3, whereas the traditional shrinkage of the sintering rate is proportional to t?/°, revealing
that MWS is faster than conventional sintering [68]. Utilizing the advantages, Fang and
co-workers studied the effect of MWS on the densification of hydroxyapatite (HAp). The
experiment was performed in a 500 W microwave in which the specimen was sintered at
temperatures ranging from 1200 to 1300 °C for different time points of 5, 10, and 20 min,
respectively. The HAp pellets attained a density of 97% after sintering for 10 min. Com-
pared to the convention sintering, MW consumed less energy and offered a dense structure,
with a finer grain size and improved mechanical strength [69]. The consolidation of TCP
by MWS was performed by Mirhadi. The green body was heated to the three different
temperatures of 900 °C, 1000 °C, and 1100 °C, respectively, at a 20 °C/min heating rate.
The XRD analysis of the sintered body revealed the presence of a pure 3-TCP phase. The
relative density of samples treated at 1100°C was found to be 98%, whereas the relative
density of 81% was observed when samples were treated at the same temperature by
conventional sintering for 2 h [70].
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Figure 4. Schematic representation of (A) Microwave sintering, (B) Laser sintering, and (C) Cold sintering.

3.7. Laser Sintering

Laser sintering (LS), also known as selective laser sintering, was developed by Carl
Deckard in 1980 [71]. It is an additive manufacturing technique that utilizes a high-power
laser to fuse small particles of material layer-by-layer to form a component of a defined
architecture. Industries widely accept this technique to fabricate complex parts in a single
operation [72]. The LS system consists of a laser source, powder recharging system,
building platform, and gas flow controller as shown in Figure 4B [73]. The process is
governed by computer-aided manufacturing (CAM). Depending on the photon absorption
characteristics of the materials, two types of lasers are used in LS, a continuous wave
CO; laser (10.6 um) and a yttrium fiber laser (1064 nm) [74]. The LS process begins
with converting 3D CAD data into slices of STL files fed to the machine. Depending
on the architecture of the STL file, the computer controls the scanning track of the laser.
Subsequently, the sample is heated up just below the melting point of the material. The
high-energy laser beam is guided by the CAD/CAM design to fuse the powder in a layer-
by-layer pattern. After treating each layer, the powder bed is lowered by one layer of
thickness, and fresh powder is rolled over the platform [75]. Both the rapid heating of
the powder and cooling of melts occur when the laser moves quickly over the powder.
Therefore, LS can be termed as a “high power density short interaction time” process.
The melting/solidification approach is the mechanism of densification, following first-
order kinetics. The laser energy input and powder characteristics play a significant role in
densification kinetics. A higher sintering rate is observed in finer particles, as they possess
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a higher surface area which provides more energy absorbed from the laser [76]. Ceramic
compounds have very high melting points; therefore, the energy inputs are very high.
A continuous-wave CO; laser has a high-energy beam that is absorbed by most of the
ceramics [77]. LS can be performed directly. In this case, the laser is used to consolidate
powder locally, and in the indirect mode, a sintering agent is deployed to enhance the
densification. Qin and associates performed experiments for the development of tetra
tricalcium phosphate (TTCaP) scaffold by selective LS. The parameters were as follows:
laser power was varied from 6 to 10 W; the laser beam diameter was 1 mm; the line
scanning speed was kept to 60 mm/s; the layer thickness was 0.1 mm; and the laser line
thickness was 2 mm. Results indicate that only a few particles melted and fused at a laser
power of 6 W due to insufficient energy. By increasing the laser power to 7 W and 8 W,
more particles were fused, reducing the micro gaps. At a further increase in laser power to
9 W and 10 W, a compact structure was obtained without micro gaps. The XRD analysis
of the sintered sample at a 9 W laser power shows a pure phase of TTCP without any
impurities [78]. Bulina et al. studied the laser sintering of HAp, and a CO; laser was used
at 4 W with a spot size of 0.2 mm and scanning speed of 640 mm/s. The fast-heating rates
lead to the melting of HAp in the air without decomposition, which results in dense HAp
with a preferential orientation in the c-axis. The XRD analysis showed a minor presence of
(3-TCP, which occurs because of very high heating [79]. Qingxi and co-workers attempted
to sinter 3-TCP by LS in which additives such as epoxy and nylon for the adhesion of
B-TCP were used. The composite was formed by the physical mixing of additives with
B-TCP. LS was performed at room temperature with a laser power of 11 W with a 0.15
focused diameter and scanning speed of 2400 mm/s, and a layer thickness of 0.1 mm. After
that, the specimen was treated at 600 °C and further sintered at 1100 °C for 3 h to rid the
specimen of binders. The XRD analysis of the treated samples matches with the standard
-TCP phase and shows the presence of HAp and «-TCP [80].

3.8. Cold Sintering

Cold sintering (CS) is a new technique that utilizes low temperatures (up to 300 °C)
to consolidate ceramic powders. All the other densification techniques discussed above
require higher temperatures for densification of the material. This not only reduces the
energy needed but also allows for the consolidation of heat-sensitive materials and com-
posites, which cannot be sintered using other techniques [81]. CS has opened new horizons
for the sintering of hybrid materials such as organic/inorganic components. In 2016, Guo
and co-workers demonstrated the CS process for the first time; since then, it has attracted
many researchers [82]. CS is a pressure-assisted method carried out in the presence of
a transient liquid. The process is performed either at room temperature or an elevated
temperature up to 300 °C, depending on the boiling point of the liquid. Typically, in CS,
uniaxial pressure is applied to powder/liquid mixtures [83]. Densification of the powder is
driven by a dissolution and reprecipitation process coupled with Oswald ripening and a
recrystallization phenomenon [84]. CS takes place in two stages, as shown in Figure 4C. In
the first stage, the application of pressure to the liquid medium generates isostatic pressure
(irrespective of the pressure applied uniaxially or isostatically), leading to four main phe-
nomena: (a) initially, the material is partially dissolved in a liquid medium; (b) Ostwald
ripening increases the average particle size; (c) recrystallization may occur (the formation
of new crystals or phases in the liquid); and (d) drying is initiated. Based on drying, the
uniaxial CS and isostatic CS are different. Dying in uniaxial CS takes place through the gap
clearance; conversely, samples must be withdrawn from the press for drying in the isostatic
CS. After that, the second stage starts, where solid particles make contact and give rise to
arigid framework. Three phenomena take place: (a) particle rearrangement, (b) solvent
evaporation, and (c) precipitation. In addition to this, if pressure is maintained in stage
II, the fourth phenomenon occurs; sintering leads to mass transfer and particle shape
modification [85]. A recent development in CS occurred, resulting in the densification of
materials which was not possible by other techniques. Amorphous calcium phosphate
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(ACP) is challenging to sinter because of its unique hydrated structure and conversion
to TCP or HAp at higher temperatures. Owing to the advantage of sintering samples
at low temperatures, Rubenis et al. employed CS to densify ACP. The powder (ACP)
was moistened with 0.1 mL of deionized water before pressing to study the effect of the
transient liquid on CS. Further, a uniaxial pressure of 500 MPa was applied to the powder
and sintered at room temperature, 100 °C, 120 °C, and 150 °C, respectively, with a holding
time of 30 min. The XRD analysis revealed that the amorphous state was retained at room
temperature, 100 °C, 120 °C when ACP was in a dry state. In contrast, in the moistened
form, only treatment at room temperature retained the amorphous state. A further increase
in temperature leads to the conversion of the amorphous state to crystalline. A relative
density of ~76%, ~79%, ~76%, and ~85% was obtained when the sintering was performed at
room temperature, 100 °C, 120 °C, and 150 °C, respectively [86]. Hassan, Akmal, and Ryu
investigated the effect of vacuum-oven-dried HAp (110 °C) and calcinated HAp powder
(1000 °C) on CS. The experiment was performed at a pressure of 500 MPa at 200 °C. Post
sintering, the relative density of 98.8% was achieved, and the XRD analysis revealed a pure
phase of apatite. The chemical-mechanical phenomenon drives low-temperature sintering.
Therefore, the stoichiometry and the mechanical properties were not influenced by CS [87].
Owing to the advantage of the low-temperature processing of CS, it can effectively be used
in the fabrication of organic/inorganic composites for bone tissue engineering.

4. Discussion

CaPs are the integral component of tissue engineering. The sintering of CaPs is vital to
achieve desired mechanical properties. However, CODHA transforms to 3-TCP or a biphasic
B-TCP/HAp mixture below 1000 °C, whereas 3-TCP is converted to «-TCP around 1125 °C,
and a further increase in temperature leads to the formation of «’-TCP (1470 °C). Similar
effects are observed when ACP and HAp are treated at very high temperatures for a
long time. Moreover, a transformation of 3— x-TCP at a higher temperature and holding
time leads to volume expansion, thus hampering the densification process. Innovative
technologies utilized various parameters, shown in Table 3, to overcome the limitations of
conventional sintering. These techniques include HP, HIP, CS, MW, SPS, LS, UHS, and FS.
CS, SPS, and ES are not capable of sintering structures with complex architectures, whereas
MW, LS, HIP allow the sintering of structures with complex architectures.

Table 3. Parameters of various sintering techniques.

Technique Temperature Pressure Current E]ectro.m e}gnetlc
Radiations
Conventional sintering v X X X
Ho.t 4 4 X X
Pressing
Hot
Isostatic 4 4 X X
Pressing
Spark Plasma sintering 4 4 4 X
Flash Spark Plasma sintering 4 v 4 X
Ultrafast hlgh—Femperature v N v N
sintering
Microwave sintering 4 X X v
Laser Sintering 4 X X v
Cold sintering 4 4 X X

The instrumental setup of conventional sintering is relatively simple and allows for
the sintering of a large number of samples simultaneously. However, the high-temperature
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requirement and long holding time make the operation very expensive and time-consuming.
The major advantages of conventional sintering are scalability and the ability to process a
large number of samples. The pressure-assisted sintering techniques reduce the sintering
time by accelerating the rate of mass transfer. This approach differs in the stress state
during density which influences particle sliding and the change in dimension. The rate
of densification and shrinkage is governed by the application of pressure [88]. Moreover,
grain growth is inhibited by decreasing diffusivity and thus grain boundary mobility.
The applied pressure is independent of the particle size, whereas the intrinsic sintering
pressure increases when the particle size is reduced [89]. The power creep law is an
effective mechanism of densification in pressure-assisted sintering [90]. This confirms that
with pressure, densification of the material requires a temperature and time lower than
conventional sintering. The techniques falling under pressure-assisted sintering are HP,
HIP, SPS, FS, and CS. This advancement enabled the fabrication of pure dense materials,
for example, the fabrication of dense ACP by CS, pure 3-TCP by SPS and FS, which is not
possible by conventional sintering. In addition, this advancement led to this considerable
reduction in sintering time from hours to minutes. A significant limitation of pressure-
assisted sintering techniques is dealing with a sample of industrial-relevant sizes. As
the sample size increases, the requirement for equipment size and electric consumption
also increases, making the process expensive. Furthermore, in SPS and FS, increases
in the sample diameter elevate the current requirement for a high heating rate beyond
100 °C/min. Moreover, the increased need for achieving a high temperature and high
heating rates makes the process more expensive on an industrial scale [49].

Field-assisted sintering technologies (FAST) utilize an electric current with a synergy
of temperature and pressure. The application of an electric current provides a uniform
temperature gradient and additional mass transfer, reducing the time and temperature
requirements. The techniques that fall under FAST are SPS, FS, and UHS. The sintering
time by these techniques ranges from minutes to seconds. MW and LS are two classes
of sintering that utilize electromagnetic radiation for heat transfers. This creates higher
heating rates and a uniform heat distribution that accelerates the densification process.
They also have the potential to consolidate materials with complex architectures. Due
to the non-uniformity of the laser route, the heat formation is non-homogenous, and
the limitation of the laser diameter does not allow for the fabrication of objects with
exemplary architectures. Compared to conventional sintering, MW and LS have very
sophisticated instrumentation, which makes the entire process expensive. Though there
are few limitations to the advanced sintering techniques, they can potentially sinter pure
CaP compounds that can be effectively incorporated in tissue engineering applications.

5. Summary and Concluding Remarks

Sintering is a thermal process in which loosely bound particles are converted into a
consistent solid mass under the influence of heat and/or pressure without melting the par-
ticles. During this process, grain growth and densification occur simultaneously. Typically,
this is observed in the last stage of the sintering process and is promoted by high tem-
peratures. Densification of CaP ceramics by conventional sintering is an energy-intensive
and time-consuming operation. Due to the thermal instability of CaP, treatment at a high
temperature for a long time leads to the formation of secondary phases. Furthermore, it also
results in excessive grain growth that obstructs the densification process. To overcome these
drawbacks, substantial efforts have been dedicated to developing innovative sintering tech-
niques. These techniques utilize temperature in synergy with one or more parameters such
as external pressure, radiation, electric current, the incorporation of transient liquid, etc.
This accelerates the mass transfer, and therefore a considerable reduction in temperature
and time is observed. A comparative analysis of the time and temperature required by ad-
vanced sintering techniques and conventional sintering is shown in Figure 5. This indicates
that advanced sintering techniques considerably reduce temperature and time require-
ments. These techniques perform exceptionally well on a small scale, but the translation
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to the industrial scale remains a challenge. Apart from these minor limitations, advanced
sintering techniques have potential in the development of organic/inorganic composites
and pure phases of CaP that was not possible by conventional sintering. This advancement
has opened new doors in the development of pure materials for bone tissue regeneration.
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Figure 5. Comparison of sintering (A) temperature and (B) time required for conventional and advanced sintering techniques.
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Abbreviations

CaP Calcium Phosphate
HAp Hydroxyapatite

TTCaP  Tetra-calcium phosphate

«-TCP
B-TCP
OoCP
ACP
DCPD
CDHA
XRD
SSA
MPa
HP
HIP
SPS
PECS
FAST

Alpha-tricalcium phosphate
Beta-tricalcium phosphate
Octa-calcium Phosphate
Amorphous calcium phosphate
Dicalcium Phosphate dihydrate
Calcium deficient hydroxyapatite
X-ray diffraction

Specific surface area

Mega Pascal

Hot pressing

Hot isostatic pressing

Spark Plasma sintering

Pulsed electric current sintering
Field-assisted sintering technique
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DC Direct current

FS Flash sintering

UHS  Ultrafast high-temperature sintering
MW Microwave

MWS  Microwave sintering

LS Laser sintering

CAM Computer-aided manufacturing
CAD  Computer-aided design

3D Three dimension

cs Cold sintering
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ARTICLE INFO ABSTRACT

Keywords:

Amorphous calcium phosphate
Bioceramics

Uniaxial die pressing

Cold sintering

Near-full density

Amorphous calcium phosphate is a metastable phase with excellent biocompatibility and resorbability. Despite
these characteristics, its use is currently limited to the powder and coating forms; only moderate success has been
achieved in its densification, which has prevented its use in the bulk form. Here, we show that amorphous
calcium phosphate can be sintered to near full density by simple uniaxial die pressing at 1250-1500 MPa at room
temperature. The relative densities of the samples that were compacted at 1250 and 1500 MPa exceeded 95 %.

Their specific surface area was more than 1000 times smaller than that of the starting powder and their Vickers
hardness exceeded 1.90 GPa. The microstructures of the samples consisted of a grain-like structure with grain
sizes below 100 nm. These results could inspire new applications for amorphous calcium phosphate in the form

of bulk ceramics.

1. Introduction

The amorphous calcium phosphate (ACP) structure has been char-
acterized by the presence of Cag(PO4)s Posner’s clusters. During the
synthesis of ACP in aqueous solutions, the formed Posner’s clusters
aggregate and form spherical ACP particles (20-300 nm), with water
molecules filling the inter-cluster space [1,2]. When heated, ACP loses
structural water and, at approximately 600 °C, transforms into other
calcium phosphate phases. This limits the possibility of using the pres-
sureless sintering technique for ACP densification because temperatures
above 1000 °C are necessary to obtain dense calcium phosphate ce-
ramics [3]. Promising results on the densification of ACP have been
obtained by pressure-assisted techniques, such as spark plasma sinter-
ing, however, only partially densified ACP ceramics have been obtained
[4-6].

To date, the highest densification degree (relative density of ~75 %)
of ACP was achieved in our previous study where we used principles of
the cold sintering process for densification [5,7]. In that study, we
observed that the use of a transient liquid phase (water) had no

* Corresponding author.
E-mail address: kristaps.rubenis@rtu.lv (K. Rubenis).

https://doi.org/10.1016/j.jeurceramsoc.2022.06.041

substantial effect on densification. Similar observations have also been
made in the case of low crystalline apatite; if it has a hydrated surface
layer, it can be sintered to near-full density by applying only heat
(150-200 °C) and a uniaxial force [8-10]. However, in the case of ACP,
we observed that heating (up to 120 °C) during the compaction process
had no significant effect on densification. The relative density (~75 %)
of the samples that were produced at room temperature was comparable
to those that were produced at 100 or 120 °C (the samples produced at
150 °C were transformed to the low-crystalline apatite phase). The re-
sults indicated that the pressure applied to ACP was the driving force for
its densification. In this study, we used a uniaxial pressure of 500 MPa
for sample preparation. It remains unclear how uniaxial compaction at
pressures higher than 500 MPa affects the densification and structure of
ACP. Additionally, it is unclear if fully dense ACP ceramics will be ob-
tained or if a phase transition will be induced at a certain critical pres-
sure before full density is reached.

Few studies on the densification of ceramic materials to near-full
density, by compaction at room temperature, have been reported. So-
dium chloride (NaCl) can be densified to a relative density of 98.5-99.3
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Fig. 1. XRD patterns of the starting ACP powder and the samples obtained at
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Fig. 2. ATR-FTIR spectra of the starting ACP powder and the compacted
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% by dry pressing at 200-300 MPa, while alpha-aluminum oxide
(a-Alz03) to ~98.9 % by cold compression at 18 GPa [11,12]. In these
example cases, plastic deformation was considered to be the dominant
densification mechanism.

In the present study, we investigated the effect of uniaxial die
pressing, at 500-1500 MPa and room temperature, on the structure and
densification of ACP. The compacted samples were characterized by
attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR), scanning electron microscopy (SEM), nitrogen sorp-
tometry, X-ray diffraction (XRD), and thermogravimetry-Fourier trans-
form infrared spectroscopy (TG/FTIR). In addition, the bulk, true, and
relative densities were determined and the Vickers hardness was
determined for the samples obtained at 1250 and 1500 MPa.

2. Materials and methods
2.1. Synthesis of amorphous calcium phosphate

The dissolution-precipitation method was used to synthesize ACP
[13]. First, a suspension of hydroxyapatite in water was prepared by
adding hydroxyapatite powder (10 g, #289396; Sigma-Aldrich, USA) to
deionized water (600 mL, stirred at 200 rpm). After 10 min of stirring, a
3 M HCl solution (64.46 mL) was added to the suspension to dissolve the
hydroxyapatite. After an additional 10 min, the stirring rate of the
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Fig. 7. SEM images of the surface morphology of the starting ACP powder and fracture surface morphology of the samples obtained at different uniaxial pressures.

obtained solution was increased (from 200 to 600 rpm), and a 2 M NaOH
aqueous solution (91.5 mL) was rapidly added. This increased the pH of
the synthesis solution to approximately 11.0, leading to the formation of
a white precipitate. After stirring for 5 min, the precipitate was filtered
and washed on the filter paper with deionized water. The filtered pre-
cipitate was transferred to a plastic container. The containers were then
immersed in liquid nitrogen to freeze the precipitate. Freeze-drying was
performed to remove excess water from the frozen precipitate.
Freeze-drying was performed in a Beta 2-8 LSCplus freeze-dryer (Martin
Christ Gefriertrocknungsanlagen, Germany) for 72 h. To produce suffi-
cient ACP powder for the study, the synthesis was performed multiple
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times.

2.2. Uniaxial die pressing

Approximately 0.5 g of the synthesized ACP powder was used to
prepare one sample. After weighing, the powder was transferred to a 13
mm inner-diameter split-sleeve pressing die made of W18Cr4V hard-
ened carbon tool steel (Across International, USA). To prevent sample
contamination, the surfaces of the core dies that were in contact with the
powder were covered with a 125 um thick Kapton® polyimide film
(DuPont, USA). A PW 100 ES two-column electrohydraulic lab press (P/
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O/WEBER, Germany) was used to apply uniaxial pressures of 500, 750,
1000, 1250, and 1500 MPa to the powder within the die. The pressure
was increased at a rate of ~15 MPa/s. The powder was held under
pressure for 10 min. Subsequently, the pressure was slowly released, and
the compacted sample was removed from the die. During the sample
preparation, the temperature in the laboratory was between 18 and
20 °C.

2.3. X-ray diffraction

The XRD patterns of the compacted samples and the synthesized ACP
powder were collected on a PANalytical X-Pert PRO MPD diffractometer
(PANalytical, Netherlands) operated at 40 kV and 30 mA (Cu tube).
Diffraction data were collected over a 10-70° 20 range, with a step size
of 0.05° 20 and time per step of 3.2 s. For X-ray diffraction data
collection, the compacted samples were milled into a powder.

2.4. Attenuated total reflectance - Fourier transform infrared
spectroscopy

A Varian FTS 800 Scimitar Series FT-IR spectrometer (Varian, Inc.,
USA) equipped with GladiATR™ ATR (PIKE Technologies, USA) was
used to acquire the ATR-FTIR spectra of the compacted samples and the
synthesized ACP powder. All spectra were acquired in the range
400-4000 cm™! by co-adding 50 scans (resolution of 4 cm™!). Before
acquisition of the sample spectrum, a background spectrum was
collected, which was subtracted from the spectra of the samples. For
spectral collection, compacted samples were milled into a powder.

2.5. Scanning electron microscopy

The surface morphology of the starting ACP powder and the fracture
surface morphology of the compacted samples were visualized using S-
5500 and SU8000 scanning electron microscopes (Hitachi, Japan). For
microscopy, the samples were attached to SEM specimen stubs with
electrically conductive carbon tape or graphite base adhesive. Before the
examination, the compacted samples (fractured) were sputter-coated
with Cr-Ni using a precision etching coating system (Gatan, Inc.,
USA). The starting ACP powder was not coated with the conductive
layer. For the SEM image acquisition, secondary electrons were used,
and the applied acceleration voltage was 1.5 kV and 3-5 kV for the ACP
powder and bulk samples, respectively.

2.6. Specific surface area

A Quadrasorb™ SI surface area and pore size analyzer (Quantach-
rome Instruments, USA) was used to generate Ny adsorption-desorption
isotherms of the compacted samples and the synthesized ACP powder at
— 196 °C. Before the adsorption-desorption isotherms were generated,
the samples were degassed in an AUTOSORB degasser (Quantachrome
Instruments, USA) for 24 h under vacuum at room temperature. The
Brunauer-Emmett-Teller model was used to determine the specific
surface area (SSA) of the compacted samples and starting powder based
on their adsorption isotherms in the P/P, range of 0.05-0.3 [14].

2.7. Thermogravimetry-Fourier transform infrared spectroscopy

An STA 6000 Simultaneous Thermal Analyzer (PerkinElmer Inc.,
USA) coupled to a Spectrum 100 FTIR spectrometer (PerkinElmer Inc.,
USA) via a TL 8000 transfer line (PerkinElmer Inc., USA) was used for
TG/FTIR analyses of the compacted samples and the synthesized ACP
powder. Before the analysis, the compacted samples were milled into a
powder. During the analysis, the sample was heated at a rate of 100 °C/
min to 900 °C under flowing N3 gas (20 mL/min). The FTIR spectrum
was collected every 9 s in the range 650-4000 cm ™' (resolution of 4
em™). During the analysis, the gas cell and transfer line were
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maintained at 230 °C. Spectrum Search Plus Software (PerkinElmer Inc.,
USA) and Spectrum Timebase Software (PerkinElmer Inc., USA) were
used to identify volatile products. The carbon dioxide (CO2) relative
yield (wt%) was assumed as the integrated intensity of the absorbance-
temperature curve and calculated according to the Eq. (1):

n—final

S =

temperature

0.5 x (Ay +Au-1) X (T, = Tym1) ®

n=30

where S is the relative yield, A is the absorbance at a specific wave-
number, at the experimental temperatures T, and T}, ;, and n is the point
of measurement [15].

Calcium oxalate was used as the reference material to determine the
CO2 yield. Analysis of calcium oxalate was performed at a heating rate of
100 °C/min to 1000 °C under flowing Ny gas (20 mL/min). The evolu-
tion profile of CO; from calcium oxalate was obtained by processing the
FTIR data. The linearity between the relative yield of CO, and mass loss
of calcium oxalate was evaluated in the temperature range of
700-1000 °C (Supplementary Fig. 1) [16]. The precision of the TG
measurements was estimated to be + 0.1 %.

2.8. Helium pycnometry

A Micro UltraPyc™ 1200e helium pycnometer (Quantachrome In-
struments, USA) was used to determine the true density of the com-
pacted samples and synthesized ACP powder. To limit the impact of the
closed porosity on the measurement accuracy, the compacted samples
were milled into powders before the measurements. The pycnometer
was first calibrated using stainless steel calibration spheres of known
volumes. The volume of the sample was determined by pressurizing the
powder-containing sample cell to a target pressure of 10 psig. The
measurement was repeated until the percentage deviation of five
consecutive measurements was < 0.1 %. The true density of the sample
was calculated by dividing its weight by its measured volume.

2.9. Bulk density

The bulk density of each sample was calculated by dividing the mass
of the compacted sample by its bulk volume. An analytical balance was
used to determine the mass of each sample. The bulk volume Vi of the
sample was determined using the following Eq. (2):

Vourx = ﬂ'dzh/4 2)
where h and d are the height and diameter of the sample, respectively.
The diameter and height of the samples were measured using digital
calipers at five different positions around the sample, and the measured
values were subsequently averaged.

2.10. Relative density

The relative density value of the sample was determined by dividing
the bulk density value of the compacted sample by its true density value
and multiplying by 100 %.

2.11. Vickers hardness

A HM-210D micro-Vickers hardness tester (Mitutoyo Corporation,
Kanagawa, Japan) was used to determine the hardness of the uniaxially
compacted samples. Before the measurements, the surfaces of the sam-
ples were polished to a mirror finish. The measurements were performed
under a load of 0.05 gf (held for 10 s). At least seven measurements were
performed for each sample compacted at a specific uniaxial pressure.
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3. Results and discussion
3.1. Phase composition

XRD was used to determine the effect of the compaction pressure on
the stability of the ACP phase. The XRD patterns of all the compacted
samples were identical to those of the starting ACP powder (Fig. 1). Only
two diffuse humps were observed in the diffraction patterns, indicating
that the amorphous phase was retained at all compaction pressures.

3.2. Local structure

ATR-FTIR spectroscopy was used to evaluate the effect of compac-
tion pressure on the local structure of ACP. Although the infrared ab-
sorption spectra of the starting powder and compacted samples were
similar, there were some differences (Fig. 2). All spectra contained
similar broad and relatively weak absorption bands at approximately
2500-3700 cm ™}, and narrower bands at approximately 1640, 1490,
and 1420 cm™!. In contrast, the band observed at 1000 cm ™! in the
spectrum of the starting powder shifted to ~990 em ™! in the spectra of
the uniaxially compacted samples. Furthermore, the intensities of the
bands at 950, 870, and 550 cm ™ * were significantly higher in the spectra
of the compacted samples.

The superimposed absorption bands at approximately 1000 and
950 cm ™, and the band at 550 cm ™!, are characteristic of ACP and are
assigned to v PO, v; POF, and v4 POF group vibrations, respectively
[17]. The bands in the range of 2500-3700 cm ™' and around 1640 cm ™!
are associated with the O-H stretching and bending vibrational modes of
the water molecules, respectively [18]. Water in ACP, which is synthe-
sized by wet-chemical synthesis routes, can be present in large amounts
and is predominantly tightly bound in the inter-cluster space [17]. The
doublet bands at 1420 and 1490 cm™! are attributed to v3 CO3 vibra-
tions, while the band at 870 cm ™ is attributed to v, CO3” and/or HPOZ
vibrations [19,20]. Carbonate ions were incorporated into the ACP
structure from the synthesis medium (i.e., water). Although ultrapure
water was used, ACP could quickly absorb CO; from the air because the
synthesis was performed under ambient conditions. Another source of
carbonate ions could be the hydroxyapatite that was used for the syn-
thesis of ACP; the presence of carbonates was detected in its structure
(Supplementary Fig. 2), along with HPO? ions [21]. The differences
observed between the FTIR spectra of ACP before and after its
compaction (i.e., the changes in intensity of the bands at 950, 870, and
550 cm ™! (Fig. 2)) indicate that the application of a relatively high
pressure induced changes in the local structure. The applied pressure
can affect the bond parameters and short-range order present in ACP
[17,22,23] Additionally, applied pressure can partly dehydrate ACP and
thus make its structure more compact [5,24].

3.3. Water and carbonate content

TG-FTIR was used to determine the effect of compaction on the
carbonate and water contents of the starting powder. TG analysis
showed that the compacted samples lost less mass compared to the
starting powder when heated to 900 °C (Fig. 3). The mass loss for the
compacted samples and starting powder at 900 °C reached 14.0-14.5 %
and 15.1 %, respectively. The samples compacted at 500 and 750 MPa
had almost identical mass losses over the investigated temperature
range and most of the mass loss occurred in the temperature range of
100-300 °C. Subsequently, the mass loss gradually decreased and the
TG curves became almost flat. The TG curves for the samples compacted
at 1000, 1250, and 1500 MPa were largely similar to those of the sam-
ples compacted at 500 and 750 MPa. Initially, the mass loss rates for the
samples compacted at 1000, 1250, and 1500 MPa were lower than those
of the samples compacted at 500 and 750 MPa. From 160 °C, the mass
loss rate greatly increased but slowed down at approximately 180 °C,
and up to 250 °C, the rate was similar to those of the samples compacted
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at 500 and 750 MPa. Over the temperature range of 400-750 °C, mass
loss for the samples compacted at 1000, 1250, and 1500 MPa was
approximately 0.7 % lower than of the samples compacted at 500 and
750 MPa. This difference decreased when the temperature exceeded
750 °C.

Only absorption bands characteristic of water and CO2 were
observed in the FTIR spectra of the volatiles released from the ACP
powder and the uniaxially compacted samples during heating (Supple-
mentary Fig. 3). Water was released from room temperature to ~550 °C,
while CO2 over ~100-900 °C. The CO, release profiles for the synthe-
sized ACP powder and samples compacted at different uniaxial pressures
differed from each other (Supplementary Fig. 4). The estimated CO2
yield from the starting powder was 1.5 wt% (corresponding to a car-
bonate content of 2.0 wt%). The estimated CO; yields from the samples
that were compacted at 500, 750, 1000, 1250, and 1500 MPa were 1.1,
1.0, 0.9, 0.9, and 0.9 wt%, respectively (corresponding to carbonate
contents of 1.5, 1.4, 1.2, 1.2, and 1.2 wt%, respectively).

TG-FTIR analysis indicated that the compacted samples contained
less carbonate and water than the starting powder. Previous studies on
the consolidation of carbonated ACP and nanocrystalline apatite using
the spark plasma sintering technique have reported a loss of carbonates
from the structure of calcium phosphates during their consolidation.
Since ACP can contain HPO? ions, carbonate loss may arise from the
reaction between HPO3 and carbonate ions (Eq. (3)), which could be
favored by the pressure applied to ACP [25-27].

2HPO; + CO;” < 2P0} + COypu +  H2O 3

The differences between the TG curves of the samples compacted at
1000, 1250, and 1500 MPa and those of the samples compacted at 500
and 750 MPa can be partly related to the differences in their bulk den-
sities and porosities. Because of the higher compaction pressure used,
the samples compacted at 1000, 1250, and 1500 MPa had higher levels
of closed porosity and bulk density than the samples compacted at 500
and 750 MPa. If the sample contained closed pores, part of the water
released from its structure during heating could accumulate in the closed
pores. This water can be rapidly released when the pressure inside the
pore exceeds the tensile strength of the material [28].

3.4. Specific surface area

Nitrogen sorptometry was used to determine the effect of compaction
pressure on the SSA of ACP. The SSA of ACP decreased with an increase
in the pressure used for its compaction (Fig. 4). The SSA of the samples
compacted at 500 MPa was less than half that of the starting powder
(40.0 (& 1.5) m%/g vs. 110.9 (+ 2.6) m%/g), while for the samples
compacted at 1250 and 1500 MPa the SSA was more than 1000 times
smaller than that of the starting powder (0.07 m?/g and 0.05 m?/g vs.
110.9 (+ 2.6) m%/g, respectively).

The smaller SSA of the compacted samples compared to the starting
powder suggests that interparticle necks were formed between the ACP
particles during the compaction process. With an increase in compaction
pressure, the contact area between the particles increased, further
reducing the SSA of the samples.

3.5. Relative density

The bulk, true, and relative densities of the compacted samples were
determined to evaluate how the compaction pressure affected the
densification of ACP. To determine the relative density of the compacted
samples, their bulk density values were divided by the true density value
of the starting powder (2.50 g/cm®) instead of the true density values
determined by He pycnometry. The true density values of the compacted
samples (milled) were lower than those of the starting powder, indi-
cating that closed porosity was not eliminated by milling (Supplemen-
tary Fig. 5). Actual true density values of the compacted samples could
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be slightly higher than those of the starting powder, as they contained
0.6-1.1 % less water and carbonates than the starting powder (Fig. 3).
The relative density of the compacted samples increased with increasing
compaction pressure (Fig. 5). The relative density of the samples ob-
tained at 1000 MPa already exceeded 90 %, and the relative density of
the samples compacted at 1250 and 1500 MPa reached 97.51 (+ 0.02)
and 98.44 (4 0.02) %, respectively. The translucency of the samples
increased with increasing relative density (Fig. 6). The text behind the
samples compacted at 1250 and 1500 MPa became visible, which can be
attributed to the reduced sample porosity.

The significant reduction in SSA (Fig. 4) and increase in the relative
density of the samples, with an increase in the pressure used for their
compaction, suggest that under the application of a relatively high
pressure, the sintering process of ACP occurs at room temperature. Few
ceramic materials have been sintered to a high relative density using
only pressure for densification [12,29-32]. These materials possess a
certain degree of plastic deformability or contain water in their struc-
ture, which promotes densification [28,30,33]. The large amount of
water that is present in the ACP structure could play a significant role in
the sintering process [34,35]. The water present in the ACP structure
could help form bridges between the particles under the application of
pressure and could provide high ion mobility, promoting diffusion
processes [4,36]. More efforts are necessary to better understand the
mechanisms that lead to the densification of ACP under an applied
pressure.

3.6. Microstructure

SEM was used to characterize the surface morphology of the starting
ACP powder and fracture surface morphology of the compacted samples
(Fig. 7). The starting powder consisted of highly agglomerated spherical
particles with sizes below 100 nm. The microstructure of all the com-
pacted samples consisted of a grain-like structure with grain sizes below
100 nm. With an increase in the compaction pressure, the microstruc-
ture of the samples became more homogeneous, and their porosity
decreased. An increase in the compaction pressure seemingly had no
significant influence on the grain size and the application of pressure
appeared to fuse the ACP particles (Supplementary Fig. 6).

3.7. Mechanical properties

The Vickers hardness of the samples compacted at 1250 and
1500 MPa reached 1.92 (+ 0.04) and 2.02 (+ 0.04) GPa, respectively.
These values are comparable to those reported for low-crystalline hy-
droxyapatite ceramics sintered using the cold-sintering technique and
indicate that strong bonding was formed between the ACP ceramic
grains [37,38].

4. Conclusions

Uniaxial die pressing at 1250-1500 MPa at room temperature
enabled ACP to be sintered to near-full density (relative density >95 %).
Although the amorphous phase was retained, pressure-induced changes
in the local structure of ACP were evident. During the compaction
process, ACP loses part of its water and carbonate contents. The
compaction process did not lead to substantial grain growth. The
microstructure of the compacted samples consisted of a grain-like
structure with grain sizes below 100 nm. It is possible that ACP could
be sintered to full density at a lower pressure by optimizing the
compaction parameters, and the technique used for the densification of
ACP permits the co-sintering of ACP with temperature-sensitive
substances.
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Bone is a composite material made up of inorganic and organic counterparts.
Most of the inorganic counterpart accounts for calcium phosphate (CaP) whereas
the major organic part is composed of collagen. The interfibrillar mineralization of
collagen is an important step in the biomineralization of bone and tooth. Studies
have shown that synthetic CaP undergoes auto-transformation to apatite
nanocrystals before entering the gap zone of collagen. Also, the synthetic
amorphous calcium phosphate/collagen combination alone is not capable of
initiating apatite nucleation rapidly. Therefore, it was understood that there is the
presence of a nucleation catalyst obstructing the auto-transformation of CaP
before entering the collagen gap zone and initiating rapid nucleation after entering
the collagen gap zone. Therefore, studies were focused on finding the nucleation
catalyst responsible for the regulation of interfibrillar collagen mineralization.
Organic macromolecules and low-molecular-weight carboxylic compounds
are predominantly present in the bone and tooth. These organic compounds
can interact with both apatite and collagen. Adsorption of the organic compounds
on the apatite nanocrystal governs the nucleation, crystal growth, lattice
orientation, particle size, and distribution. Additionally, they prevent the auto-
transformation of CaP into apatite before entering the interfibrillar compartment
of the collagen fibril. Therefore, many carboxylic organic compounds have been
utilized in developing CaP. In this review, we have covered different carboxylate
organic compounds governing collagen interfibrillar mineralization.

KEYWORDS

carboxylate organic compound, calcium phosphate, bone, interfibrillar collagen,
mineralization

Introduction

Bone is a heterogenous and anisotropic nanocomposite. The components are arranged
hierarchically into several structural levels shown in Figure 1A. The macro-structure consists
of cancellous and cortical bone which is divided into microstructure composed of the
Haversian system and osteons. The microstructure is divided into sub-microstructures
consisting of lamella that are further divided into fibrillar collagen and apatite nanocrystal
nanostructure (Fratzl and Weinkamer, 2007). The final sub-nanostructure consists of
elements such as minerals, collagen, non-collagenous proteins, and small organic
moieties (Heikkild, 2011). The remarkable mechanical and remodeling capabilities of
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bone arise from the nanostructure level of collagen fibril and apatite
nanocrystal (Liu et al., 2016).

The mineral component of bone is formed by a mitochondrial-
dependent cellular process as indicated in Figure 1B. In the late
’90s, Albert L. Leininger and coworkers first observed amorphous
calcium phosphate (ACP) synthesis in the mitochondria of cells.
According to their observations, Ca** and phosphate ions in blood
plasma are transported into the cell cytoplasm and pumped into
the inner wall of mitochondria on a specific carrier by energy-
yielding electron transport (Rossi et al., 1967). The ions are
accumulated in the mitochondria and once the solubility
(concerning ACP) is exceeded, the precipitation occurs in the
form of ACP micro-packets. These micro-packets are believed
to be stabilized in the mitochondria by an organic moiety termed
the “Howard factor.”

In collagen, the charged amino acids are present in both the
67nm overlap and 40nm gap zone of collagen providing
nucleation sites that regulate the conversion of ACP into an

Frontiers in Bioengineering and Biotechnology

organized array of apatite nanocrystals (Nudelman et al., 2010).
It is believed that the net positive charge on the C-terminal of the
collagen molecule allows ACP to settle in the collagen fibril.
However, auto-transformation of ACP into apatite nanocrystal
before entering the interfibrillar compartment of the collagen fibril
was observed. Studies have shown that organic carboxylic
compounds regulate the conversion of ACP to apatite by
hindering auto-transformation. Therefore, many carboxylic
compounds developing
phosphates carboxylate (Xie and Nancollas, 2010; Yokoi et al.,
2022).

Despite these discoveries, the complex process of collagen
interfibrillar mineralization is not known completely understood.

have Dbeen utilized in calcium

In the first section of this review, we have focused on the structural
and chemical aspects of collagen. In the second half of this review,
we have focused on the postulated mechanisms and role of the
different carboxylic organic compounds responsible for interfibrillar
collagen mineralization.
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Structural and chemical properties of
collagen

Collagen type I accounts for 90% of the total organic
component of the bone (Fuchs et al., 2009). Structurally
collagen consists of a subunit known as tropocollagen which
is 300 nm long and 1.5nm wide “rod” consisting of three
polypeptide strands. Each polypeptide strand is a left-handed
helix, and all three polypeptide strands are twisted to form a
right-handed triple helix (Quan and Sone, 2013) as shown in
Figure 2. The collagen fiber bends in a tube-like pattern
indicating that the composition is not homogenous laterally,
but consists of a hard shell and soft core (Gutsmann et al., 2003).
In collagen, 64% of non-polar amino acids comprise glycine,
proline, and alanine whereas the hydroxyl residue accounts for
16% and majorly consists of hydroxyproline and serine. The
acidic, basic, and amide side chains account for the remaining
20% of the collagen structure. Collagen possesses two distinct
hydration phenomena depending upon the pH 1) Swelling
induced in the neutral salt solution, described as lyophilic or
Hofmeister effect; 2) Swelling in acidic or basic solutions,
described as the Donnan effect (Bear, 1952).

In bone, the collagen triple helix is arranged in a parallel
staggered array in which collagen molecules are shifted by a
distance D concerning their adjacent collagen molecule, after
their self-assembly into collagen fibrils as indicated in Figure 2
(Glimcher et al., 1981). One D-repeat consists of a complete collagen
sequence of 67 nm and the distance between two tropocollagen
subunits measures 40 nm termed a gap zone (Landis et al., 2006).
The nucleation site of apatite nanocrystal lies in the gap zone of
collagen where it achieves the c-axis orientation parallel to the long
axis of collagen (Parvizi and Kim, 2010). The intermediate state of
CaP such as ACP and/or octa-calcium phosphates (OCP)
(Lehninger, 1970; Brown et al, 1987) are presumed to be
nucleated in the gap zone of collagen that results in apatite
nanocrystal formation.

Frontiers in Bioengineering and Biotechnology

The remarkable mechanical property of bone arises from the
complex association of the apatite nanocrystal and collagen
nanocomposite. The initial studies of interfibrillar collagen
mineralization ~were conducted by transmission electron
microscopy (TEM) (Weiner and Traub, 1986) followed by
electron tomography (ET) analysis (Landis et al, 1993; Landis
et al,, 1996). These studies revealed that the orientation of apatite
nanocrystals may be regulated by confinement in the collagen fibrils
forming a deck of card conformation. The cylindrical nanopores in
the collagen can direct the oriented growth of apatite nanocrystals in
vivo (Olszta et al, 2007). However, this suggestion cannot be
considered without detailed ultrastructure of the collagen gap
zone. Recently, the detailed model of interfibrillar collagen
mineralization was presented by Xu and coworkers. The analysis
was performed on the surgical waste material from the tibia fracture
of a ten-year-old healthy female. X-ray diffraction (XRD), Electron
microscopy and tomography analysis have revealed, the dimension
(~65 nm x 20 nm x 3 nm) of the interfibrillar crystals that possess
curved or propeller-like morphology. Extracellular apatite
nanocrystals of similar dimensions were also observed which may
potentially proliferate into the fibers. The charged amino acids in the
collagen are considered to regulate and induce the nucleation of
apatite nanocrystals. The study delivered three aspects a)
Interfibrillar apatite nanocrystal orientation, b) structure of
collagen gap zone, and c) apatite-collagen interaction (Xu et al.,
2020).

Nucleation site in collagen

The ultrasound studies revealed that the apatite nanocrystal
deposition in extracellular space and arrangement on collagen fibers
was not random but aligned. The apatite nanocrystal was deposited
specifically along the axial region of collagen fibers. Electron
micrographs showed physiochemical interactions, organizing CaP
in 700 A axial repeat of the collagen fibers. Moreover, the c-axis of
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apatite nanocrystals is aligned to the long axis of the collagen which
may be responsible for the nucleation of apatite nanocrystals in
c-axis orientation (Landis, 1986). This eliminates the possibility of
orientation through mechanical pressure generated by the dense
packing of many apatite nanocrystal crystals.

The charged amino acids such as glutamic acid, hydroxyl-serine,
aspartic acid, lysine, arginine, and histidine were found in several
two-dimension structure of type-I collagen molecular segment as
well as in the adjacent segments of the triple helix chain. The charge
distribution of the peptide in the collagen chain offers charged
domain that serves as center for apatite formation (Landis and
Silver, 2009). The locations containing these specific amino acids
have stereochemical configurations that provided binding sites for
calcium and phosphate ions. Moreover, the ions are sufficiently close
to stimulating ion interaction and formation of apatite nucleation
sites (Hohling et al., 1974). In the quasi-hexagonal model, the lysine
(at residue 108) and the glutamic acid (at residue 110) in a segment I
and the glutamic acid (at residue 815) and arginine (at residue 816)
in segment 4 result in a pocket that can accommodate calcium and
phosphate ions. The ion binding efficiency also increases in the same
gap zone through interaction with glutamic acid (at residue 116) in
segment 1, arginine (at residue 350) in segment 2, arginine/aspartic
acid (at residue 581 and 582, respectively) and glutamic acid/
arginine (at residue 815 and 816, respectively) in segment 4
(Hulmes and Miller, 1979). The stereochemical configuration of
the amino acids present within or between the collagen segments
provided calcium and phosphate binding sites that aid in the
formation of nucleation centers. Recently Silver and Landis
(2011) provided more consideration in collagen mineralization;
a) orientation of charged side chain, b) collagen crosslinking, and
¢) impact of non-collagenous molecules.

Experimental studies have shown that the synthetic ACP/
collagen combination alone is not capable of initiating the
nucleation of apatite rapidly (Bradt et al., 1999). Therefore, it was
understood that there is the presence of a nucleation catalyst
(Wang and Nancollas, 2008). The
nucleation catalyst was defined as an organized organic molecule,
containing specific reactive side chains arranged in specific
stereochemical arrays establishing a
nucleation site as shown in Figure 3. This allows precise cellular
control and molecular localization of the interfibrillar collagen
mineralization process (Bonar and Glimcher, 1970; Glimcher, 1979).

governing the process

and electrochemical

ACP and role of Howard factor

Studies of infant rib bone revealed the presence of a non-
crystalline phase before the initiation of the “interfibrillar
collagen mineralization front” (Robinson and Watson, 1952).
Following, in 1956, Jackson and Randall (2008) studied the
periosteal bone growth in fowl embryos and discovered an
electron-opaque substance in a newly formed fibrous matrix.
This opaque substance was considered an amorphous phase of
mineral. Further, in 1959, a similar finding was reported while
investigating parietal bone in mice. They the provided first
morphological evidence of the ACP (Molnar, 1959).

Finally, in 1966, the first experimental studies on ACP were
demonstrated (Harper and Posner, 2016). They observed that the
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non-crystalline counterpart was evenly distributed in osseous tissue
in several mammalian species. Further, they described that 40% of
the bone mineral in the femur of adult humans, cows, and rats was
comprised of the non-crystalline phase (Termine and Posner, 1966).
Additionally, Posner (1969) confirmed bone mineral as poorly
crystalline calcium phosphate (PCCP) which was not identical to
the structure and composition of hydroxyapatite (HaP). They
proved that bone consists of physically and chemically divergent
phases of CaP. Further studies concluded that the bone consists of a
large amount of non-crystalline or ACP apart from apatite
nanocrystals.

Along with ACP, parallel studies were undergoing to understand
the role of cells in the formation of CaP. In the fifth Jubilee lecture of
Lehninger (1970), the role of mitochondria and the active Ca®* ion
transport was demonstrated in detail. The major topics such as Ca**
ion a) specificity, b) tissue distribution, c) transport mechanism, d)
affinity binding, e) relaxation cycle in muscle, f) formation of
calcium phosphate granules, and g) role of mitochondria in
interfibrillar collagen mineralization was thoroughly discussed.
The key findings are highlighted in the following paragraph.

The rat kidney mitochondria can accumulate enormous
quantities of Ca** depending on the presence of respiratory
substances such as isocitrate, succinate, adenosine triphosphate
(ATP), Mg**, and/or inorganic orthophosphate (Vasington and
Murphy, 1962). In the following year, the relationship between
the number of electrons flowing through the respiratory chain
and the number of Ca®* jon accumulation was identified. The
stoichiometric uptake of both Ca** and phosphate ions was
synergistic  with that
1.7-2.0 Ca®* ions and 1.0 phosphate ions accumulate per pair of
electrons sloping each of three energy-conserving sites of the
respiratory chain (Bielawski and Lehninger, 1966). Furthermore,
it was also observed that the Ca® arouses respiration of
mitochondria in such a way that two Ca®* ions capitulate the
same amount of oxygen as required by one Adenosine
diphosphate (ADP) (Carafoli 1964). The
accumulation of Ca®* ions is completed by the ejection of H*
ions (Rossi et al., 1966). This is one of the major findings of the
relationship between Ca** and anion accumulation.

Mitochondria are accumulated with Ca®* and diverse types of
anions under different conditions. Thus, Ca®* ions are bound to the
inner membrane of mitochondria until a perfect anion is available
and in the presence of the permanent anion, Ca** appears in the
matrix. ATP or ADP is required in the formation of ACP that
accumulates in the mitochondria. This leads to massive loading of
mitochondria with ACP. However, the role of ATP in the process
remains unknown (Lehninger, 1970).

Based on the experimental evidence of cellular machinery

electron transport in such a way

and Lehninger,

involved in CaP formation, Leininger and co-workers presented
two theories on the formation of ACP and its conversion to apatite.
According to the first theory, the formation of bone apatite in the
presence of a biological inhibitor was presented as shown in
Figure 4 (Scheme 1). The process is initiated in interstitial fluid,
where the Ca®" and phosphate ions in the presence of biological
factor (presumed to be Howard factor) undergo localized
concentration to exceed the solubility of ACP. The role of the
Howard factor was crucial as it prevents the non-biological
formation of apatite from free Ca** and phosphate ions.
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Nucleation sites in the hole zone of the alpha-collagen fibril. The image is inspired by the work of (Glimcher, 1984)

Further, the ACP micro-packets formed in association with the
undergo hydrolysis
followed by nucleation and are later converted to the apatite
nanocrystal.

Howard factor non-reversible

The Second hypothesis describes the mitochondrial-
dependent cellular mechanism as shown in Figure 4 (Scheme
2). According to this theory, the Ca®" and phosphates ions in
blood plasma are transported into the cell cytoplasm. Further,
the ions are pumped into the inner wall of mitochondria on
specific carriers by energy-yielding electron transport (Rossi
et al., 1967). When the solubility product of ACP is exceeded,
precipitation The
triphosphate (ATP) dependent process continues resulting in
electron opaque granules composed of many ACP micro-
packets which are stabilized by the Howard factor. The
micro-packet of ACP can transfer from the mitochondria in

of micro-packets occurs. Adenosine

two ways; 1) Direct transfer through a mitochondrial membrane
or 2) by reverse phagocytosis, leading to out pocketing of
membrane vesicles containing two or more micro-packets.
After ejecting these micro packets into the extracellular site,
they attach to the epitaxial structure of collagen and become
part of an amorphous bone mineral fraction. These micro-
packets were identified as Posner clusters which possess a
of 10A in the
with a probable chemical structure Cay(POy)s (Betts et al.,
1975).

In both, the hypothesis of the role of the Howard factor was
crucial in stabilizing ACP. This Howard factor was discovered first,

neutral ion cluster longest dimension

in urine samples (Howard and Thomas, 1968). It was classified as a
small organic molecule synthesized by cells, organic in nature, highly
acidic, chelating agent and its methylation causes loss of activity.
Although there is no evidence about the exact chemical structure of
the Howard factor in the literature. Further research was not
performed to understand the exact chemical structure of the
Howard factor.
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Micro-vesicle theory

In 1967, Bonucci studied the early stage biomineralization in
cartilage. The process was initiated by the formation of peri-
circular, periodic acid-Schiff positive, osmiophilic, rounded
bodies in which the nucleation of apatite nanocrystals was
initiated. The crystallites were removed by decalcification
leaving “ghost bodies,” which were organic in nature like
protein absorbed on the surface of the apatite nanocrystals.
The formations of these bodies seem unclear but were believed
that these bodies can be formed enzymatically or were secreted by
cells. Electron microscopy analysis did not show any structure in
these bodies until the initiation of biomineralization. However,
these bodies were formed by a homogeneous substance that
possesses variable electron density (Bonucci, 1967). In the
same year, Anderson also studied the development of cartilage
and biomineralization. The electron microscopy studies revealed
that the culture of human amniotic cells (FL strain) induces the
deposition of a radial cluster-like apatite nanocrystal in the
cartilage matrix. This bears a resemblance to the native
pattern observed at the epiphysis. Both these studies observed
electron-dense “leaf-like” structures with needle-like projections
attached to the collagen fibrils in ossifying cartilage matrix, which
was then classified as matrix vesicles (MV) (Anderson, 1967).

The properties, function, biogenesis, and biological models of
micro-vesicles from chondrocytes and osteoblasts are recently
reported in the review presented by Bottini et al. (2018). They
proposed that one or more annexin family proteins were responsible
for the uptake of Ca®* ion in the MV as shown in Figure 5. They
assumed that AnxA5 may act as a carrier protein that will transport
Ca’* ions from mitochondria to the inner leaflet of the plasma
membrane where it can bind to phosphatidylserine (PS). It was
postulated that the lipid rafts in the microvilli membrane form a
complex of PS, AnxA5, Ca®*, and phosphate which accounts for the
formation of the MV nucleation core. Further, it was speculated that

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1150037

Indurkar et al.

Scheme 1

Ca** HPO/

.9

(Extracellular fluid)
Undersaturated with

respect to Cas(POy)..
B 00 Ca?*and HPO.* undergo

localized concentration

Ca3(POy),
Amorphous tricalcium phosphate
Stabilised possibly in the form of micro-packets
by organic factor
Nonreversible hydrolysis
and nucleation

(Ca3(PO4),)3 Ca(OH),

Hydroxyapatite

FIGURE 4

10.3389/fbioe.2023.1150037

Scheme 2

Organic factor stabilised
micro-packets of Cas(PO,),in
colloidal form.

Respiration linked
concentration of Ca*"

Plasma membrane

~ Cytoplasm

Ca?*

Iy PEY B

l Extracellulaf
fluid
Electron opaque granules

Deposition of micro-packets on
collagen

Possible mechanism of bone apatite formation from ACP in the presence of biological inhibitor. Scheme 1—apatite formation mechanism in
extracellular fluid and Scheme 2—mitochondrial-dependent cellular mechanism of bone apatite formation. The images are inspired by the fifth jubilee

lecture on mitochondria and calcium ion transport of (Lehninger, 1970)

Apatite nanocrystals
/Vppj

02" g0 ™

Calcium ions

AP

Phosphate ions

&> Cytosol =

§’ Normal mineralisation

AnXA5

Extracellular matrix

FIGURE 5

MV ruptures

I
I
Collagen

Apatite nanocrystal

Schematic representation of MV in biomineralization. The biomineralization by MV occurs in two steps, in step 1 apatite nanocrystal is formed via the
influx of calcium and phosphate ions through AnXA5. The hydrolytic action of the enzyme phospholipase and the protease leads to the penetration of
apatite crystal inside MV. Once the MV is released into the extracellular matrix they bind to collagen. This initiates step 2 resulting in biomineralization in
presence of collagen. The image is inspired by the artwork of (Bottini et al., 2018) and (Bommanavar et al., 2020)

the transport of Ca®* and phosphate ions from mitochondria to
intracellular vesicles (IV) towards the extracellular matrix may
initiate biomineralization. The author also described another
hypothesis in which empty MV budding from chondrocytes is
released from the microvilli-like cell membrane. After they are
released in the extracellular medium, Ca** and phosphate ions

Frontiers in Bioengineering and Biotechnology

are accumulated following nucleation from apatite nanocrystal.
Further, the MVs are ruptured by stress or by the activity of
phospholipase and the apatite nanocrystals are released in the
extracellular medium which mineralizes on collagen fibers
(Bottini et al., 2018). Recently, Beck (2019) has described the role
of scI34-Na* phosphate transporter in the biomineralization of bone
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and tooth. The latest review covers the role of MV mediated
mechanism with special reference to the crystal ghost in depth
(Bommanavar et al., 2020).

Phosphoprotein

The phosphoproteins containing serine and threonine amino
acids are believed to play a role in interfibrillar collagen
mineralization. Organic phosphate and carboxylic side chain
groups of serine and threonine account for half of all amino acid
residues of phosphoprotein in bone (Spector and Glimcher, 1972).
The Ca-binding ability is one of the essential requirements for
initiating the nucleation of CaP from solution. The phosphate
and the carboxylic side chains of phosphoproteins in dentine
have shown remarkable Ca-binding ability (Lee et al, 1977).
However, Seyer and Glimcher (1977) have mentioned that Ca-
binding with phosphoproteins may decrease interfibrillar collagen
mineralization because the electrochemical or stereochemical
binding of calcium leads to the unavailability of Ca®* ions to
react with the inorganic phosphates. This results in preventing
one or more physicochemical steps (nucleation, crystal growth,
or crystal multiplication) in apatite deposition. Therefore, to
understand the interaction of Ca-bonded phosphoprotein with
organic phosphates; experiments and *'P NMR analysis were
performed.

Initially, the phosphoproteins were titrated with calcium
chloride in presence of inorganic orthophosphates, and it was
found that in the absence of calcium chloride, there was no shift
in >'P NMR signals but on the other hand phosphorous peak was
observed with broadening or shifting in the presence of calcium
chloride. This confirms the formation of a ternary complex between
the orthophosphate ions and the proteins phosphomonoester group
(Lee et al, 1983). The phosphoprotein-regulated interfibrillar
collagen mineralization process is shown in Figure 6. In 1982,
Lian and associates have revealed in vivo evidence of
phosphoproteins in interfibrillar collagen mineralization (Kiebzak
et al., 1988).

Non-collagenous proteins

Collagen account total of 90% organic part of the bone and
the remaining part is non-collagenous proteins and low-
molecular-weight organic compounds. The non-collagenous
proteins are usually referred to as small-integrin binding
ligand, N-linked glycoprotein (SIBLING) proteins which
consist of osteopontin (OSP), dentin matrix protein (DMP),
bone sialoprotein (BSP), dentin sailophosphoprotein (DSPP),
and matrix extracellular phosphoglycolproteins (MEPE). These
proteins possess the collagen-binding ability as well as RGD
sequence for cell binding. Moreover, these proteins share
common features of glycosylation, and phosphorylation and
have similarities in genomic organization and localization
(Huang et al.,, 2008). A detailed description of the proteins is
presented elsewhere (Kalka et al., 2019). Moreover, albumin and
a,-HS-glycoproteins are present throughout the mineralized

bone matrix (McKee et al, 1993). Studies have shown
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evidence of the involvement of these non-collagenous playing
a vital role in interfibrillar collagen mineralization which is
explained in the subsequent sections.

Albumin

Albumin is the major component of blood and one of the
important non-collagenous proteins. It possesses a high affinity
towards apatite surface inhibiting crystallization. Therefore, it is
regulation process of
mineralization of collagen. Studies on the precipitation and
growth mechanism of OCP in collagen, under the influence of
serum albumin, revealed the inhibition capacity of albumin in
two ways—the association of the carboxyl group of protein with
the calcium of OCP and/or adsorption of albumin on the surface
of OCP. There was electrostatic interaction between the
positively charged OCP and collagen and negatively charged
albumin at pH 6.5. The adsorption of albumin at the
nucleation site of the
nucleation sites of the substrate thus delaying the first nuclei
formation. Crystallization of OCP is rapid on the collagen
surface, therefore interfibrillar collagen mineralization is
hampered. However, the addition of albumin would obstruct

known as a factor interfibrillar

collagen surfaces obstructs the

the nucleation sites leading to interfibrillar collagen

mineralization (Combes et al., 1999).

ap-HS-glycoproteins

In 1944, Fetuin was first isolated from bovine serum and since
then most commonly known as Fetuin-A or a,-HS-glycoprotein
(Mori etal., 2012). a,-HS-glycoproteins in the serum inhibit calcium
precipitation thus hindering apatite formation. This inhibitory effect
was governed by acidic amino acids modulating apatite formation
and inhibiting phase separation in serum during the interfibrillar
collagen mineralization (Schinke et al., 1996). Further electron
microscopy studies have shown that a,-HS-glycoproteins with
ACP form soluble colloidal spheres. These spheres were termed
calciprotein particles that are amorphous in nature with sizes
ranging from 30 to 150 nm. The binding of acidic amino acid of
a,-HS-glycoproteins with ACP inhibits unwanted mineralization
outside the interfibrillar collagen (Heiss et al., 2003).

Oesteopontin and osteocalcin

OCP-osteocalcin complex directs collagen interfibrillar collagen
mineralization. Transmission electron microscopy (TEM) analysis
revealed that the carboxylate groups in glutamic acid in osteocalcin
(OSC) deliver attachment sites to OCP (Pompe et al., 2015). Further,
the OSC attaches to collagen and interacts with the Ca-sites of
apatite platelets with a Ca-Ca distance of 9.5 A. Therefore, it was
claimed that OSC governs the function of Ca*" ion transport and
acts as an intermediary molecule in the nucleation of OCP and
apatite in the fibrillar space of collagen (Simon et al., 2018). Further
studies revealed the interaction of OSP and OSC with calcium ions
induces stability and delays nucleation, whereas interaction with
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inorganic phosphates results in opposite effects. The study also
indicates that OSC concentration negatively influences crystal size
and rate of formation though OSC presence results in ordered
apatite contrary, OSP
promotes crystal formation and reduces the Ca:P ratio (Duman
et al., 2019).

structures. On the concentration

Dentin matrix protein

The carboxylic terminal present in the amino acids of the
protein plays a crucial role in phosphorylation and binding with
Ca*" ions controlling interfibrillar collagen mineralization in dentin
(George et al., 1993). Tsuji et al. (2008) synthesized artificial motifs
analogous to dentin matrix protein. ACP in presence of these
proteins increases the molecular mass and the fractal dimensions
without affecting the gyration radii. The protein thus enables the
conversion of ACP to apatite. The nucleation initiates at the small
radius of the growing crystal till the crystal reaches a critical size
(termed a critical radius), following rapid crystal growth. This
critical radius can be expressed by the function of temperature,
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supersaturation, specific internal energies, and volume of growth
units.

Low-molecular-weight organic compounds

Parathyroid hormone

The role of parathyroid hormone in calcium metabolism was
discovered in 1909 (MacCallum and Voegtlin, 1909). The
mechanism of action of the parathyroid hormone was well
described in the previous review articles (Rasmussen, 1961; Potts
etal, 1982). In 1956, Neuman et al. (1956) postulated a mechanism
under the control of the parathyroid gland that was maintaining
gradients of calcium ions between blood and bone. The cellular
element in the bones secreted citrates in response to parathyroid
activity. It was assumed that the citrates carrying calcium complex
from serum to skeletal tissue get citrated and oxidized to form
several calcium ions. If citrates were secreted in the form of citric
acid, then due to the pH gradient ionized calcium ions will be
transported to serum. The hypothesis was supported by the in vitro
enzyme studies. It was found that the enzyme isocitrate
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dehydrogenase, which is required for citrate utilisation was absent in
mature bone. Moreover, the parathyroid hormone destroys the
chromophore groups of Coenzyme II. Blocking Coenzyme II-
linked reactions shuts glucose metabolism to citrate production.
This provides a captivating biochemical mechanism governed by
parathyroid hormone in regulating citrate gradient that is
responsible for maintaining steady but supersaturated levels of
calcium ions in serum.

Citrate

Citrates are small organic moieties that originate in the citric
acid cycle and play a critical role in the human metabolic pathway.
In 1941, the presence of citrate in bone was first identified (Dickens,
1941). Since then, it is known that citrate concentration in hard
tissues is in the range of 20-80 umole/g which is 100-400 folds
higher than in most of the soft tissues. It should also be indicated
that the bone consists of 1.6% of citrate and about 90% of total body
citrates are found in human bone (Granchi et al.,, 2019). Such a high
concentration of citrates in bone indicates their vital role in
mineralization. Recent NMR studies have shown the presence of
citrate in bone (Davies et al., 2014). The lattice orientation, particle
size, and distribution of the apatite are regulated by the complex
interaction of the citrate with the apatite. The long axis of the citrate
molecule is parallel to the surface of the apatite. The three carboxylic
groups of citrates are at 0.3-0.45 nm from the apatite surface. The
spacing of the carboxylic groups matches with the calcium ion along
the c-axis of the apatite. Therefore, the crystal growth is inhibited in
the direction of thickness but continued in the longitudinal
direction. This assists in the formation of a plate-like apatite
structure analogous to natural bone (Xie and Nancollas, 2010).

The occurrence of citrate in bone and its relationship was well
described by Costello et al. (2012). The author coined the term
“citration” which describes the relationship between citrate-apatite
nanocrystals. In further studies, the author also described the
potential mechanism of how citrate is involved in interfibrillar
collagen mineralization (Costello et al, 2015). The collagen/
apatite structure incorporated with citrate in the apatite crystal
was depicted as shown in Figure 7.

Succinate

Succinic acid (SA) is an intermediate of a citric acid cycle. It can
be detected in the bones in exceedingly small concentrations. For
instance, 1 g of bone consists of 3.6 mg of SA (Lees and Kuyper,
1957). Like citrates, the carboxylic groups in SA are chemisorbed on
the apatite surface by coordinating with calcium ions and regulating
the growth and morphology of the crystals. Studies on
mineralization reported that SA binds to collagen by hydrogen
bonding and encourages interfibrillar collagen mineralization.

The interaction of SA with collagen improved the
physicochemical properties of apatite and attract more calcium
ions, thus leading to accelerated interfibrillar collagen

mineralization. Moreover, the SA pre-treated demineralized
dentin promoted dentin
properties of the remineralized dentin were similar to natural
dentin (Jin et al, 2022). Earlier efforts to synthesize OCP
incorporated with SA have been commenced by Markovi¢ et al.

remineralization. The mechanical

(1994). They uncovered pH dependency on conversion from SA-
OCP to apatite.
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Amino acids

Apatite formation was observed near the crossband of collagen
where basic and acidic amino acids are thought to be more
concentrated (Robinson and Watson, 1955). Soon after this
finding, Solomons and Irving (1958) studied the relationship of
€-amino acid of lysine and hydroxylysine in mineralization. The €-
amino acid may provide potential phosphate binding sites on the
collagen, leading to its phosphorylation. This was assumed to be the
first step in matrix interfibrillar collagen mineralization (Weidmann,
1963). Tkawa et al. (2009) have synthesized amino acid-containing
ACP and investigated its transformation in a simulated body fluid.
They found that the incorporation of amino acids enhanced the
solubility of ACP and lead to faster conversion to apatite. The role of
amino acids in mineralization is covered in-depth in a recent review
by Tavafoghi and Cerruti (2016).

Pyrophosphate

Fleisch and Sylvia demonstrated in vitro nucleation and
mineralization of apatite nanocrystals in presence of collagen
(Herbert and Bisaz, 1962). They have proposed the role of
pyrophosphate in regulating biomineralization. In the nucleating
region of collagen, the precipitation of apatite nanocrystals occurs at
the physiological concentration of the Ca** and phosphate ions. It
was depicted that the inorganic pyrophosphates (PP;) present in
blood plasma protect the nucleation site in the collagen inhibiting
growth of apatite nanocrystals. For the mineralization of collagen,
the pyrophosphates must be inactivated by the enzyme
pyrophosphatase which was found in mineralized tissue (Herbert
And Bisaz, 1962). Further studies conducted by Moochhala et al.
(2008) explored the role of proteins and genes in controlling
The enzyme nucleoside pyrophosphatase
phosphodiesterase (NPP1) acts on nucleoside triphosphate to
generate extracellular PP;. Harmey et al. (2004) have further
demonstrated hyper-mineralization in enppl (NPP1) knockout
mice, resulting in peripheral joint hyperostosis intervertebral
fusion. Moreover, the role of the ank gene (ANKH in humans)

biomineralization.

in exporting PP; from cytoplasm to extracellular space was noticed.
The ank protein was linked with tissue calcification in humans and
mice. The third gene akp2 encodes tissue non-specific alkaline
phosphatase (TNAP) which hydrolyses PP;, and polyphosphates
to release inorganic phosphate. The TNAP activity promotes
biomineralization by lowering PP; levels and increasing levels of
inorganic phosphate.

Polymer-induced liquid precursors

Polymer-induced liquid precursors (PILP) are amorphous
mineral precursors stabilized by charged polymers. In the early
1990s, the role of acidic macromolecules in the biomineralization of
bone and seashells was known. The acidic macromolecule was
known to control the morphology of the inorganic crystal.
However, the function of the acidic macromolecule was not
clarified. In 1998, Gower and Tirrell (1998) have discovered that
the addition of a small amount of polyaspartic acid (pAap) results in
CaCO; helices and films. The polymer acts as a membrane and
supports the deposition and growth of CaCOj;. The charge polymer
ion inhibits crystal nucleation by inducing liquid-liquid phase
separation in the crystallizing fluid. Droplets from the fluidic
amorphous phase accumulate and combine resulting in mineral
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films. Olszta et al. (2007) have postulated the role of PILP
biomineralization of bone and teeth. They suggest that the
apatite nanocrystal does not nucleate within the gap zone, rather
a liquid amorphous phase is pulled into collagen fibers by capillary
actions. Once the liquid precursor phase is converted to the solid
amorphous phase, crystallization occurs resulting in mineralized
collagen with apatite nanocrystals. A combination of polyanionic
non-collagenous proteins was presumed to be analogous to PILP.
This hypothesis was backed by cryo-TEM analysis by Nudelman
et al. (2010). They discovered that the electrostatic interaction
between pAap-ACP complex and the cationic amino acids in the
gap zone of collagen assists infiltration of PILP. Citrate also plays a
crucial role in PILP by enhancing the degree of collagen
mineralization in vitro. The citrate reduces the interfacial energy
between collagen and PILP leading to an increase in wettability
(Shao et al., 2018). Polyacrylic acid (PAA) was also used successfully
in PILP for the stabilization of ACP. PAA of various molecular
weights was analyzed, and it was found that both low and high-
concentration PAA stabilized ACP and allows infiltration in the
collagen matrix. The unstable ACP results in extra fibrillar
mineralization. On the contrary, extensively stabilized ACP did
not initiate collagen mineralization. This suggests that the
concentration of PAA plays a crucial role in regulating
interfibrillar collagen mineralization (Shen et al., 2021).

Discussion

It is known that collagen plays a crucial role in the
process. The
properties of collagen offer this potential. Based on the
physical characteristics of hydration a model of collagen
interfibrillar biomineralization was demonstrated. Molecular
dynamic studies have shown the balance between osmotic
equilibrium and electroneutrality establishes Gibbs-Donnan
equilibrium in a polyelectrolyte-directed system (Niu et al.,
2017). Based on the chemical properties of collagen numerous
models are presented. For instance, the amino acid residue in the

biomineralization unique  physiochemical

two-dimension structure of type-I collagen molecular segment as
well as in the adjacent segments of the triple helix chain. The
charge distribution of the peptide in the collagen chain offers
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charged domain that serves as a center for apatite formation.
However experimental studies have shown that the synthetic
ACP/collagen combination alone is not capable of initiating the
nucleation of apatite rapidly (Bradt et al., 1999). This indicates
that  collagen regulate
mineralization alone (Posner, 1969). Therefore, the role of
non-collagenous proteins and other ECM molecules was

cannot initiate or interfibrillar

considered to affect mineralization either by enhancing
collagen mineral binding mineral ions.
there postulations this
phenomenon, but the exact mechanism is poorly understood
(Silver and Landis, 2011).

There are numerous mechanisms for how calcium phosphate is
deposited on the collagen matrix. Different organic compounds are
believed to regulate interfibrillar mineralization. Most of these
compounds possess a carboxyl functional group. The carboxyl group
is a combination of two functional groups in which a single carbon atom
is attached to hydroxyl (-OH) and carbonate (=O) groups. This makes
the carbonyl group polar, highly electronegative, and weakly acidic,
capable of hydrogen bonding by accepting or donating proton (Klecker
and Nair, 2017). The carboxylate anion has the capability of forming
bonds with calcium by direct binding or by influencing electrostatic

interaction or

However, are numerous on

interactions away from the metal center (Chakrabarti, 1990). Moreover,
the carboxylate ions also have the potential to react with phosphate via
the formation of P-O-H-O-C bonding (Corbridge, 1971). Owing to
these exclusive properties, carboxylate-incorporated calcium phosphate
materials are gaining more interest.

In the past 20 years, the research is focused on finding the role
of carboxylic compounds in interfibrillar collagen mineralization
(Ikawa et al., 2008; Sakamoto et al., 2008; Ishikawa and Oaki,
2014; Josipovi¢ et al., 2020; Veiga et al., 2020; Wang et al., 2020).
Recent studies have also provided new findings such as A)
Influence of carboxylic ions in the conversion of ACP to OCP
(Sugiura et al., 2015). B) The density of carboxylic ions plays a
crucial role in controlling the growth and mineralization of
calcium phosphates (Zhang et al,, 2022). C) In the early
nucleation, citrate binds to ACP and controls the size and
morphology of apatite crystal (Xie and Nancollas, 2010). D)
One-sixth of the available apatite surface area in bone is
covered by citrate (Xie and Nancollas, 2010). E) Carboxylate
ions can only be incorporated into the hydrated layer of CaP
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(Yokoi et al., 2022). F) Collagen matrix is denser and irregularly
distributed in the bone as compared to the majority of other soft
tissues (Tzaphlidou, 2008).

Conclusion

Interfibrillar collagen mineralization has gained attention in
the past 20 years, the major reason is the abundance of both
apatite nanocrystals and collagen in bone. Studies have indicated
the role of physiochemical properties of collagen as well as non-
collagenous proteins and low molecular weight compounds
regulating the process. New insights such as the role of genes
and enzymes in this process are also discovered. Overall, the
process of interfibrillar collagen mineralization is complex.
However, advanced analysis techniques such as cryo-TEM,

Cryo-scanning electron microscopy, X-Ray tomography,
molecular  dynamics, gene  knockout, metabolomics,
proteomics, DNA and RNA sequencing, etc. allow

investigation of mechanism within nanometer resolution while
maintaining the structure close to the native structure. These
advanced analysis techniques with a combination of both in vivo
and in vitro analysis potentially answer all the underlying
questions in the future. However, the process is currently in
the preliminary stage, but the technological advancement will
soon decode the process of interfibrillar collagen mineralization.
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ABSTRACT: Amorphous calcium phosphate (ACP) is the first solid phase precipitated
from a supersaturated calcium phosphate solution. Naturally, ACP is formed during the
initial stages of biomineralization and stabilized by an organic compound. Carboxylic groups
containing organic compounds are known to regulate the nucleation and crystallization of
hydroxyapatite. Therefore, from a biomimetic point of view, the synthesis of carboxylate ions
containing ACP (ACPC) is valuable. Usually, ACP is synthesized with fewer steps than
ACPC. The precipitation reaction of ACP is rapid and influenced by pH, temperature,
precursor concentration, stirring conditions, and reaction time. Due to phosphates triprotic
nature, controlling pH in a multistep approach becomes tedious. Here, we developed a new .
ACP and ACPC synthesis approach and thoroughly characterized the obtained materials. —
Results from vibration spectroscopy, nuclear magnetic resonance (NMR), X-ray photo- ’ e e
electron spectroscopy (XPS), true density, specific surface area, and ion release studies have
shown a difference in the physiochemical properties of the ACP and ACPC. Additionally,
the effect of a carboxylic ion type on the physiochemical properties of ACPC was characterized. All of the ACPs and ACPCs were
synthesized in sterile conditions, and in vitro analysis was performed using MC-3T3EI cells, revealing the cytocompatibility of the
synthesized ACPs and ACPCs, of which the ACPC synthesized with citrate showed the highest cell viability.
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1. INTRODUCTION

ACP is the first solid phase precipitated from a supersaturated
calcium phosphate solution.! Naturally, ACP is synthesized
and stabilized by an organic compound (termed the “Howard
factor”) in mitochondria of cells.” It is known that the carboxyl
group-containing organic compound provides a nucleation site,

consideration has been given to incorporating COO™-
containing small organic molecules in calcium phosphate
(CaP), although their role was indicated in numerous
postulated biomineralization.® ACP and octa-calcium phos-
phate (OCP) are precursor phases that gradually crystallize to
apatite.” Therefore, crystal growth, nucleation, and stabilization

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

and the hydrocarbon chain provides an orientation to
hydroxyapatite.” Synthetic precipitation reactions of ACP are
rapid and highly influenced by the temperature, pH, and
concentration of calcium and phosphate precursors.” Due to
the triprotic nature of phosphates, variation in pH alters the
relative concentration of four protonated forms of phosphoric
acid such as Hy;PO, (phosphoric acid), H,PO,” (dihydrogen
phosphate), HPO,*~ (hydrogen phosphate), and PO,>~
(phosphates). This leads to variations in chemical composition
and the amount of synthesized ACP, thus resulting in
difficulties in controlling the formation of ACP.’

The interaction of different organic groups with inorganic
materials has been a focus of biomineralization and
biomaterials research. The role of macromolecules such as
collagen, protein, and polymers in nucleation, crystallization,
aggregation, and phase transformation of different calcium
phosphates in biomineralization has been of particular interest
for the last two decades.® Compared to noncollagenous
proteins, small organic molecules such as citrate provide
more carboxylic for calcium binding.” However, less

© 2023 The Authors. Published by
American Chemical Society

WACS Publications

of apatite may be regulated by incorporating COO™ in ACP or
OCP." Usually, OCP is synthesized by hydrolysis of
tricalcium phosphate (TCP), where the reaction is time-
consuming and pH variations are controllable. The reaction
parameter permits the addition of carboxylic compounds in
developing octa-calcium phosphate carboxylate (OCPC)."" In
this manner, a series of COO~-containing small organic
molecules were successfully integrated into OCPC."> On the
contrary, ACP was synthesized by a precipitation reaction, and
the direct addition of carboxylic acids leads to pH fluctuations
affecting the physiochemical properties of the final product."?
Due to the synthesis limitations of ACP, less attention has
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Figure 1. Synthesis mechanism of ACPC. Scheme 1 represents the traditional synthesis approach in which citrate is used as an acid or a base.
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The reaction of ACPC synthesis is rapid, and due to the triprotic nature of phosphate, fluctuation in pH disturbs the protonated forms of
phosphates, which can affect the final product. Scheme 2 represents our synthesis approach in which citrate was used as a calcium salt, and pH
adjustments were made before mixing of calcium and phosphate sources. Therefore, the pH is maintained during the reaction.

been paid to the development of amorphous calcium
phosphate carboxylate (ACPC).

The development of ACPC is a favorable option from the
biomimetic point of view. For instance, citrate is a tricarboxylic
compound synthesized in mitochondria and present in bone
and teeth.'"* Recent nuclear magnetic resonance (NMR)
studies have revealed the presence of citrate bridges between
the mineral platelets of bone.">'® Moreover, one-sixth of the
available surface area of apatite is covered by citrate.'>'” The
adsorbed citrate on the surface of apatite offers more COO™
groups for collagen binding compared to noncollagenous
proteins. The bonded citrate on CaP reduces the hydro-
philicity of the surface, making it favorable for binding with
nonpolar amino acids such as alanine and proline in the
collagen matrix.'® In this study, citrate was utilized to develop
one of the ACPCs. The literature shows that the OCPC
possesses different properties depending upon the type of the
incorporated COO™ ion."” Unfortunately, such data are not
available for carboxylate ions containing ACP. To investigate
the effect of carboxylic ion type on the properties of ACPC, we
also utilized acetate as a source of the mono-carboxyl
compound for the synthesis of ACPC.

In the scientific literature, the synthesis of ACP is usually
described as a simple one-step process;* on the contrary,
ACPC is synthesized by a multistep process.”’ > As shown in
Figure 1, Scheme 1, the precursor of COO™-containing small
organic molecules is either used in the acidic or basic form,
which can lead to variation in pH, making the reaction tedious,
expensive, and affecting the final product. Moreover, ACP/
ACPC reactions are rapidly performed at alkaline pH.
Therefore, the addition of small organic molecules in the
reaction leads to pH fluctuation affecting the reaction’s
phosphate species, which can influence the final product. We

26783

have developed a simplified one-step synthesis of ACPC, as
shown in Scheme 2. This simple approach utilizes calcium salt
of COO™-containing small organic molecules, resulting in
marginal pH variations, and provides a rapid and cost-effective
approach. The approach developed was used to synthesize
ACPC from calcium citrate (ACPC_CIT), calcium acetate
(ACPC_ACE), and ACP from calcium chloride (ACP_CL)
and calcium nitrate (ACP_NIT).

ACP is a metastable compound. Therefore, sterilization and
long-term stability are addressed in the current research. The
major focus of this study was developing a simplified ACPC
synthesis method and comparison of the physiochemical
properties of the final products (ACP and ACPC).

2. MATERIALS AND METHODS

Calcium citrate tetrahydrate, calcium chloride, trisodium
phosphate, and sodium hydroxide were procured from Sigma
Aldrich. Calcium acetate monohydrate and calcium nitrate
tetrahydrate were procured from Honeywell, Fluka, and VWR
chemicals BDH.

2.1. Synthesis of ACP and ACPC. The synthesis of ACP
and ACPC were performed at an ambient temperature
(around 20 to 22 °C) and pH close to 11.5. For ACP_CL,
ACP_NIT, ACPC_ACE, and ACPC_CIT, calcium chloride,
calcium nitrate, calcium acetate, and calcium citrate were
utilized, respectively, as calcium sources. For ACP_CL,
ACP_NIT, and ACPC_ACE, the concentration of the calcium
source was 150 mM, whereas, for ACPC_CIT, the
concentration of the calcium source was S0 mM, and for all
of the reactions, the concentration of trisodium phosphate was
set to 100 mM. Both calcium and phosphate salt solutions
were prepared in Milli-Q water and kept on separate magnetic
stirrers at 500 rpm. To adjust the pH to 11.5, a few drops of 3

https://doi.org/10.1021/acsomega.3c00796
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M sodium hydroxide were added to the beaker containing
respective calcium salts. Further, a trisodium phosphate
solution was rapidly added to the stirred calcium salt solution,
and the reaction was performed at a pH of 11.5. Immediately
after the precipitation, the suspension was centrifuged at 3000
rpm for 5 min and washed thrice with Milli-Q water. The
reaction was stopped by immersing centrifuge tubes containing
the precipitated ACPs and ACPCs in liquid nitrogen for 15
min. Excess water from the frozen precipitates was removed by
freeze-drying (72 h). The obtained powder was preserved in
airtight containers for further characterization.

2.2. Characterization of ACP and ACPC. An X-ray
diffractometer (PANalytical X'Pert PRO MPD) equipped with
a Cu tube (Cu Ka = 1.54 A) was used to record the diffraction
patterns of the synthesized powders. Diffraction data were
collected at 40 kV and 30 mA in a step mode with a step size of
0.04°, in the 26 range from 10° to 70°. Samples were prepared
by gently packing the powder on a zero-background sample
holder.

Fourier-transform infrared (FTIR) spectroscopy was per-
formed in transmission mode from the wavenumber ranging
from 4000 to 400 cm™" with a resolution of 4 cm™" (64 scans)
using a Thermo Scientific Nicolet iSS0 FT-IR spectrometer.

Raman spectral acquisition was recorded using a confocal
Raman microscope (Renishaw plc) equipped with a $14 nm
laser. The analysis was performed using a SOx objective to
focus the excitation beam and collect the backscattered signals
from the samples. The spectral scan was analyzed from 350 to
2000 cm™ with three-time accumulation and an exposure time
of 20 s. The system was calibrated at 520 cm™ against a silicon
wafer and periodically checked during the experiments to
ensure the accuracy of the Raman shifts.

Solid-state *'P NMR analysis was recorded by a JOEL,
ECZR 600 MHz NMR spectrophotometer. The experiment
was performed with a single 90° pulse at a mass frequency of
10 kHz. The number of scans was 338, and the relaxation delay
was 5 s. Solid-state '*C NMR spectra was recorded by a Bruker
18.8 T, 800 MHz NMR spectrophotometer. "*C spectroscopy
was performed with a single 90° pulse at a mass frequency of
10 kHz with 2048 scans, and the relaxation delay was 3 s.

X-ray photoelectron spectroscopy (XPS) was used to
analyze the chemical composition of the samples. The
spectrometer was of ThermoFisher Escalab 250xi. The
pressure during spectra acquisition with the charge neutralizer
switched on was 1077 mbar. The calibration and linearity of the
binding energy scale were confirmed by measuring the
positions of Ag 3ds/,, Au 4f;/,, and Cu 2p; to be at 368.21,
83.93, and 932.58 eV, respectively. The full-width at half-
maximum (FWHM) of the Au 4f,/, peak was better than 0.58
eV. The size of the analyzed sample was 650 mm X 100 mm.

The true density of ACP and ACPC was measured by a
helium pycnometer Micro UltraPyc 1200e (Quantachrome
instruments). Before measurement, calibration was performed
by using a stainless steel calibration sphere. After calibration, a
known amount of ACP or ACPC powder was added to the
sample holder and purged with helium gas in pulse mode (30
pulses). Further, the volume was analyzed by pressurizing the
sample with helium gas at a 10 psi pressure. The sample weight
with the analyzed sample volume was used to calculate the true
density. The analysis of each ACP and ACPC was performed
in triplicate.

A nitrogen adsorption system Quadrasorb S1 (Quantach-
rome instruments) was used to determine the specific surface

area (SSA) of the synthesized ACP and ACPC powder by the
Brunauer—Emmett—Teller (BET) method. For removal of
moisture, degassing of samples was performed for 24 h at room
temperature before the analysis.

The morphology and particle size of synthesized ACP and
ACPC were evaluated by a FEG-TEM (Tecnai G2 F30)
operated at 300 kV. The sample preparation was as follows: a
small amount of powder was dispersed in isopropyl alcohol
and sonicated in an ultrasonic bath. Further, the samples were
placed on a carbon-coated grid and dried before analysis.

2.3. lon Release. Sample preparation for ion release
studies was as follows: S0 mL of a 1% w/v ACP or ACPC
suspension was prepared in Milli-Q water and incubated at 37
°C under constant stirring (250 rpm). Before analysis, the
suspension was centrifuged at 3000 rpm for 5 min, and 750 uL
of the supernatant was removed. The ACPs and ACPCs were
further incubated in water at 37 °C under constant stirring
until the next time point. The study was conducted for 7 days,
and time points were recorded at 1, 24, 72, 120, and 168 h,
respectively.

Calcium jon release was determined by a colorimetric
calcium kit (Sigma Aldrich). The concentration of calcium ions
was measured by the chromogenic complex between calcium
ions and o-cresol phthalein, which is proportional to calcium
ion concentration. Then, 50 uL of the supernatant was added
to 96-well plates, in which 90 uL of chromogenic reagents and
60 uL of calcium assay buffer were added and gently mixed.
The reaction was conducted for S min at room temperature in
the dark, and further absorbance of the sample was recorded at
575 nm using a microplate reader (PHOmo, Anthos Mikro
Systeme GmbH).

Orthophosphate ion release was evaluated by an orthophos-
phate calorimetric kit (Sigma Aldrich). Orthophosphate reacts
with a chromogenic complex and produces a calorimetric
product proportional to the orthophosphate concentration.
Two hundred microliters of the supernatant was added to 96-
well plates, in which 30 uL of the phosphate reagent was added
and gently mixed. The reaction was conducted for 30 min at
room temperature in the dark, and further absorbance was
recorded at 650 nm using a microplate reader (PHOmo,
Anthos Mikro Systeme GmbH).

2.4. In Vitro Biocompatibility Assay. An osteoblast
precursor cell line derived from mouse (Mus musculus) calvaria
(MC3T3-E1) was employed for cellular analysis after 10
passages. MC3T3-El cells were maintained in an a-MEM
medium containing 10 vol % fetal bovine serum (Gibco Life
Science) and 10 vol % penicillium—streptomycin at 37 °C in a
humidified atmosphere of 95% air and 5% CO,. The cultures
of MC3T3-El cells were trypsinized, counted, and 1 X 10°
cells/mL were inoculated into a 24-well plate followed by
incubation at 37 °C in a humidified atmosphere of 95% air and
5% CO, for 24 h.

Due to the metastable properties of ACP, heat sterilization
was not possible. Therefore, a sterile synthesis approach was
developed and utilized in this study. Solutions of 150 mM
calcium acetate, calcium chloride, and calcium nitrate, 100 mM
trisodium phosphate, and 3 M sodium hydroxide were sterile
filtered through 0.22 pm pore size filters. Then, S0 mM
calcium citrate powder and 500 mL of Milli-Q water were
sterilized by autoclaving at 121 °C at 15 psi for 30 min. Under
the flow cabinet, the synthesis of ACP and ACPC was
performed by the procedure described in Section 2.1 with all of
the sterile precursors.

https://doi.org/10.1021/acsomega.3c00796
ACS Omega 2023, 8, 26782-26792


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

A ACP_CL B ACP_CL

= —— ACP NIT = —— ACP_NIT
< <
N N
> >
= B
w w
f=1 f=1
jo jo
2 8

E ACPC_ACE k= —— ACPC_ACE

—— ACPC_CIT| —— ACPC_CIT

10 20 30 40 50 60 70 10 30 40 70
2-Theta (degree) 2 Theta (degree)

Figure 2. X-ray diffraction pattern of the synthesized ACPs and ACPCs. (A) Freshly prepared powder samples and (B) after 1 year of storage.
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Figure 3. (A—D) FTIR spectra of all of the synthesized ACPs and ACPCs. (E—H) Raman spectra of all of the synthesized ACPs and ACPCs.

For cellular analysis, suspensions were prepared by adding a was used as a blank. Further, 100 uL of an aliquot from each
10 w/v% ACP or ACPC precipitate in an &-MEM medium and 24-well plate was transferred to a 96-well plate. For
incubating at 37 °C in a humidified atmosphere of 95% air and spectrophotometric analysis, a 96-well plate was assigned in a
5% CO, for 24 h. The extracts were collected by centrifugation microplate reader (PHOmo, Anthos Mikro Systeme GmbH),
and filtered to eliminate solid particles. The extracts were and absorbance was recorded at 450 nm. The experiments
further diluted with the a-MEM medium to get the desired were performed in triplicate and cell viability was calculated
concentrations of 1 and 0.1 w/v%. Therefore, the total sample from eq 1
concentration comprises 10, 1, and 0.1 w/v% each ACP and
ACPC. The extracts were then added to MC3T3-El- cell viability (%)
cont:aining well plates and %r{cubated for 48 h. The a-MEM (absorbance of sample — absorbance of blank)
medium was added as a positive control, whereas the a-MEM = —
medium with 6 vol % DMSO (dimethyl sulfoxide) was utilized (absorbance of positive control — absorbance of blank)
as a negative control. Each sample was prepared in triplicate, % 100 (1)
and the same procedure was performed for all ACPs and
ACPCs. 2.5. Cell Morphology. The cellular morphology of

A WST-8 (CCK-8, Sigma Aldrich) kit was used to analyze MC3T3-El was analyzed by hematoxylin and eosin (H&E)
the cell viability. In a colorless @-MEM medium, 1 v/v% WST staining. After removing the WST solution from the 24-well
was prepared. To each well, 400 uL of the 1 v/v% WST plate, wells were washed with phosphate saline buffer (PBS)
mixture was added and incubated for 3 h. The WST solution and fixed with 4% paraformaldehyde in PBS for 15 min.
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Figure 4. Solid-state NMR analysis of synthesized ACPs and ACPCs: (A) solid-state *C NMR spectra and (B) solid-state *'P NMR spectra.

Further, it was washed with PBS and stained for 10 min with
hematoxylin. Subsequently, samples were washed with tap
water and then with Scott’s water, followed by washing with
deionized water for S min. Later, samples were stained with
eosin (0.1 wt/v % eosin, 5% v/v% acetic acid, 60 v/v% ethanol,
and 3S v/v% ultrapure water) for S min. Afterward, samples
were washed with 95 v/v% ethanol and 99.5 v/v% ethanol and
dried at room temperature. The cell morphology was analyzed
using an optical microscope (Primo Vert, Carl Zeiss).

2.6. Statistical Analysis. Origin 2020 (Origin Lab,
Northampton, MA) was utilized to perform statistical analysis
by one-way ANOVA and Bonferroni’s test. Probability (P)
values p < 0.05 were considered the statistically significant
differences. The results are expressed in mean =+ standard
deviation (S.D)

3. RESULTS AND DISCUSSION

3.1. Characterization of ACP and ACPC. 3.1.1. XRD.
The feature that differentiates ACP from other calcium
phosphates is the lack of crystalline order.”” As shown in
Figure 2A, the XRD patterns of all of the synthesized ACPs
and ACPCs were similar. As a metastable compound, ACP
tends to convert into a crystalline phase; therefore, analyzing
the stability of ACP is paramount. After initial characterization,
the synthesized ACP and ACPC powders were stored in
airtight containers, and the XRD analysis were performed after
1 year. As shown in Figure 2B, after 1 year of storage, all
samples were still X-ray amorphous, thus confirming the long-
term stability of all of the synthesized materials.

3.1.2. Vibrational Spectroscopies. The characteristic IR
and Raman absorption bands of all of the synthesized ACPs
and ACPCs are displayed in Figure 3A—H. Water molecules
have three vibration modes: asymmetric and symmetric
stretching modes have very close energies, making distinguish-
ing difficult. Therefore, a broad band of water was observed at
around 3000—3700 cm™. The bending mode of water was
observed as a narrow band at around 1680—1640 cm™'.*%*
These bands were observed in all of the synthesized samples.
In IR and Raman analyses, the PO,>” group possesses four
vibration domains: v; at around 950 cm™, v, at 400—470
em™, v5 at 1000—1150 cm™", and v, at 500—620 cm ™. In IR
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analysis, the phosphate vy, v,, and v; vibrations are observed,
whereas in Raman, all four PO,>~ vibrations are detected in all
of the synthesized ACPs and ACPCs.

Bands associated with C—O stretches have high intensity in
IR spectra, whereas those associated with C—C stretches have
high intensities in Raman spectra. Moreover, the bands
associated with the bending modes have moderate intensities
in both IR and Raman spectra.®® Like phosphate, carbonate
ions also possess four vibrational domains: v, at around 1050
cm™, v, at 820—900 cm™!, v; at 1400—1550 cm™’, and v, at
650—750 cm™". In IR spectra of ACP_CL and ACP_NIT, the
stretching doublet was observed at around the 1400—1550
cm™! region, corresponding to the asymmetric stretching of v5
CO,>" anions. Furthermore, the peak observed at ~875 cm™
represents the out-of-plane bending of the v, CO;>” group.
However, in the similar range at ~875 cm™!, the P-OH
stretching mode overlaps heavily with v, CO;*~.*" The peak at
~875 cm™' was absent in ACPC_CIT, which indicates the
incorporation of COO™ in the ACP.*? Additionally, the bands
observed at 1600 and 1432 cm™" represent the COO™ bendin
and COH stretching of the carboxylic group in citrates.”
Likewise, in ACPC_ACE, the band revealed at 675 and 1550
cm™! corresponds to COO™ bending and stretching, and 1440
cm™' represents COH stretching of the acetate carboxylic
group.”® The band observed at 884 cm™ indicates shifting of
the HPO,*~ group, which may be due to the association of the
carboxylic group.”

In the Raman spectra of ACPC_ACE, the bands observed at
1341 and 1437 cm™' indicate H—C—H deformation and
COO stretching of acetate. The O—C—O bending of acetate
is observed in the region of 600—680 cm™'** Acetate is a
mono-carboxylic anion, whereas citrate is a tricarboxylic anion;
therefore, the Raman spectra of ACPC_CIT were more
complex. In ACPC_CIT, the sharp peak observed at 960 cm™"
may represent two functional groups: v, PO,*” and/or the
CH, rocking vibration of citrate.”>* This might be a reason
for shifting of the v; PO,*” band from 950 to 960 cm™". The
characteristic carboxylic band was observed at 1443 cm™, and
the band at 1651 cm™ represents COO™ vibration coupled
with CH, bending vibration observed at 1301 cm™. The out-
of-plane COO™ modes can be assigned to the region 500—800
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Figure 5. XPS of all of the synthesized ACPs and ACPCs (A—D) focuses on Cls spectra in the binding energy range of 280—292.5 eV and (E—H)
focuses on Ols spectra in the 525—540 eV binding energy range. Spectral lines are represented as smoothened, normalized to their maxima, and

deconvoluted.

cm™, which can be attributed to the peaks observed at 586 and
608 cm™!, respectively.’® Solid-state NMR analysis was
performed to confirm the presence of acetate and citrate in
ACPC_ACE and ACPC_CIT.

3.1.3. NMR Analysis. The 3C and 3'P NMR spectra of the
synthesized ACPs and ACPCs are presented in Figure 4A,B,
respectively. In the ACPC_CIT samples, three carboxylate
signals were observed; COO(1) corresponds to a strong signal
at 182 ppm, and COO(2) and COO(3) are represented by
183 and 185 ppm, respectively. The signal at 77 ppm
represents the quaternary carbon Cq and the second signal
at 76 ppm indicates the association of the Ca®* ion with —OH
of the Cq in citrate.”> The methylene groups CH,(1) and
CH,(2) are represented at 51 and 47 ppm, respectively. This
indicates the incorporation of citrate in ACP.">'*'® The signal
observed at 26 ppm in ACP-ACE corresponds to the acetyl
(CH,CO-) group of acetate.’**” The C NMR analysis
confirmed the retention of citrate and acetate in the
ACPC_CIT and ACPC_ACE, respectively. For samples
ACP_NIT and ACP_CL, a small signal was observed at 170
ppm, which corresponds to the CO,>~ group.™

The *'P spectra of ACPs and ACPCs are shown in Figure
4B. The characteristic broad Gaussian-shaped signal is between
—15 and 15 ppm, centered from 2.2 to 6.5 ppm.”*~** This area
represents the PO,’” a resonance observed in all of the
synthesized ACPs and ACPCs. The signal observed at 4.223
ppm in ACPC_CIT and ACP-ACE was identical; this can be
due to the association of the COO™ group. On the other hand,
ACP_NIT and ACP_CL show a broad peak at around 4.1 and
3.7 ppm, respectively.

3.1.4. XPS. The fingerprint region of all of the ACP and
ACPC samples is presented in Figure S1 provided in
supplementary data. The obtained peaks were deconvoluted
using Origin 2020 software and presented in Figure 5. The
sample prepared for XPS analysis was in the form of pellets. As
shown in Figure SA—B ACP_CL and ACP_NIT, peaks at
around 284 eV and 288 eV denote C—C and O—C=0 of
carbonates.”> On the contrary, the ACPC_CIT and
ACPC_ACE show the presence of COO™ groups. Therefore,
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in Figure SC, ACPC_ACE shows the absorption band at 284
eV and 288.5 eV represents the acetyl group.* Typically
citrate-containing compounds show three peaks at around 283,
285, and 288.5 eV. The peak at 283 eV represents the C—C
and (CH,), bonds, the peak at around 285 eV indicates C=0,
and the third peak at around 288.5 eV accounts for COO.**
As shown in Figure SD, these three signature carboxylate peaks
were observed in ACPC_CIT samples.

The Ols spectra shown in Figure SE—H were used to detect
the presence of the HPO,*~ group. The Ols spectrum was
dissymmetrical in the presence of HPO,?” and symmetrical in
the case of PO,*". In Figure SH, ACPC_CIT shows a
symmetrical peak representing PO,>". On the other hand, in
Figure SE—G, dissymmetry was observed in ACPC_CL,
ACP_NIT, and ACP_ACE samples, confirming the presence
of both PO,>~ and HPO,*~ groups.”’

3.1.5. Density and Brunauer—Emmett—Teller (BET)
Analysis. The data shown in Table 1 reveals the specific

Table 1. Density, BET, and Average Particle Size of the
Synthesized ACPs and ACPCs from Different Calcium
Sources

sample density (g/cm®) BET (m%/g)
ACP_CL 262 105
ACP_NIT 2.58 108
ACPC_ACE 247 118
ACPC_CIT 2.57 62

surface area and density of synthesized ACPs and ACPCs. The
specific surface area of the ACP_NIT and ACP_CL was the
same, but a difference was observed in ACPC_CIT and
ACPC_ACE. This might be due to the association of the
COO™ group. On the contrary, there were differences in the
densities of the synthesized ACPs and ACPCs. This shows that
the nature of COO™ ions affects the properties of ACP.
3.1.6. FEG_TEM Analysis. The morphology of the
synthesized ACPs and ACPCs was evaluated by FEG-TEM,
as shown in Figure 6A—D. The sample ACPC_ACE,
ACP_CL, and ACP_NIT showed porous spherical particles
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Figure 7. Kinetic release of phosphate and calcium ions in (A) ACP_CL, (B) ACP_NIT, (C) ACPC_ACE, and (D) ACPC_CIT was performed

for 168 h (7 days).

of a size less than 20 nm. On the contrary, ACPC_CIT reveals
solid particles of size ~40 nm. Previous studies have reported
that ACP nanoparticles had maximum stability with a diameter
of 30—50 nm.** Naturally, ACP is synthesized and stabilized in
mitochondria, nucleates in the 40 nm collagen gap zone, and
converts to apatite.”” The elongated plate-like geometry of
apatite has a length between 30 and SO nm and a width
between 15 and 30 nm while maintaining a thickness of 2—10
nm.*° Therefore, the ~40 nm particle size of ACPC_CIT is in
the size range to fit in the gap zone of collagen. Moreover, the
association of citrate provides sites (—CH,) for binding with
nonpolar amino acids such as alanine and proline in the
collagen matrix. ACPs are highly sensitive to the electron beam
and crystallize rapidly under high-energy electron irradiation
exposure.” The crystallization of both ACP and ACPC
particles under a high-energy electron beam was observed and
can be seen in Figure S2 in the supplementary data.

3.1.7. lon Release. The kinetics of ion release from the
ACPs and ACPCs is shown in Figure 7A—D. The ion release
was studied for 168 h (7 days) to analyze Ca®* and phosphate
ion release. A burst release was initially observed within the
first hour, gradually reducing over time.”"*> The highest ion
release was observed in ACPC_CIT, followed by ACP_NIT
and ACP_CL, and the least was in ACPC_ACE. Moreover,
the release of Ca®* ions was more than the phosphate ions in
ACPC_CIT, whereas the opposite scenario was observed in all
other ACPs. In Figure 7A,B, in ACP_NIT and ACP_CL, the
phosphate ion release was between 3 and 4 mM, whereas the
calcium release was between 1 and 2 mM. Comparatively, the
Ca® and phosphate ions released in ACPC_ACE ranged
between 1 and 1.5 mM. Acetate possesses fewer COO™ groups
than citrate, so the ion release might differ from ACPC_CIT.
From these studies, it can be determined that ACP and ACPC
possess different ion release profiles. Additionally, different
COO- groups have a considerable effect on the ion release
profiles of ACPC.
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3.2. Cellular Analysis. 3.2.1. In Vitro Cytotoxicity. The
cell viability of MC-3T3E1 cells in the presence of extracts of
ACPs and ACPCs is shown in Figure 8. The absorbance

125
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Figure 8. Relative viabilities of MC-3T3E1 cells cultured with the
extract of different ACPs and ACPCs in 10%, 1%, and 0.1% w/v cell
culture media dilutions (n = 12, CNT = control, samples in triplicate,
*p < 0.0S). CIT, ACE, CL, and NIT represent the ACP samples
ACPC_CIT, ACPC_ACE, ACP_CL, and ACP_NIT, respectively.

recorded from the positive control cells cultured in the only
medium was normalized as 100%. The cells cultured with a 10
w/v% extract of ACPC_ACE showed the lowest cell viability,
whereas the highest cell viability was observed in a 0.1 w/v%
extract of ACPC_CIT. In the group of 10 w/v%, ACPC_CIT
possesses the highest cell viability, followed by ACP_CL,
ACP_NIT, and ACPC_ACE. A similar trend was observed in
1 and 0.1 w/v% ACP extracts. The extract of 10 w/v%
ACP_CL, ACP_NIT, and ACPC_ACE maintained a cell
viability of ~80%, whereas for ACPC_ACE, it was close to
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Figure 9. Optical microscopy was performed on H&E-stained MC-3T3E1 cells cultured with the extract of different ACP and ACPC. Cells treated
with 10 wt % extracts of ACPC_CIT, ACPC_ACE, ACP_NIT, and ACP_CL are displayed from Al to D1, respectively. Panels from A2 to D2
indicate cells treated with 1 wt % extracts of ACPC_CIT, ACPC_ACE, ACP_NIT, and ACP_CL, respectively. Panels from A3 to D3 denote the
cells treated with 0.1 wt % extracts of ACPC_CIT, ACPC_ACE, ACP_NIT, and ACP_CL, respectively.

~72%. However, extracts of respective ACP and ACPC with 1
and 0.1 w/v% extracts show cell viabilities of ~90 and ~95%,
respectively. It can be concluded that ACPC_CIT has more
cell viability in all of the respective groups. Overall, after 48 h
of cell culture, the cell viability increased gradually with a
higher dilution of ACP and ACPC. Since all of the ACP and
ACPC samples show cell viability of more than ~70%, it can
be inferred that all of the samples were cytocompatible. In vitro
analysis indicates that ACPC_CIT possesses maximum cell
viability compared to other ACP and ACPC samples,
indicating that the association of citrates enhanced the cell
viability of ACP.

3.2.2. Cell Morphology. Optical microscopy images of
H&E-stained MC-3T3E1 cells cultured with 0.1, 1, and 10%
w/v extracts of synthesized ACPs and ACPCs are shown in
Figure 9. The shape and size of the cells were not affected in
the presence of ACP and ACPC extracts; thus, the
cytocompatibility was not affected. Moreover, the results
were correlated with the cell viability measured by the WST-8
assay, which confirms the biocompatibility of all of the
synthesized samples. The image of H&E staining at lower
magnification is displayed in Figure S3 provided in
supplementary data.

4. DISCUSSION

Citrate is tricarboxylic acid naturally associated with
bone.>'*37%¢ Moreover, citrate is also known to stabilize
ACP.>”*® Therefore, citrate is a natural candidate in the
development of ACPC. From the biomimetic perspective, the
particle size of ACP is a crucial parameter as it needs to ft in
the 40 nm gap zone of collagen. Studies in zebrafish,
developing mouse calvaria, and chicken long bone have
shown the presence of ACP in the size range of 50—80
nm.*’ However, synthesizing ACPs in this range is challenging.

In the literature, synthetic ACPs show size variations ranging
from several nanometers to micrometers. The synthetic
reactions of ACPs are highly sensitive to pH, temperature,
and precursor concentration, affecting particle size. A brief
literature review in Table SI in supplementary data shows
variations in particle sizes and synthesis pH of ACP. Moreover,

most previous studies utilized calcium chloride and calcium
nitrate as starting materials; however, different particle sizes
were obtained. In wet synthesis, calcium chloride and calcium
nitrate undergo complete dissociation. On the contrary,
calcium acetate and calcium citrate undergo partial dissocia-
tion.”” Therefore, the mechanism of ACP formation is simple
in the case of calcium chloride and calcium nitrate, whereas
complex in the case of calcium acetate and calcium citrate.
This partial dissociation of calcium acetate and calcium citrate
may be responsible for the complex ternary formation of
ACPC with functional groups of citrate and acetate.””*" The
association of the carboxylic group in ACP affects the
physiochemical properties such as the surface area, particle
size, and ion release kinetics. Moreover, citrate-associated ACP
possesses biomimetic particle size.

Comparative analysis of ACP and ACPC provided new
insights. First, the presence of both CO,*~ and HPO,*™ in
ACP_CL and ACP_NIT. Second, the incorporation of COO™
ions in ACP was concluded from missing and shifting of the
HPO,*™ peak at 875 cm™ in IR spectra of ACPC_CIT and
ACPC_ACE, respectively. Further, incorporating COO™ ions
restricted the incorporation of the CO,*~ group, which was
discovered from ACPC_CIT and ACPC_ACE, respectively.
Lastly, acetate is a mono-carboxylic ion, whereas citrate is a
tricarboxylic ion that greatly affects the physiochemical
properties of ACP.

There are four interpretations for the interaction of citrate
with calcium phosphate. The first most accepted interpretation
is the interaction of Ca®* with the COO~ group of citrates.””
The second interpretation is the interaction of OH™ of citrate
with the phosphate ions.”> The third possibility occurs by
substituting the phosphate group with a citrate anion.’* At the
synthesis pH above 11, citrates are present in the form of
Hcit®~ ions, which can potentially substitute PO,>~ ions as they
share the same charge. The fourth prediction is the interaction
of carboxylic groups with phosphate ions.*® Focusing on the
fourth prediction, carboxylates and phosphate are Lewis acids
with a common preferential stereochemistry.”® The syn or
antistereochemistry is observed in carboxylate—Lewis acid
interactions. The syn interaction is preferred by carboxylate
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with a covalently bonded proton, metal ion, or hydrogen bond
donor. The preferential reaction occurs in the plane of
carboxylate to complex sp? oxygen lone pair.”” Phosphates can
react with other phosphate groups by forming P-O—H—-O-P,
whereas carboxylate can react with other carboxylates by C—
O—H—-0O-C. Similar phosphate and carbonates can react with
each other via P-O—H-O-C bonding, though the bond
length of P-O—H—O—C is greater than that of P-O—H—-O—
P, indicating a slightly weaker bond. The polar nature of C—O
is less than the P—O linkage, which signifies that C—O—H-—
O—C is even weaker.”® Therefore, the carboxylic groups of
citrates can interact with phosphate via P—O-H-O-C
bonding.

On the contrary, the mechanism of ACPC_ACE formation
differs from that of ACPC_CIT. One of the main reasons is
the incompatible negative charge of —1 and the lack of a
secondary carboxylic group in acetate.’” Therefore, the
association of the acetyl group with ACP can be in two
different ways, either by adsorption on the ACP surface” or by
the formation of calcium acetyl phosphate.”" However, more
advanced analysis is required to understand the exact
interaction of ACP with carboxylates.

5. CONCLUSIONS

A simplified synthesis approach was developed for the
synthesis of ACP and ACPC. Characterization of the
synthesized materials by vibration spectroscopy, NMR, FTIR,
and XPS analyses confirmed the formation of ACP and ACPC.
The particle size, specific surface area, and ion release profile of
the synthesized ACPs and ACPCs depend on the calcium
source used. A sterile synthesis method was developed and
utilized for ACP and ACPC analysis in vitro. In vitro results
confirmed the biocompatibility of all of the synthesized ACPs
and ACPCs. ACPC_ACE shows relatively less cell viability at a
10 w/v% concentration, whereas ACPC_CIT shows higher
cell viability than other of the synthesized ACP/ACPC. The
association of ACP with acetate and citrate is a complex
process, and more advanced analysis is required to depict the
exact interaction. All of the analyses in this study indicated the
difference in the physiochemical properties of ACP and ACPC.
Additionally, the physiochemical properties of ACP are
affected by the incorporated carboxylic group.
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Figure S1. XPS survey spectra of ACPC_CIT, ACPC_ACE, ACP_CL and ACP_NIT
Figure S2. The crystallization of ACP under a high electron beam. The sample represented as A) ACP_CL, B) ACP_NIT, C) ACPC_ACE and D) ACPC_CIT.

Figure S3. Optical microscopy of H&E-stained MC-3T3E1 cells cultured with extract of different ACPs. Cells treated with 10 wt% extracts of ACPC_CIT, ACPC_ACE,
ACP_NIT, and ACP_CL are displayed from A1 to DI respectively. Figures from A2 to D2 indicate cells treated with 1 wt% extracts of ACPC_CIT, ACPC_ACE, ACP_NIT,
and ACP_CL are displayed respectively. Finally, the cells treated with 0.1 wt% extracts of ACPC_CIT, ACPC_ACE, ACP_NIT, and ACP_CL are displayed from A3 to D3

respectively.

Table S1 - Literature survey on the synthesis of ACP by precipitation.
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Figure S1. XPS survey spectra of ACPC_CIT, ACPC_ACE, ACP_CL and ACP_NIT
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Figure S2. The crystallization of ACP under a high electron beam. The sample represented as A) ACP_CL, B) ACP_NIT, C) ACPC_ACE and D) ACPC_CIT.
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Figure S3. Optical microscopy of H&E-stained MC-3T3E1 cells cultured with extract of different ACPs. Cells treated with 10 wt% extracts of ACPC_CIT,
ACPC_ACE, ACP_NIT, and ACP_CL are displayed from Al to D1 respectively. Figures from A2 to D2 indicate cells treated with 1 wt% extracts of ACPC_CIT,
ACPC_ACE, ACP_NIT, and ACP_CL are displayed respectively. Finally, the cells treated with 0.1 wt% extracts of ACPC_CIT, ACPC_ACE, ACP_NIT, and
ACP_CL are displayed from A3 to D3 respectively.

Table S1 - Literature survey on the synthesis of ACP by precipitation.

Sr

no.

Year Calcium source Phosphate source Additive to pH Post treatments Particle size Cellular studies Product
achieving the
desired pH
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2012 a. Calcium metal a. Na,HPO, 92-11.3 N.A. <70nm N.A. ACP [1]
b. Ca(NO3)24HzO b. (NH4)2HPO4
C. CaC122H20
d. Ca(OH),
e. Ca(CH;COO0),
2017 Ca(CH;C00), H;PO, NH;.H,0 9 Filtration and The size N.A. ACP [2]
) ) reported in
Air drying pm of heat-
treated
samples
2012 CaCl,.2H,0 KH,PO, - 6.76 Centrifuge and Scale bar in 7F2 Mouse ACP [3]
Oven-dried at TEM reveals osteoblasts
37°C size in nm.
But the exact
size is not
indicated.
2019 Hydroxyapatite suspension in HC1 NH,OH 8-11 Centrifuge and 14 - 18 nm N.A. ACP [4]
washed with
distilled water.
Freeze drying or
oven drying at
80°C
2018 CaCl,.2H,0 Na,HPO, HC1 7.4 N.A. 56 - 85 nm N.A. ACP [5]
2014 Ca(N0s),.4H,0 (NHy),HPO, Ammonia 10.5-12 Filtration and Scale bar in N.A. ACP [6]
drying at room TEM reveals
temperature size in nm.
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But the exact

size is not
indicated.
7. 2019 Hydroxyapatite suspension in HCI NH,OH 8-11 Centrifuge and 11-30nm N.A. ACP [7]
washed with
distilled water.
Oven drying at
80°C
8. 2014 CaCl,.2H,0 Na,HPO, - 7.4 Aging at 55°C, 245 + 20 nm N.A. ACP [8]
65°C, and 70°C
for 15 mins.
Further
centrifugation or
filtration and
drying at room
temperature.
9. 2010 CaCl,.2H,0 Na;P0,4.H,O NaOH N.A. Centrifuge and 10 — 50 nm N.A. Mg Substituted ACP
washed with 9]
distilled water.
Oven drying at
60°C
10. 2017 Ca(NOs),.4H,0 (NHy),HPO, Tris buffer 9.5 Filtration and 260 —-300 nm | G-292 Human Mg-doped ACP [10]
freeze drying osteosarcoma cell
line
11. 2015 Ca(N0s),.4H,0 (NHy4),HPO, Ammonia 9.6-9.8 Centrifuge and Scale bar in MC-3T3E1 Amorphous calcium
washed with TEM reveals preosteoblasts magnesium phosphate
distilled water. size in nm. [11]
Freeze drying or But the exact
Oven drying at size is not
80°C or drying at | indicated.

room temperature.
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12. 2020 CaCl, (NH4),HPO4 NaOH 10 Filtration, <500nm SaOS-2 human | Polyphosphate
washing, and osteosarcoma stabilized ACP [12]
drying at 60°C cell line

HUVEC human
umbilical vein
endothelial cells

13. 2016 CaCl, Na,HPO,4.12H,0 NaBH, Information Hydrothermal The doped CdTe quantum dots

not given synthesis, then the | ACP shell size of zerovalent
precipitate was was 14 nm iron/ACP composite
filtered, washed [13]
and oven dried at
60°C
14. 2016 CaCl,or (NH4),HPO, or CH4N,O Information Filtration washing | 30nm ACP [14]
Ca(N0s),.4H,0 K,>HPO, not given and freeze drying

15. 2010 CaCl, K,HPO4 KOH 11.5 Filtration washing | - ACP [15]
and freeze drying

16. 2021 CaCl,.2H,0 Na,HPO, NaOH 7.8 -11 - - ACP [16]

17. 2016 CaCl, K,HPO,4 KOH 8 Washing and 100nm ACP [17]
freeze drying

18. 2021 CaCl, Na,HPO, HCI 7.4 Dried in 99.5 £29.4nm ACP [18]
desiccator

19. 2022 Ca(N0s),.4H,0 (NHy4),HPO, NH,OH 10 Filtered and Scale bar in Zn constating ACP

washed with
distilled water.
Oven drying at
80°C or drying at
room temperature.

SEM reveals
size in pm.
But the exact
size was not
indicated.

[19]
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20. 2014 Ca(N0»),.4H,0 Na,HPO,4.12H,0 - - Centrifuge, Freeze | Scale bar in - Silver substituted
drying, and ball SEM reveals ACP [20]
milling size in pm.
But the exact
size is not
indicated.
21. 2021 CaCl,.2H,0 Na,HPO, HC1 7.4 Filtration, 64.5+99nm | - Effect of amino acids
washing, and to 143.5+ on ACP [21]
drying in a stream | 24.8 nm
of nitrogen
22. 2010 Ca(N0»),.4H,0 (NHy),HPO, NH,OH 12 Frozen and - - ACP [22]
refrozen to obtain
precipitate
followed by
freezing and
freeze drying
23. 2006 Ca(N0s),.4H,0 H;PO, - - - - Animal studies Electro-sprayed
calcium phosphate
coatings [23]
24. 2014 CaCl,.2H,0 HPO,.3H,0 Tris 7.4 Rinsed with Particle size - Calcium phosphate
hydroxymethyl distilled water and | not given on bacterial cellulose
aminomethane air dried nanofibers [24]
and HCl
25. 2016 Ca(N0»),.4H,0 Nas;PO;S Ammonia 10.5 Centrifuged, 60 — 100nm - Sulfur containing
washed, and ACP [25]
freeze-dried
26. 2000 Ca(NO;3), (NHy),HPO, NH,OH 10 Washed with - - Effect of nickel on
acetone ACP [26]
27 2021 CaCl, H;PO, - 6t08 - 60 and more - ACP synthesized by
than 500 nm Epoxide Route [27]
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28 2022 CaCl, NaH,PO,4 Na,HPO, NaOH 7.40 Filtered, frozen in | 40 to 80 nm - Magnesium-doped
liquid nitrogen, ACP [28]
and freeze-dried
29 2021 CaCl, (NHy),HPO, NaOH 8 Centrifuged, and - 1. A549 cells Composite:
freeze-dried . .
2. MG63 cells Hyaluronic acid
fluorescent
carbon/amorphous
calcium  phosphate
[29]
30 2019 CaCl, H;PO, - 8 Filtration, 20to 100 nm | Mouse Bone ACP synthesis [30]
washing, and Marrow Stem Cells
drying in a
vacuum oven at
50 °C
31 2021 CaCl, H;PO, - 8 Filtration, - 1. Mouse Bone Composite:
washing, and Marrow Stem Cells .
drying in a ACP doped . with
vacuum oven at 2. New Zea}and c1t.rate/poly-am1no
50°C white Rabbit acid [31]
32 2020 CaCL.2H,0 Potassium Phosphate | KOH 12 Centrifuged, Below 10 nm | - Europium doped ACP
dibasic washed, and [32]
stored at 4°C
33 2013 Biomineralization medium 7.45 Centrifugation or | 20 nm - ACP [33]
filtration washed
and dried at room
temperature
34 1998 Ca(NO;),.4H,0 (NH,4),HPO4 Ammonia 9.8 Filtered, washed, - - Synthesis in alcohol
and freeze-dried medium [34]
35 2020 Ca(CH;C00),.H,0 H;PO, - - Spray drying 100 nm - ACP [35]
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36 1999 CaCl, KH,PO,, K,HPO, Tris(hydroxymeth | 6.8 - - ACP [36]
yl)aminomethane

37 2005 Ca(N0s),.4H,0 (NH4)H,PO, Ammonia 10 Filtered, washed, - ACP [37]

and air-dried
(NH,),HPO,

38 2009 CaCl,.2H,0 Na,HPO, NaOH - Centrifuged and - ACP [38]
washed

39 2017 CaCl, K,HPO, - - Filtered, washed, | 29-98 nm ACP [39]
and freeze-dried

40 2008 Cas(PO,);OH - NaOH 6.5 Centrifuged and 30-50 nm ACP-chitosan [40]
washed

41 2019 Ca(NO;),.4H,0 (NH,4),HPO, Ammonia 10 Filtered, washed, | - Mn-ACP [41]
and dried at 50°C

42 2013 Ca(NO3),.4H,0 (NHy4),HPO, NH,OH 10 Centrifuged and - ACP [42]
dried at 70°C

43 2011 CaCl, H;PO, pH not adjusted - - - ACP [43]

44 2014 Ca(NO;),.4H,0 (NH,4),HPO, - - washed and 40 nm ACP [44]
freeze-dried

45 2004 CaCl, (NH4)H,PO4 NaOH 7.1 washed and dried | - ACP [45]

46 2018 Ca(NO;3), (NHy),HPO, Ammonia 10 washed and dried | 34.4 nm Polyacrylic acid nano
at25 °Cs Hap [46]

47 1999 Ca(NO;3), diammonium NH,OH 85109 Filter washed and | submicron ACP to HaP [47]

phosphate dried
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As the primary solid phase, amorphous calcium phosphate (ACP) is a pivotal
precursor in cellular biomineralization. The intrinsic interplay between ACP and
Howard factor underscores the significance of understanding their association for
advancing biomimetic ACP development. While organic compounds play
established roles in biomineralization, this study presents the synthesis of ACP
with naturally occurring organic compounds (ascorbate, glutamate, and
itaconate) ubiquitously found in mitochondria and vital for bone remodeling
and healing. The developed ACP with organic compounds was meticulously
characterized using XRD, FTIR, and solid-state “*C and *P NMR. The
morphological analysis revealed the characteristic spherical morphology with
particle size close to 20 nm of all synthesized ACP variants. Notably, the type
of organic compound strongly influences true density, specific surface area,
particle size, and transformation. The in vitro analysis was performed with
MC3T3-E1 cells, indicating the highest cell viability with ACP_ASC (ascorbate),
followed by ACP_ITA (itaconate). The lowest cell viability was observed with 10 %
w/v of ACP_GLU (glutamate); however, 1 %w/v of ACP_GLU was cytocompatible.
Further, the effect of small organic molecules on the transformation of ACP to low
crystalline apatite (Ap) was examined in Milli-Q° water, PBS, and a-MEM.

KEYWORDS

amorphous calcium phosphate, organic compounds, ascorbate, itaconate, glutamate,
biomaterials, bone tissue engineering, biomimetics

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2023.1329752/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1329752/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1329752/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1329752/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1329752/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2023.1329752&domain=pdf&date_stamp=2024-01-12
mailto:Janis.Locs@rtu.lv
mailto:Janis.Locs@rtu.lv
https://doi.org/10.3389/fbioe.2023.1329752
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2023.1329752

Indurkar et al.

1 Introduction

Amorphous calcium phosphate (ACP) has attracted much
attention since it is the first calcium phosphate (CaP) phase
synthesized and stabilized by cells and acts as a precursor of
hydroxyapatite (HAp) (Combes and Rey, 2010). ACP provides a
reservoir of calcium and phosphate ions that can be utilized for bone
growth and regeneration. It is formed in the early stages of
mineralization, which gradually crystallizes to HAp (Barrere
et al, 2006). Naturally, ACP is stabilized by an organic
compound known as the “Howard factor,” whose exact chemical
properties are unknown (Howard and Thomas, 1968; Lehninger,
1970). The association of Howard factor with ACP occurs in
mitochondria, indicating that ACP forms a complex natural
composite of inorganic
compound. In literature, synthetic ACP was prepared via
numerous routes; however, the biogenic organic additives were
not considered (Combes and Rey, 2010). The prerequisite for
developing biomimetic ACP is the association of organic
compounds present in mitochondria.

Considering this, numerous attempts have been undertaken in
the development of ACP composite materials using macromolecules
such as osteopontin, osteocalcin, dentin matrix protein, bone
sialoprotein, dentin phosphoprotein, matrix extracellular protein,
connexin 43, casein phospho-peptide, a,HS-glycoproteins, fibrin,
and albumin (Reynolds, 1998; Makowski and Ramsby, 2001;
Gajjeraman et al., 2007; Yang et al., 2010; Yarbrough et al.,, 2010;
Syed-Picard et al., 2013; Padovano et al., 2015; Zhao et al., 2018;
Iline-Vul et al., 2020; Erceg and Dutour Sikiri¢, 2022; Nakamura
et al., 2022; Indurkar et al., 2023a). However, Becher et al. have
identified that many biological ubiquitous small organic molecules
can inhibit the conversion of ACP to HAp at their respective tissue

CaP associated with an organic

. Calcium ion ° Phosphate ion * Ascorbate ‘Glutamate . Itaconate )

MITOCHONDRIA

FIGURE 1
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concentration (Becker, 1977). Considering these findings, ACP
composites were developed using small organic molecules of
polycarboxylate (such as citrate, succinate, acetate, and several
amino acids), pyrophosphate, phosphocitric acid, polyphosphates
as well as di-and-triphosphate nucleotide (Ikawa et al, 2009;
Chinopoulos and Adam-Vizi, 2010; Grover et al., 2013; Stipniece
et al,, 2016; Feng et al.,, 2020; Indurkar et al., 2023b).

Mitochondria, which is the epicenter of numerous biochemical
cycles, result in the formation of many small organic molecules
(Scheffler, 2002; Osellame et al., 2012). Considering that ACP was
associated with organic compounds in mitochondria, we have
screened molecules based on their functions in bone remodeling
and regeneration, such as ascorbate, glutamate, and itaconate, as
shown in Figure 1.

Ascorbate (ascorbic acid or vitamin C) is crucial in collagen
synthesis and is a vital organic compound in connective tissues and
bone (Murad et al., 1981). Collagen provides structure and flexibility
to the bone, enabling it to withstand mechanical stress. Without
sufficient ascorbate, collagen synthesis is impaired, weakening the
bone structure and increasing susceptibility to bone fractures
(Gunson et al., 2013). Furthermore, osteogenic cell differentiation
depends on ascorbate (Aghajanian et al., 2015; Thaler et al., 2022).
Despite human’s incapability of ascorbate synthesis, a specific
mitochondrial uptake mechanism obtains vitamins from the diet.
The vitamin carrier dehydroascorbic acid enters the mitochondria,
where it is reduced and accumulated as ascorbic acid (Chen et al.,
2022). Human studies have shown a positive relationship between
ascorbic acid and biomineralization, emphasizing its importance in
maintaining bone health (Chin and Ima-Nirwana, 2018).

Glutamate is an amino acid that plays a significant role in bone
remodeling and healing processes. The glutamate receptors are
expressed on the osteoblasts, osteoclasts, and bone marrow cells.

. Amorphous
Calcium
Phosphate

ACP_GLU

O

ACP_ITN

Mitochondria is an epicenter of various small organic compounds and ACP synthesis. In this study, we have utilized ascorbate, glutamate, and

itaconate to develop composite ACP nanoparticles.
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Activation of glutamate receptors controls the phenotype of
osteoblasts and osteoclasts in vitro and bone mass in vivo
(Brakspear and Mason, 2012). Moreover, glutamate has attained
the nitrogen balance in a fractured bone, thus accelerating the bone
healing process (Polat et al., 2007).

Ttaconate is a metabolite that has gained much attention in
recent years due to its role in immune regulation and inhibiting the
production of proinflammatory molecules (Wang et al, 2022).
Inflammation occurs in various bone disorders, such as
rheumatoid arthritis and osteoporosis (Shi et al., 2022). Itaconate
controls the immune response, thus indirectly controlling bone
health. It also affects the function of macrophages, impacting the
bone remodeling process (Peace and O'Neill, 2022). Itaconate
interferes with the Krebs cycle, and changes in metabolism
influences cell function and overall bone health (Yang et al., 2020).

Mitochondrial molecules such as acetate, citrate, ascorbate,
glutamate, and itaconate play a major role in bone regeneration
linked closely
mitochondria are abundant in bone cells, the dysfunction of
these organelles can lead to bone-related disorders (Kalani
2014). direction of incorporation of
mitochondrial organic molecules in ACP offers a unique
strategy to address bone-related disorders, potentially leading
to innovative therapeutic interventions. Previously, we have
developed ACP and its composite with citrate (ACP_CIT) and
acetate (ACP_ACE) (Indurkar et al., 2023b). In this study, the
ACP was synthesized with ascorbate (ACP_ASC), glutamate
(ACP_GLU), and itaconate (ACP_ITN), were thoroughly
characterized,
Additionally, transformation rate of ACP containing small
organic molecules in different media were assessed.

The mechanism behind the transformation of ACP to low
crystalline apatite (Ap) is a subject of ongoing debate. Several
proposed mechanisms include dissolution reprecipitation, cluster
reorganization, and solution-mediated solid-solid transformation. It
is plausible that multiple processes may coincide

and are to mitochondrial function. As

et al, The novel

and their cytocompatibility was evaluated.

during
transformation (Jin et al, 2021). Previous studies have explored
the transformation of ACP in aqueous solutions and have revealed
the influence of factors such as pH, temperature, presence of foreign
ions, and additives (polyelectrolyte, phospholipids, polyglycols,
proteins, etc.), all of which can affect the transformation rate of
ACP (Chatzipanagis et al., 2016). In this context, the role of small
organic molecules containing ACP has received relatively less
attention, with only a few reports available in the literature (Tsuji
et al, 2008; Tkawa et al, 2009; Chatzipanagis et al., 2016; Sun
et al.,, 2020).

In this study, we have also explored the transformation of ACP
containing small organic molecules (acetate, glutamate, itaconate,
ascorbate, and citrate) in three different mediums: Milli-Q” water,
phosphate buffer saline (PBS), and alpha-modified minimum
essential eagle medium with 10% fetal bovine serum (FBS) and
1% penicillin and streptomycin (a-MEM). The transformation of
ACP was studied using X-ray diffraction (XRD) and Fourier-
transformed infrared spectroscopy (FTIR) analysis performed at
various time points. The results uncover how incorporation of small
organic molecules into the ACP affects its crystallization rate in
different media.
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2 Material and methods

Calcium chloride (CAS 10043-52-4), trisodium phosphate (CAS
7601-54-9), sodium hydroxide (CAS 1301-73-2), and itaconic
anhydride (CAS 2170-03-8) were procured from Sigma Aldrich,
Germany. Calcium glutamate (CAS 19238-49-4) was obtained from
BenchChem, United States, and ascorbic acid (CAS 50-81-7) was
procured from Enola, Latvia.

2.1 Synthesis

To synthesize ACP_GLU, 150 mM calcium glutamate solution
was prepared in Milli-Q” water. For the synthesis of ACP_ITN and
ACP_ASC, a similar procedure was followed, starting with the
preparation of 150 mM calcium chloride was prepared in Milli-
Q" water, followed by the addition of 150 mM itaconic acid (ACP_
ITN) and ascorbic acid (ACP_ASC) respectively. Afterwards, the
pH of the calcium precursor solution was carefully adjusted to
11.5 using 3 M NaOH solution.

Following the pH adjustment, an equal amount (150 mL) of
100 mM of trisodium phosphate solution was added rapidly to the
respective calcium salt solution (total volume 300 mL). Throughout the
process, continuous stirring was maintained. Immediately after
precipitation, the suspension underwent centrifugation at 3,000 rpm
for 5 min, and the resulting precipitate was washed thrice with Milli-Q”
water. Later, the centrifuge tube containing the precipitate was immersed
in liquid nitrogen for 15 min, followed by freeze-drying for 72 h. The
obtained power was stored in airtight containers until further
characterization. Similarly, pure ACP, ACP_ACE and ACP_CIT were
synthesized and characterized previously (Indurkar et al., 2023b).

2.2 Characterization

The phase composition of synthesized ACP variants were
determined using X-ray diffraction, performed with a
PANalytical Aeris diffractometer (Netherlands). The diffraction
data were collected at 40 kV and 15mA in a step mode with a
step size of 0.04’, in the 26 range from 10° to 60°.

The Fourier-transformed infrared spectroscopy (FTIR) analysis
was performed using a Nicolet iS50 FT-IR spectrometer (Thermo
Scientific, Waltham, MA, United States). Experiments were
performed in transmission mode from the wavenumber ranging
from 4,000 to 400 cm ™" with a resolution of 4 cm™ (64 scans).

Solid-state CP MAS ""C NMR spectra were recorded on Bruker
AVANCE-II spectrometer at 14.1 T magnetic field using a home-
built double resonance magic-angle-spinning probe for 4 x 25 mm
Si3Ny rotors. The spinning speed of the sample was 12.5 kHz, the
duration of the ramped polarization transfer pulse was 1 ms, and the
relaxation delay between accumulations was 5s. From 15,000 to
32,000, scans were accumulated for the spectra. The intensities were
normalized to the number of scans and the sample’s weight. Solid-
state *'P NMR spectra were recorded on JOEL, ECZR 600 NMR
spectrometer. The experiment was performed with a 90" single pulse
at a MAS frequency of 10 Hz with 2048 scans and a relaxation
delay of 3s.
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The morphology and particle size of synthesized ACPs were
evaluated by FEG-TEM (Tecnai G2 F30, United States) operated at
300 kV. The sample preparation was as follows: a small amount of
powder was dispersed in isopropyl alcohol and sonicated in an
ultrasonic bath. Further, the samples were placed on a carbon-
coated grid and dried before analysis.

The true density of ACPs was analyzed by a helium pycnometer
Micro UltraPyc 1200e (Quantachrome instruments, Boynton, FL,
United States). Initially, the calibration was performed using a
stainless-steel calibration sphere. It was followed by adding a
known amount of ACP powder into the sample holder and
(30 pulses).
Subsequently, the sample volume was analyzed by pressurizing it
at 10 psi with helium gas. The true density was calculated using
sample weight and the analyzed sample volume. The analysis of each
ACP was performed in triplicate.

The specific surface area (SSA) of the synthesized powder was
analyzed using a nitrogen adsorption system Quadrasorb S1
(Quantachrome instruments, Boynton, FL, United States) by
Brunauer-Emmett-Taylor (BET) method. Before analysis, the

purging it with helium gas in pulse mode

samples were degassed at room temperature for 24 h.

2.3 In vitro cytocompatibility

The preosteoblast (MC3T3-E1) cell line, obtained from ATCC,
United States, was used in this study. Cells were grown in a-MEM
(alpha-modified minimum essential medium eagle) with 10% fetal
bovine serum (FBS) and 1% penicillin and streptomycin (pen-strep).
The cells were cultured in 75 cm? flasks and maintained under 5%
CO, at 37°C until the cell confluency reached 70%. The medium was
replaced every 2 days.

For cellular analysis, suspensions were prepared by adding 10 %w/v
ACP precipitate in a-MEM medium and incubated at 37°C in a
humidified atmosphere of 95% air and 5% CO, for 24h. The
extracts were collected by centrifugation at 350 rpm for 5min and
filtered to eliminate solid particles. The extracts were diluted with a-
MEM medium to get the desired concentration of 1 %w/v. Therefore, the
total sample concentration comprises 10 %w/v and 1 %w/v of each ACP.
The extracts were then added to MC3T3-E1 cells containing well plates
and incubated for 48 h. The a-MEM medium was added as a positive
control, whereas the a-MEM medium with 6 %vol DMSO (dimethyl
sulfoxide) was utilized as a negative control. Each sample was prepared in
triplicate, and the same procedure was performed for all ACP variants.

Cell viability was measured by Cell counting kit-8 (CCK-8)
(Sigma Aldrich, United States). Briefly, cells at a density of 1 x 10*
per well were seeded in a 96-well plate and pre-incubated at 37°C
under 5% CO, for 24 h. After 24 h, the cell culture medium was
replaced with various concentrations of ACP extracted medium [0
(as positive control), 10 %w/v, and 1 %w/v] and was further
incubated for 48h. CCK-8 was performed following the
manufacturer’s protocol to determine cell viability. Cell viability
(in percent) was determined as the absorbance ratio between cells
grown in the presence and absence of extracted solutions. The
average values and standard deviations were calculated from six
replicate samples. 6 %v/v DMSO was used as a negative control. The
experiments were performed in triplicate, and cytocompatibility was
evaluated by calculating cell viability using Eq. 1:
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Cell viability (%)
(Absorbanceo f sample — Absorbance o f blank)
= X
(Absorbanceo f positivecontrol — Absorbance o f blank)

100

(€Y

2.4 In vitro biomineralization

The invitro biomineralization experiments were performed with
six types of ACP (pure ACP, ACP_ACE, ACP_GLU, ACP_ITN,
ACP_ASC, and ACP_CIT). The ACP variants, such as pure ACP,
ACP with citrate (ACP_CIT), and acetate (ACP_ACE), were
synthesized, and characterization was reported in our previous
study (Indurkar et al., 2023b). On the other hand, ACP variants
such as ACP_GLU, ACP_ITN, and ACP_ASC were synthesized and
characterized in the current study.

Experiments were performed in batch mode. To analyze the effect
of small organic molecules containing ACP on transformation to Ap,
100 mg of ACP was added into 5 mL of media (Milli-Q® water, PBS,
and a-MEM) preheated at 37°C. Further, the samples were incubated
at 37°C and removed after specific time points (15, 30, 60, 120, 240,
1,440, 2,880, and 4,320 min) followed by centrifugation, freezing in
liquid nitrogen for 15 min and freeze-drying for 72 h. The obtained
powders were used for characterization as shown in Figure 2.

The obtained powders after freeze drying were analyzed using
X-ray diffraction, performed with a Malvern Panalytical Aeris
diffractometer (Netherlands). The diffraction data were collected at
40 kV and 15 mA in a step mode with a step size of 0.04, in the 26 range
from 10° to 60°. This was followed by Fourier-transformed infrared
spectroscopy (FTIR) analysis performed using a Nicolet iS50 FT-IR
spectrometer (Thermo Scientific, Waltham, MA, United States).
Experiments were performed in transmission mode in the range
from 4,000 to 400 cm™" with a resolution of 4 cm™ (64 scans).

2.5 Statistical analysis

GraphPad Prism (GraphPad Software, San Diego, United States)
was utilized to perform statistical analysis by two-way ANOVA and
Tukey’s multiple comparisons. Probability (P) values *p < 0.05 **p <
0.01 were considered the statistically significant differences. The
results were expressed in mean + standard deviation (S.D.).

3 Results and discussion
3.1 Synthesis and characterization

The synthesis of ACP_ASC and ACP_ITN showed color
changes during the reaction. For instance, a colorless solution
was formed when ascorbic acid was added to calcium chloride.
However, as the pH of the solution increased to 11.5 using 3 M
NaOH, a light-yellow solution was obtained. Therefore, the resultant
ACP_ASC powder was light-yellow. Similarly, the color change was
observed during the synthesis of ACP_ITN; when the itaconic
anhydride was added to the calcium chloride, a colorless solution
was formed, which changes to light brown when pH was increased to
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XRD (A-C) analysis confirms the amorphous nature of synthesized ACP with respective small compounds. The functional groups of ACP and the

small compounds were revealed by FTIR (D—F) analysis.

11.5 using 3 M NaOH. Therefore, the resultant ACP_ITN powder
had a brownish tinge. No color change was observed during the
synthesis of ACP_GLU; therefore, a white powder was obtained.

3.1.1 XRD and FTIR analysis

The lack of crystalline order was observed in Figures 2A-C,
confirming the formation of X-ray amorphous ACP. The FTIR
spectra are shown in Figures 2D-F. The broad band of water
observed between 3,000 cm™ and 3,700 cm™ corresponds to
asymmetric and symmetric vibrations, and the band detected at
1,645 cm™' represents the bending mode of water. These bands were
observed in all the synthesized ACPs. In FTIR, the phosphate group
shows four vibrational domains: vI (~950 cm™), v2 (400-470 cm™),
v3 (1,000-1,150 cm™), and v4 (500-620 cm™'). The phosphate
vibrational peaks at vI, v3, and v4 were observed in all the
synthesized ACP variants (Indurkar et al., 2023a).

The ascorbate bands in ACP_ASC were observed at ~3,000 cm™
attributed to C-H vibrations. The bands between 1,500 cm™ and
1,660 cm™ indicate the presence of C=O and C-O vibrations
(Williams and Rogers, 1937). The band at 1,488 cm™ represents the
CH bending, 1,423 cm™ (CH, scissoring), 1,321 cm™ (CH bending),
871cm™ (C-C ring stretching), and 780 cm™ (OH out of plane
deformation) (Yohannan Panicker et al, 2006; Bichara et al., 2010;
Dabbagh et al,, 2014).

The glutamate bands in ACP_GLU were observed between
3,000cm™ and 3,700 cm™', which also corresponds to -NH,
vibrations et al, 2020). The bands at
1,569 cm™ and 1,418 cm™ correspond to the asymmetric and
symmetric vibration of C=0 (Barth, 2000). The bands observed
in 1,496 cm™ were attributed to symmetric and asymmetric

(Cérdenas-Trivifio
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stretching of C-O of carboxylate ion (De Castro and Cassella,
2016). The band observed at 876 cm™ represents C-C vibration
of glutamate (Sumayya et al., 2008).

The itaconate bands in ACP_ITN were observed at 1,645 cm™
and attributed to C=C vibrations. The band at 1,563 and 1,425 cm™
corresponds to the asymmetric and symmetric vibration of C=0
(Damilola Olawale et al., 2020). Moreover, the band observed at
1,489 cm™ and 1,243cm™ corresponds to O-C-O and C-O
stretching (Loginova et al.,, 2016; Wibowo et al., 2018). The band
observed at 870cm™ and 840cm™' indicates CH stretching
vibrations (Uhanov et al., 2020).

3.1.2 NMR analysis

The solid-state '*C and *'P NMR analysis of synthesized ACPs is
shown in Figures 3A, B. The ascorbate signals in '*C NMR analysis
of ACP_ASC show the lactone ring and p-carbon carbonyl groups in
the range of 170-180 ppm, corresponding to C=0O of the carbonyl
group. The carbon atoms at y-,8-, and e-positions of ascorbate
appeared at 72 and 64 ppm (Tajmir-Riahi, 1991). The interaction of
ACP resulted in the shifted peaks of ascorbate.

Glutamate signals in ’C NMR analysis of ACP_GLU were
observed at 183 and 169 ppm correspond to the carboxylate
signals. The signal observed at 58 and 36 ppm was assigned to
the carbon atom of the methine group bonded to the amino and
carboxyl group (C2) and those branches in the alkyl chain (C3 and
C4), respectively. The peak of the C4 carbon was shifted by the
disordered conformation of the methylene group due to the
association of ACP (Tkawa et al., 2009; Sannelli et al., 2023).

Itaconate signals in *C NMR analysis of ACP_ITN were
observed at 183 and 163 ppm, corresponding to the carboxyl
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Solid-state NMR analysis of synthesized ACP with respective organic compounds (A)**C NMR and (B) *'P NMR.
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FIGURE 4

Morphology and particle size analysis of synthesized ACP variants (A) ACP_ASC, (B) ACP_GLU and (C) ACP_ITN.

group. The double bond signals were observed at 141 ppm. The
carbon atom at the gamma position relative to the carboxyl group in
the side chain appeared at 42 ppm, and the carbon atom of the
methylene group was observed at 27 ppm (C3) (Strelko et al., 2011;
Jahandideh et al., 2018; Vettori et al., 2022). The association with
ACP resulted in peaks shifting in all the organic compounds.
The *'P NMR spectra of ACP show characteristic broad
Gaussian peaks between —15 and 15 ppm centered from 2.2 to
6.5 ppm (Indurkar et al., 2023b). As shown in Figure 4B, the broad
peak was observed in all the synthesized ACPs centered at 3.03 ppm
(ASP_ASC), 3.89 ppm (ACP_GLU), and 4.07 ppm (ACP_ITN)
respectively. The NMR analysis has confirmed the formation of
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ACP in the presence of the respective organic compounds
(ascorbate, glutamate, and itaconate).

3.1.3 Density and Brauner-Emmette-Teller
(B.E.T.) analysis

The density and the specific surface area (SSA) of the
synthesized ACP are shown in Table 1. The difference in density
and SSA was observed, indicating the effect of the type of carboxyl
ions on the synthesized ACP. One or several of the possible
mechanisms can facilitate the interaction of ACP with organic
compounds: 1) surface adsorption of organic compounds by
chelating action of calcium ions of ACP and the carboxyl groups
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TABLE 1 The density and specific surface area of the synthesized ACP.

Sample Density (g/cm?) SSA (m?%/g)
ACP_ASC 2.82 1152
ACP_GLU 264 92.4
ACP_ITN 243 1303
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FIGURE 5

Relative cell viabilities of MC3T3-E1 cells cultured with extracts of

ACP variants (10% and 1% w/v) prepared in a-MEM medium. All the
samples were analyzed in triplicate, and data is presented in average
and standard deviation. The CNT + and CNT—-were positive and
negative controls.

of organic compounds (Gorbunoff, 1984; Zong et al., 2023); 2)
Organic compounds bearing two carboxylate ions ("O(O)C-R-C(O)
O") can substitute the hydrogen phosphate ion (HPO,*") during the
precipitation of ACP (Yokoi et al., 2022); 3) interaction between
phosphates and carboxylates groups (P-O---H-O-C or P-O-H--O-C)
(Corbridge, 1971). 4) Interaction of ascorbate anion can interact
with calcium and/or phosphate group (Xu et al., 2019). However,
more advanced analysis is required to evaluate the exact interaction
of ACP with the organic compound.

3.1.4 Morphological analysis

Under electron microscopy, the morphological appearance of
ACP shows spherical particles of a few tenths of the nanometre scale
(Zhao et al., 2012). All the synthesized ACPs show the characteristic
spherical morphology, as shown in Figure 4. Numerous research
groups have consistently identified the biomimetic size range of
ACP, typically falling between 10 and 50 nm (Niu et al., 2014;
Hoeher et al.,, 2023). Interestingly, the ascorbate, glutamate, and
itaconate ACP variants show spherical hollow particles that align
with the biomimetic size range. Moreover, ACP is highly sensitive to
the electron beam and crystalizes on high electron beam exposure
(Lotsari et al., 2018). The crystallization of synthesized ACP under a
high electron beam is presented in Supplementary Figure S1.

3.1.5 Cell culture analysis

The cytocompatibility was evaluated by analyzing the cell
viability of MC3T3-El cells in the presence of synthesized ACP
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extracts (10% and 1% w/v) prepared in a-MEM medium, as shown
in Figure 5. The absorbance recorded for the cells cultured in the
plain cell culture medium was normalized to 100% and termed
positive control (CNT+). The cells cultured in 10% w/v ACP_GLU
showed the lowest cell viability compared to other groups. The
higher glutamate concentration can lead to excitotoxicity and or
oxidative glutamate toxicity (Schubert and Piasecki, 2001; Kritis
etal, 2015). However, reducing the concentration to 1% w/v, ACP_
GLU enhanced the cell viability. The concentration of 10% w/v
ACP_ITN and 10% w/v ACP_ASC was better than 10% w/v ACP_
GLU. A similar trend was found in 1% w/v ACP_ITN and 1% w/v
ACP_ASC. The cell viability of 10% and 1% w/v ACP_ASC was
better than CNT+. Ascorbate is critical for the differentiation of the
preosteoblast, and this may be the reason for the higher cell viability
(Hadzir et al., 2014; Hwang and Horton, 2019). The preliminary
analysis has confirmed the cytocompatibility of ACP_ASC (10% and
1% w/v), ACP_ITN (10% and 1% w/v), and ACP_GLU (1% w/v).

3.1.6 In vitro biomineralization

The first in vitro biomineralization was investigated by Boskey
and Posner by examining the impact of pH on the conversion of
ACP to Ap. Their finding has provided critical insights revealing that
transformation rate increases with higher pH levels. Furthermore, it
was also discovered that the conversion pathways remain unaffected
by the following factors: a) the nature of the buffer system used, b)
the presence of a different type of univalent ions, and c) whether the
material was in contact with mother liquor or filtered, dried, or
added to the fresh buffer. Additionally, the transformation rate
exhibited dependency on several factors, including smaller particle
size, faster stirring rate, and higher ACP concentration (Boskey and
Posner, 1973). Temperature also emerged as a significant variable
affecting the conversion of ACP. For instance, at pH of 7.5, ACP
converts five times more rapidly at 37°C than at 25°C. The synthesis
condition of ACP was also found to influence the transformation
rate (Eanes, 1998). Given the focus of our study on the application of
ACP and its variants in tissue engineering, we consistently
maintained 37°C in all the transformation experiments.

XRD analysis was employed to track alteration in long-range
structural order as samples underwent successive progressive
crystallization in different solvents, as shown in Supplementary
Figure S2. In the analysis of CaP material, it is conventionally
assumed that any part of the diffractogram not corresponding to
the crystalline phase is amorphous. Nonetheless, there is ambiguity
between non-coherent diffraction domains and genuinely separated
amorphous phases. In the case of CaP (except hydroxyapatite), various
ionic substitutions, defects, and vacancies can disrupt the regularity of
the atomic array. This can significantly increase background diffraction
patterns without necessarily implying the presence of any amorphous
phase or domain (Combes and Rey, 2010). Therefore, FTIR analysis
was also employed to provide additional insights. The FTIR spectra of
all the ACP variants are shown in Supplementary Figure S3. The
characteristic bands of ACP and the respective small organic molecules
are shown in Supplementary Table S1).

FTIR spectral examination of ACP variants exhibits a distinct
short order evident through absorbance band related to phosphate
absorption bands. Notably, the ACP spectrum displays a broader
band with no evident splitting in the v, PO,’" vibration region. The
highlights distinction between XRD, which primarily detects specific
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The stability of ACP in the different mediums was evaluated based on v, PO, vibration region. The samples that did not show evident splitting in the
v4 PO4*" vibration region was termed amorphous; on the contrary, the samples that showed splitting of v4 PO4*" vibration region were termed crystalline.
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TABLE 2 Time required for transformation of ACP to Ap evaluated from peak
formation in XRD and splitting of the v, PO,* vibration observed in FTIR
spectra.

Samples  Milli-Q water (min)  PBS (min) a-MEM (min)
Pure ACP 120 30 60
ACP_ACE 60 15 30
ACP_ITN 120 30 60
ACP_GLU 120 30 60
ACP_ASC 240 60 120
ACP_CIT 1,440 120 2,880

peaks associated with crystalline phases, and FTIR, which detects
absorbances originating from both amorphous and crystalline
components (Querido et al., 2020). The splitting of the v, PO,*
vibration region confirms the crystallization of ACP, as shown in
Figure 6. XRD analysis was utilized to complement the data obtained
from FTIR analysis, and the stability time of the ACP variant in the
respective medium is presented in Table 2.

The inorganic contentment in the respective solvents is
presented in Supplementary Table S2. The inorganic ions were
absent in Milli-Q” water; therefore, the transformation rates of
ACP variants (except ACP_CIT) were slower compared to PBS
and o-MEM medium. In PBS, all the synthesized ACP variants
underwent a rapid transformation, aligning perfectly with findings
from the literature (Zhao et al., 2012).

Previous studies have revealed that in the presence of PBS
solution, the organic molecules are released from the surface of
ACP, likely due to ionic exchange with the phosphate groups in the
medium. This leads to an elevated concentration of phosphate in
ACP, thus reducing stability and resulting in rapid transformation
to low crystalline apatite (Chatzipanagis et al., 2016). This outcome
was consistently observed for all the synthesized ACP variants. The
phosphate content in a-MEM medium was less compared to PBS;
therefore, the transformation rates were slower (except ACP_CIT).
In the case of ACP_CIT, the highest stability of 2,880 min was
observed in a-MEM medium. Previous studies have shown the
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FIGURE 7
Small organic compounds are utilized for the synthesis of ACP variants
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interaction of serum albumin with citrate-stabilized gold
nanoparticles forming protein corona (Dominguez-Medina
et al, 2012; Zhang et al., 2014; Szekeres and Kneipp, 2018).
Similarly, the delayed transformation of ACP_CIT may be due
to the interaction of negatively charged citrate with FBS present in
a-MEM medium. However, in-depth analysis is required to
confirm this phenomenon.

The organic molecules such as acetate, itaconate, glutamate, and
citrate contain carboxyl groups, as shown in Figure 7. Both the
carboxyl and ascorbate anion have the potential to interact with both
calcium and phosphate ions present in ACP (Winand et al., 1961;
Corbridge, 1971; Ancillotti et al., 1977; Chatzipanagis et al., 2016).
Due to the combination of these factors, the interaction between
these organic compounds and ACP is complex and demands a
sophisticated analysis to fully comprehend the precise nature of
these interactions.

To investigate the effect of small organic molecules on
transformation rate, pure ACP was used for comparison as shown
in Figure 8. The variations in the transformation rate can be attributed
to the changes in the physiochemical properties of ACP, such as
particle size, morphology, specific surface area (SSA), and density
induced by different functional groups from the respective small
organic molecules, as illustrated in Supplementary Table S3.

The fastest conversion rate was observed in ACP_ACE in all the
respective mediums compared to other ACP variants. Acetate
consists of one carboxyl group (COO~) representing a negative
charge of —1. Monocarboxylic ions can interact with calcium ions
but are not capable of bridging two calcium ions. The incompatible
charge of —1 promotes the formation of HAp (Yamada et al., 2021).
A similar phenomenon is observed in the case of fluoride-doped
ACP. Fluoride ions also have a negative charge of —1; therefore, the
transformation of ACP to Ap was faster in the presence of fluoride-
doped ACP than in pure ACP (Ten Cate and Featherstone, 1991;
Tafisco et al., 2018).

Pure ACP, ACP_GLU, and ACP_ITN represent similar
conversion rates in respective medium. Our previous study
observed presence of carbonate (COs>) in pure ACP. The presence
of carbonate ions in ACP is known to retard its conversion to Ap
(Combes and Rey, 2010; Edén, 2021). Similarly, itaconate and

o
NH,
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o) (o}
[o} (0]
0 o
OH
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Analysing the transformation rates of small organic molecules containing ACP (blue) in comparison to pure ACP (red) across different mediums
(Milli-Q° water, PBS, and a-MEM) reveals distinct patterns. Specifically, ACP_ACE exhibited accelerated transformation rates in all mediums compared to
pure ACP (both represented in grey colour by combination of blue and red). Conversely, ACP_ITN and ACP_GLU demonstrated similar transformation
rates to pure ACP. Notably, ACP_GLU and ACP_CIT displayed slower transformation rates compared to their pure ACP counterpart.

glutamate are dicarboxylic compounds with a negative charge
of =2 and may behave similarly to carbonate-substituted ACP.
Therefore, the transformation rate of pure ACP, ACP_ITN and
ACP_GLU was the same.

In the case of ascorbate containing ACP, the conversion was
slower than that of other ACP variants (except ACP_CIT). The
presence of the ascorbate anion can interact with ACP, thus
retarding its conversion to Ap. Previous studies have shown
delayed struvite crystallization in the presence of ascorbate due to
a decrease in pH (Manzoor et al., 2018). Additionally, ascorbate in
the bloodstream has been shown to prevent struvite stone formation
in urine (Flannigan et al, 2014). Similarly, delayed sugar
crystallization was observed in the presence of ascorbic acid
(Zhou and Roos, 2012). Likewise, a delayed transformation was
observed in ACP_ASC despite its higher surface area (115.2 m*/g).
However, a more comprehensive analysis is required to confirm the
exact behavior.

The highest stability was observed in ACP_CIT. Citrate is a
tricarboxylic acid that can interact in four ways with ACP: a). The
carboxyl group can interact with calcium ions of ACP. B) HCit* can
substitute PO,>~ of ACP. ¢) The hydroxy group of citrates can
interact with phosphate ions and/or d) The phosphate ions can
interact with the carboxyl group of citrates (Indurkar et al., 2023b).
Previous reports have also shown citrate’s efficacy in stabilizing ACP
(Chen et al., 2014; Sakhno et al., 2023).

The ACP variants displayed a generally spherical and hollow
morphology, except for ACP citrate, which exhibited a dense
spherical structure. Differences in the morphologies may also
contribute to the transformation rate. However, more detailed
analysis is required to confirm this phenomenon.
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4 Discussion

The synthesis reactions of ACP are known for their rapid
nature and are typically performed under alkaline conditions.
However, owing to the triprotic nature of phosphate ions,
fluctuations in pH, temperature, and precursor concentration
play a crucial role in determining the efficiency of precipitation
and particle size of the synthesized product (ACP) (Mekmene
et al., 2009).

To address these inherent challenges, we have devised a
straightforward and effective method to synthesize ACP,
aiming to minimize pH variations. Based on this approach, we
have previously achieved successful ACP synthesis with citrate
and acetate (Indurkar et al., 2023b). Inspired by this successful
strategy, we have extended our efforts to synthesize ACP with
other organic compounds such as ascorbate, glutamate, and
itaconate. The schematic representation of our synthesis
method in Figure 9. These methods
broadened the scope of ACP synthesized by incorporating
diverse organic compounds, thus showcasing its versatility and
potential for further exploration in developing novel ACP
composites.

Our prior study also synthesized two pristine ACPs devoid of
organic compounds (Indurkar et al., 2023b). The ACP particles
exhibited an SSA of 105 m?/g and particle size of less than 20 nm.
In that investigation, acetate and citrate have shown distinct
effects on the properties of ACP. The surface area and particle
size were affected when ACP was linked with acetate and citrate.
Building on these findings, our current study investigated the
effect of other organic compounds, ascorbate, glutamate, and

is outlined have
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lllustrating the systematic approach to achieve controlled ACP (with organic compounds) synthesis with minimal pH variations. The approach was
previously reported in developing pure ACP and ACP with citrate and acetate (Indurkar et al., 2023b)

itaconate, on the properties of ACP. Interestingly, introducing
these compounds impacted the SSA and particle size. Moreover,
an effect on cytocompatibility was also observed, wherein the
10% w/v ACP_GLU represented a toxic effect on MC3T3-
El cells.

Glutamate is a versatile molecule with a potential role in
influencing cellular processes and viability in bone tissue (Skerry
and Taylor, 2005). It has been suggested that glutamate can impact
cell proliferation and differentiation through group III metabotropic
glutamate receptors expressed in mouse calvaria osteoblasts.
Furthermore, previous investigations have revealed that specific
concentrations within 50 uM to 1 mM enhance survival rates of
human primary osteoblasts when exposed to tumor necrosis factor-
a and interferon-y. However, it is essential to note that a cytotoxic
effect was observed when glutamate concentration exceeded 10 mM
(Genever and Skerry, 2001).

The cytotoxicity resulting from elevated glutamate levels is
attributed to the induction of oxidative stress. This occurs
because of triggering the release of reactive oxygen species and
nitric oxide. Consequently, excess glutamate concentration leads
to oxidative damage to MC3T3-El cells, resulting in apoptosis
(Fatokun et al., 2006). A similar behavior may be responsible for
10% w/v ACP_GLU samples resulting in cell death. However,
further advanced analysis and experiments are required to
confirm this phenomenon and gain a deeper understanding of
the underlying mechanism.

Examination into in vitro biomineralization has revealed a
significant the
transformation rate of ACP. By aligning ACP with small
organic molecules and solvents, transformation necessities can
be tuned based on the applications. FTIR analysis has confirmed
that the resulting Ap retained characteristics of the respective small
organic molecules. This observation suggests the potential
of transformed Ap
substitute material.

influence of small organic molecules on

utilization as an advanced bone
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5 Conclusion

The study introduces a promising avenue for biomimetic ACP
developed by leveraging mitochondrial (ascorbate, glutamate, and
itaconate) small organic molecules. Synthesized ACP variants were
characterized using XRD, FTIR, and NMR, which confirmed the
presence of respective organic compounds and the amorphous
nature of ACP. Advanced analysis is required to understand the
exact interaction of the organic compounds with ACP. In vitro
analysis using MC3T3-E1 cells has provided primary evidence
of cytocompatibility of compositions In vitro
biomineralization in the
transformation rate of small organic molecules containing ACP.

obtained.
studies have shown differences
The variations in the transformation rate can be induced by
different functional groups from the respective small organic
molecules. The research contributes to the expanding field
of biomaterial science by bridging the gap between the
biomineralization process and synthetic material, thus opening
the door to innovative tissue engineering strategies and bone
therapeutic interventions.
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Figure S1. Crystallization of ACP variants under high electron beam A) ACP_ASC, B) ACP_GLU and C)
ACP_ITN
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Figure S2. XRD analysis to track alteration and successive progression in crystallization of ACP in different
solvents such as Milli-Q® water, PBS, and a-MEM medium. The peaks were matched with standard ICDD card
no. 00-064-0738.
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Figure S3. FTIR analysis to track alteration and successive progression in crystallization of ACP in different
solvents such as Milli-Q® water, PBS, and a-MEM medium.



Table S1 — FTIR bands and corresponding functional groups of ACP and its variants.

Sample Bands (cm ™) Functional groups Reference
Pure ACP_CL 3000 - 3700 OH asymmetric and symmetric (Indurkar et al., 2023)
stretching mode
1680 - 1640 OH bending mode
1400 - 1550 v;CO3*
1000 - 1150 VPO
950 vPOs>
875 v2CO3%>
500 - 620 vaPO4>
ACP_ACE 3000 - 3700 OH asymmetric and symmetric (Indurkar et al., 2023)
stretching mode
1680 - 1640 OH bending mode
1550 COO" bending
1440 COH stretching.
1000 - 1150 v3PO4>
950 VPO
600 - 680 COO- bending
500 - 620 v4POs>
ACP_ITN 3000 - 3700 OH asymmetric and symmetric Reported in the current
stretching mode stud
1680 - 1640 OH bending mode and/or C=C Y
vibrations
1563 asymmetric C=0 vibration
1489 O-C-O stretching
1425 symmetric C=0 vibration
1243 C-O stretching
1000 - 1150 VPO
950 v/POs>
870 and 840 CH stretching vibrations
500 - 620 v4PO4>
ACP_GLU 3000 - 3700 NH> vibrations and OH Reported in the current
asymmetric and symmetric
stretching mode study
1680 - 1640 OH bending mode
1569 asymmetric C=0 vibration
1496 symmetric and asymmetric
stretching of C-O
1418 symmetric C=0 vibration
1117 - 870 C-C bending mode
1000 - 1150 v3PO4>
950 v/POs>
500 - 620 v4PO4>
ACP_ASC 3000 - 3700 OH asymmetric and symmetric Reported in the current
stretching mode
~3000 C-H vibrations study
1500 - 1660 C=0 and C-O vibrations of
carboxylate ions
1488 CH bending
1423 CHaz scissoring
1321 CH bending
1000 - 1150 v3PO4>
950 viIPO4>
871 C-C ring stretching
780 OH out of plane deformation
500 - 620 v4PO4>
ACP_CIT 3000 - 3700 OH asymmetric and symmetric (Indurkar et al., 2023)
stretching mode
1680 - 1640 OH bending mode
1600 COO" bending
1446 COH stretching
1000 - 1150 VPO
950 v/POs*>
500 - 620 v4PO4>

Table S2 — Inorganic compounds present in the respective mediums




Solvents Milli-Q® water PBS oa-MEM
pH-74 pH-7.4

Sodium chloride - 8¢ 68¢g
Potassium chloride - 02g 04g
Sodium phosphate - 144 g 0.014 g
Potassium phosphate monobasic - 0245 ¢ -
Calcium chloride - - 02g
Magnesium chloride - - -
Magnesium sulphate - - 0.097 g
Sodium bicarbonate - - 22¢g
Dextrose - - lg
Dipotassium phosphate - - -
1M HC1 - - -
Sodium sulphate - - -
Tris(hydroxymethyl)aminomethane - - -

Table S3 — Physiochemical properties of synthesised ACP and its composites

Sample Density (g/cm®) BET (m?g) Morphology

Pure ACP_CL 2.62 105 Spherical hollow (Indurkar et al., 2023)
ACP_ACE 2.47 118 Spherical hollow (Indurkar et al., 2023)
ACP_ITN 243 130.3 Spherical hollow (current study)
ACP_GLU 2.64 92.4 Spherical hollow (current study)
ACP_ASC 2.82 115.2 Spherical hollow (current study)
ACP_CIT 2.57 62 Spherical Dense (Indurkar et al., 2023)
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Abstract

The aim of this study was to develop bioinks closely resembling the nanostructure of bone incorporating
amorphous calcium phosphate (ACP) as inorganic counterpart; specifically citrate stabilized ACP (ACP_CIT)
and non-stabilized ACP (ACP_ACE), in alginate dialdehyde-gelatin (ADA-GEL). Oscillatory shear tests were
performed to understand the viscoelastic behavior of the hydrogels. G' and G" of ADA-GEL were 78 + 8 Pa and
3.4 + 0.4 Pa, respectively. By addition of ACP_ACE, G' and G" increased to 117 = 15 Pa and 6.2 + 0.4 Pa, while
incorporation of ACP_CIT led to G' and G" values of 127 + 14 Pa and 8 £ 1 Pa, respectively. The viscoelastic
properties of ADA-GEL were enhanced by the reinforcement with ACP. ACP_CIT was more effective than
ACP_ACE. Bioinks were formulated by embedding MC3T3-El cells in the hydrogels, followed by fabrication of
constructs at 65 kPa and speed of 5 mm/s. Crosslinking was performed by immersing in CaCl, and microbial
transglutaminase solution. Post-printing analysis was performed using printability index and average pore area
analysis. The lowest structural stability was observed in ADA-GEL constructs and the highest was noted in ADA-
GEL-ACP_CIT. Epifluorescence and two-photon microscopy of Rhodamine/Phalloidin stained constructs

confirmed the cytocompatibility of the bioinks.
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1. Introduction

Computer-aided deposition of cells and biomaterials using three-dimensional bioprinting is a promising approach
to fabricate complex and hierarchically organized constructs with architecture closely resembling bone [1]. The
printable material, called bioink, is a combination of cells and hydrogel that is a crucial component of bioprinting
[2]. Composite bioinks incorporating inorganic fillers are also being increasingly investigated [3]. The
biosynthesis of the inorganic component (calcium phosphate, bioactive glass) and its association with the organic
counterpart must be considered to develop biomimetic nanocomposite bioinks [3, 4]. Amorphous calcium
phosphate (ACP) is the first inorganic phase synthesized and stabilized in the mitochondria of cells. Further, ACP
is embedded in the 40 nm gap zone of the collagen matrix, where it crystallizes to hydroxyapatite (HAp) [4,5].
Bone repair and reconstruction require innovative strategies that account for the nano to macroscale hierarchical
assembly of bone tissue [6]. Therefore, in the current study, we have focused on developing nanocomposite

bioinks reinforced with ACP.

Nanocomposite bioinks made up of inorganic and organic counterparts are expected to be more suitable than pure
hydrogel bioinks for bone regeneration [3, 7,8]. Such nanocomposite bioinks have shown positive effects on
adhesion, migration, genetic expression, proliferation and cell signaling capability in osteoblast and bone-derived

stem cells [9].

Numerous inorganic nanomaterials such as HAp, tricalcium phosphate (TCP), octa-calcium phosphate (OCP),
biphasic calcium phosphate, calcium metaphosphate, nano-silicates, bioactive glasses, graphene oxide, carbon
nanotubes, titanium oxide, halloysite, zirconium oxide, etc. have been incorporated in polymer matrices to make
nanocomposites [10]. Despite being the first calcium phosphate phase synthesized by cells, the application of
ACP has been rather limited in tissue engineering. In previous studies, ACP was utilized to make nanocomposites,
but the stabilization of ACP was not considered [11,12,21,22,13-20]. The stabilizing agent is essential in

regulating collagen interfibrillar mineralization [23][24].

Various materials have been utilized to stabilize ACP by surface adsorption or ion substitution. Typical organic
compounds stabilizing ACP by surface adsorption are adenosine triphosphate (ATP), polyelectrolyte, citrate, and
polyethylene glycol [25-27]. Moreover, ions of magnesium, zinc, iron, carbonates, pyrophosphates, and fluorine

can stabilize ACP by substituting calcium or phosphate ions [28-30].

Citrate is a favorable stabilizing agent as it is naturally synthesized through the Krebs cycle in mitochondria,
which are also a site for ACP synthesis [31]. Recent findings revealed that one-sixth of the available surface area
of HAp is covered by citrate, and NMR analysis also confirmed its presence in the bone [32,33]. Moreover, it has
the inherent property of osteo-inductivity and enhances collagen mineralization through interface wetting [34—
36]. Based on these findings, citrate-stabilized ACP was utilized in this study as an inorganic counterpart for the
development of nanocomposite bioinks. For comparative analysis, a bioink reinforced with non-stabilized ACP

(ACP_ACE) was also synthesized and tested.

Gelatin (GEL) and alginate dialdehyde (ADA) were used as the hydrogel components of the nanocomposite

bioink. GEL is a single-stranded protein obtained from the hydrolytic degradation of collagen. It consists of a



90
91
92
93
94
95

96
97
98
99
100
101
102
103

104

105
106
107
108
109
110
111

112

113
114
115
116
117
118
119
120

121

122
123
124
125
126

large number of glycine, proline, and hydroxyproline residues that display similar biomechanical properties to
collagen [37]. Alginate is a natural polymer obtained from brown seaweed consisting of B-(1-4) linked to d-
mannouronic acid and B-(1-4) linked with I-glucuronic acid units. It lacks a cell attachment site and is often used
with GEL to fabricate 3D scaffolds [38]. Alginate lacks binding properties with GEL; therefore, it is commonly
modified to alginate dialdehyde (ADA), offering reactive groups for crosslinking with GEL by Schiff base
formation, thus forming ADA-GEL [39].

Several nanocomposite bioinks have been formulated for bone tissue regeneration [3, 40]. Most bioinks employed
HAp, TCP, OCP or bioactive glass particles as inorganic counterparts [3,41,42]. Even if ACP is the first naturally
synthesized inorganic calcium phosphate phase, it has not been yet utilized in bioink formulations. Therefore, we
have developed a new nanocomposite bioink based on citrate-stabilized ACP (ACP_CIT) and ADA-GEL. For
comparison, another nanocomposite bioink consisting of non-stabilized ACP (ACP_ACE) and ADA-GEL was
developed, and pure ADA-GEL was used as control. The bioinks were developed by embedding MC3T3-E1 cells,
and cell-laden constructs were fabricated with the three mentioned hydrogels. Subsequently, preprinting and post-

printing analyses were performed to evaluate the suitability of the new bioinks for bioprinting applications.
2. Materials and Methods

Calcium acetate monohydrate was procured from Honeywell, Fluka, USA (CAS 114460-21-8). Calcium citrate
tetrahydrate (CAS 5785-44-4), trisodium phosphate (CAS 7601-54-9), sodium hydroxide (CAS 1301-73-2), and
gelatin type-A from porcine skin (CAS 9000-70-8) were procured from Sigma Aldrich, Germany. Ethylene glycol
(CAS 107-21-1) was obtained from VWR Chemical International (USA). Sodium meta periodate (CAS 7790-28-
5) was procured from Bioultra, > 99.5, Sigma Aldrich, Germany. Sodium alginate (CAS 9005-38-3) was obtained
from VIVAPHARM®, JSR Pharma GmbH & Co, KG Rosenberg, Germany. The dialysis membrane with

molecular cut-off 6-8 kDa was obtained from Spectrum lab™ USA.
2.1 Synthesis of ACP

ACP was synthesized by the protocol described in a previous publication [43]. Briefly, for the synthesis of
ACP_CIT, 50 mM of calcium citrate tetrahydrate was added into Milli-Q® water. Moreover, for the synthesis of
ACP_ACE, 150 mM calcium acetate was added to Milli-Q® water. The pH of the calcium citrate and calcium
acetate solution was adjusted to 11.5 using 3 M NaOH. Further, an equal amount of 100 mM of trisodium
phosphate solution was rapidly added to the beakers containing ACP_CIT and ACP_ACE solution, respectively.
The precipitate was isolated by centrifugation and washed thrice with Milli-Q® water. The precipitates were frozen
in liquid nitrogen, followed by lyophilization for 72 hr. The obtained powder was used for characterization and

bioink formulation.
2.2 Synthesis of ADA

According to a slightly modified protocol presented by Sarker et al. [44], ADA was prepared by oxidation of
sodium alginate. Briefly, in 50 ml ethanol, 10 g of sodium alginate was dispersed, and 2.67 g of sodium
metaperiodate was dissolved in 50 ml of Milli-Q® water. An equal amount of sodium metaperiodate was added
dropwise in the 50 ml sodium alginate dispersion under constant stirring. The entire reaction was performed in

the dark. Further, the reaction was quenched after 6 h by adding 10 ml ethylene glycol to deactivate excess
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periodate ions, and mixing continued for another 30 min. The mixtures were then collected into 50 ml Falcon
tubes and centrifuged at 2,500 rpm for 5 min, and then the ethanol phase was decanted. The remaining ADA
solution was dialyzed in Milli-Q® water for four days and replenished daily. The product was removed from the
dialysis membrane, transferred to clean trays, and was frozen for at least 24 h before lyophilization (Christ Alpha,
1-4LD, Christ Gefriertrocknungsanlangen, Osterode am Harz, Germany) and subsequently harvested the final dry
product.

2.3 Chemical characterization
2.3.1 X-ray powder diffraction (XRD)

XRD analysis was performed to examine the phase of ACP_ACE and ACP_CIT, using X-ray diffraction,
performed with a PANalytical Aeris diffractometer (The Netherlands). The diffraction data were collected at 40
kV and 15 mA in a step mode with a step size of 0.04°, in the 20 range from 10 to 70°.

2.3.2 Field-emission gun transmission electron microscopy (FEG-TEM)

The morphology and particle size of ACP_ACE and ACP_CIT were evaluated by FEG-TEM (FEI, Tecnai G2
F30, USA) operated at 300 kV. The sample preparation was as follows: a small amount of powder was dispersed
in isopropyl alcohol and sonicated in an ultrasonic bath. Further, the samples were placed on a carbon-coated grid

and dried before analysis.
2.3.3 Fourier-transformed infrared spectroscopy (FTIR)

FTIR analysis was performed to analyze the functional groups in ACP. Furthermore, FTIR analysis investigated
ADA modification and the Schiff-base formation in ADA-GEL. Samples were analyzed in transmission mode
from the wavenumber ranging from 4,000 to 400 cm™! with a resolution of 4 cm™! (64 scans) using an iS50 FT-IR

spectrometer (Thermo Scientific Nicolet Waltham, MA, USA).
2.4 Hydrogel precursor solution

To prepare ADA-GEL bioink, 5% (w/v) GEL solution was prepared in Milli-Q® water at 37° C and filtered
through 0.22um Millipore filters (Rotilab-syringe filter, PVDF Carl Roth). 5% (w/v) ADA solution was prepared
in Dulbecco's phosphate buffer saline (DPBS) at 37° C and filtered through 0.45um Millipore filters (Rotilab-
syringe filter, PVDF Carl Roth). The solutions of ADA and GEL were filtered only when sterile working

conditions were required; otherwise, unfiltered solutions were used.

The following procedure was used to synthesize ACP-reinforced ADA-GEL hydrogels. Initially, sterile synthesis
of ACP was performed in which 150 mM calcium acetate, 100 mM trisodium phosphate, and 3M NaOH solutions
were filtered through 0.22um Millipore filters. Moreover, 50 mM of calcium citrate was autoclaved at 121°C at
15 psi for 30 min. ACP synthesis was performed under sterile conditions by the procedure mentioned in section
2.1. Sterile ACP was only synthesized when such working conditions were required. For hydrogel synthesis, 2%
(w/v) ACP was added to 5% (w/v) ADA solution and stirred for 5 min until a homogeneous suspension was
formed. Further, 5% (w/v) GEL solution was added in a 1:1 ratio and allowed to stir for 10 min at 37°C for

Schiff's base formation. The same procedure was utilized for both ACP_CIT and ACP_ACE. ADA-GEL hydrogel
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was used as a control to allow for comparison with ACP-reinforced ADA-GEL hydrogels. The final concentration

of the formulated hydrogel was 2.5% (w/v) ADA, 2.5% (w/v) GEL, and 1% (w/v) ACP.
2.5 Oscillatory shear tests

The printability of the hydrogel is regulated by the viscoelastic properties of the material that must be adjusted to
create a construct with long-term shape fidelity. Every material has its unique viscoelastic properties; for instance,
GEL has weak mechanical strength and, hence, cannot be used on its own in bioprinting [44,45]. Therefore, to
impart mechanical strength, ADA was used in this study. Moreover, ACP was incorporated in ADA-GEL for the
development of a nanocomposite bioink. When a new bioink is developed, the oscillator shear test of the hydrogels
is the first step in understanding its viscoelastic behavior. The tests were performed using an HR20 rheometer
(TA Instruments, New Castle, USA) with a 25 mm diameter parallel plate for analysis. Initially, the linear
viscoelastic region (LVE) was analyzed using an amplitude sweep performed under a constant frequency of 1 Hz

and shear stress ranging from 0.1 to 100%.

Hydrogels are divided into several categories according to their rheological properties, i.e., Newtonian, shear
thinning, and shear thickening fluids [46]. Shear thinning is an essential property of the hydrogels that determines
the resolution, printing pattern, and shape fidelity by preventing shear stress, clogging, and cellular damage
[46,47]. Viscosity was measured at a shear rate of 0.1 to 10 s! to analyze the flow behavior of ADA-GEL and
ACP-reinforced ADA-GEL hydrogels. To analyze the effect of ACP on the viscoelastic properties of ADA-GEL
hydrogel, frequency sweep analysis was performed under frequencies ranging from 0.1 to 10 Hz to analyze loss

modulus (G") and storage modulus (G').
2.6 Printing optimization

Once the bioink was formulated, printing conditions were optimized to maximize resolution and repeatability. A
sequential optimization approach was utilized to optimize printing pressure by keeping a constant printing speed
of 2 mm/s. Printing pressure resulting in intact struts and pores was selected. Afterward, the printing speed was
adjusted at constant optimized pressure. The construct was printed at different printing speeds to obtain square-
shaped pores. The printing optimization was performed using uncross-linked ADA-GEL hydrogel. A small 8 x 8
mm? dimension construct was printed to avoid wasting the biomaterials and was further analyzed using a stereo
microscope (Carl Zeiss, Jena, Germany). This test was performed to visually assess optimum printing conditions
for ADA-GEL hydrogels. The optimized printing parameters were further utilized in fabricating the ADA-GEL
and ACP-reinforced ADA-GEL constructs.

2.7 Cell printing process
2.7.1 Cell Culture

An osteoblast precursor cell line derived from mouse (Mus musculus) calvaria (MC3T3-El, Sigma Aldrich,
Germany) was employed for cellular analysis after 10 passages. MC3T3-E1 cells were maintained in an o-MEM
medium containing 10 vol% Fetal bovine serum (FBS; Sigma Aldrich, Germany) and 10 vol% penicillin-
streptomycin at 37°C in a humidified atmosphere of 95% air and 5% CO,. The cultures of MC3T3-E1 cells were
trypsinized by adding 3 ml of trypsin-EDTA solution. When the cells detached, 9 ml of a-MEM medium was
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added to the T75 flask. The cells were counted, and 1x10° cells/ml were inoculated into fresh T75 flasks, followed
by incubation at 37°C in a humidified atmosphere of 95% air and 5% CO, for 24 h.
2.7.2 Cell printing

For the development of bioinks, MC3T3-El cells were encapsulated in ADA-GEL and ACP-reinforced ADA-
GEL hydrogels. Cells were detached and diluted to a concentration of 20,000 cells/ml, centrifuged at 300 g for 5
min. The supernatant was removed, and the obtained cell pellet was mixed with the respective bioinks with the
help of positive displacement pipettes. Further, 2 ml of bioinks were transferred to the bioprinting cartridges,
closed with a blind plug, and incubated for 10 min at 4°C. Five-layer grid structures without an outline and outer
dimension of 15 x 15 mm? were then printed into a six-well plate using a Cellink BioX printer equipped with a
cool printhead at 23°C. The printing speed was fixed to 5 mm/s, and 65 kPa pressure was applied. Thirty seconds
after the print was completed, the constructs were crosslinked with 100 mM CaCl, and 1% w/v Microbial
transglutaminase (MTG) solutions (filtered through 0.22pum Millipore filters). Further, the samples were washed
with Hanks balanced salts solution (HBSS), and a-MEM medium was added, followed by incubation at 37°C in
a humidified atmosphere of 95% air and 5% CO, for 24 h. The printability index, average pore area, and

cytocompatibility analysis were performed on days 1, 3, 7, and 14.

2.8 post-printing analysis

2.8.1 Semi-quantification of printability index

Under the ideal gelation condition of the bioink, a regular grid structure with square pores is formed in the
construct. On the other hand, when the bioink is under gelation, the extruded filament shows a liquid-like state
wherein the upper layer fuses with the lower layer, creating circular pores. To analyze the pore geometry on the
printed constructs, a printability index was evaluated [48]. The circularity (C) of an enclosed area is defined as

follows:
4mA
=50

where L is the perimeter, and A is the area of the pore. Circles have the highest circularity where C equals 1,
whereas, for the square shape, circularity equals = /4. Therefore, previous studies have defined the bioink

printability index (Pr) based on square shape using the following function [49]:

2
= tisfo)
For an ideal gelation condition, the interconnected channels of the constructs would display a square shape with
a Pr value of 1. The Pr>1 shows irregular pore geometry, while Pr<I signifies curved geometry [50]. Optical
images of ADA-GEL and ACP-reinforced ADA-GEL constructs were obtained using a stereo microscope. The
circularity of pores (n=16) of each construct was analyzed using Image-J software (National Institute of Health,
Maryland, USA), and Pr values were calculated [51]. The data are presented as averages of Pr values with standard

deviation.

2.8.2 Construct stability analysis
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The printed constructs were incubated for 14 days in cell culture medium. Over time, the average pore area
analysis was performed on different time points (days 1, 3, 7, and 14) to assess the conformational changes in the
printed constructs. The printed constructs were visualized under a stereo microscope. The area of 16 pores was
evaluated using ImageJ software. The average pore area and standard deviations were calculated and compared
with the theoretical pore area of 2 mm? of the single pore. Initially, the average area of the pore was utilized to
evaluate the effect of ACP in ADA-GEL bioink. The stability was also examined by comparing the average pore
area at different time points (days 1, 3, 7, and 14).

2.8.3 Rhodamine phalloidin/DAPI staining

Cellular constructs were examined under an epifluorescence microscope (Axio, Carl Zeiss, Jena, Germany) to
assess cell orientation. Samples (n=3) were treated with 4% formaldehyde solution for 5 min in the dark.
Subsequently, the sample was treated with 0.1% Triton-X solution for permeation. Further, the samples were
washed twice with HBSS. Afterward, the samples were stained with 5 pl/ml solution of Rhodamine-Phalloidin
staining (Thermofisher Scientific, USA) for 1 h followed by 1 ul/ml DAPI (Thermofisher Scientific, USA)
solution for 5 min in the dark. Further, the samples were washed, immersed in HBSS solution, and analyzed under

an epifluorescence microscope.
2.8.4 Two-Photon microscopy

To allow for the analysis of time-based three-dimensional cell distribution and qualitative morphometry inside of
the different hydrogel formulations, two-photon microscopy image XYZ stacks were recorded using an ultra-fast
laser-scanning multiphoton microscope (TriMScope I, LaVision Biotech GmbH, Bielefeld, Germany) in
conjunction with a high numerical aperture (NA = 0.95) water immersion objective, Leica HC FLUOTAR L
25x/0.95 W VISIR (Leica Microsystems, Wetzlar, Germany). The fluorophores (Rhodamine, DAPI) were excited
at a laser wavelength of 810 nm, with a pulse frequency of 80 MHz and an exponentially increasing output power
from 60 to 320 mW (first to last image plane). The backward emission signal was chromatically separated with
two bandpass filters (Rhodamine: CHROMA ET 560/40x; DAPI: CHROMA ET 450/30x; Chroma, Olching,
Germany) and one dichroic mirror (CHROMA T4951pxr; Chroma, Olching, Germany) before it was eventually
detected by two ultrasensitive transmission photomultiplier tube (H 7422-40 LV 5M, Hamamatsu Photonics,
Herrsching, Germany). As morphometric analysis requires relatively high resolution, the imaging parameters
were set to 1,024 x 1,024 pixels with a corresponding image size of 436 x 436 pm and a laser scanning frequency
of 800 Hz, which results in a lateral pixel size of 0.43 um and a pixel dwell time of 0.91 us. Given the adjusted
step size in the axial direction of 2 pm, the resulting voxel size is 0.43 x 0.43 x 2 um. The height of each image
stack varied according to the thickness of the printed filaments, but it ranged from approximately 300 um to 580
pm. Therefore, each measurement yielded an image stack with 150 to 290 consecutive images. The three-

dimensional image analysis and reconstruction were performed in ImageJ/F1JI [52][53].
3. Results and discussion
3.1 Characterization of ACP

The XRD analysis shown in Fig 1(A) indicates the XRD amorphous nature of synthesized ACP [54]. The FTIR
spectra of the hydrogels are presented in Fig 1(B). The PO4* group in ACP_ACE and ACP_CIT shows four
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different vibrations: v; (950 cm™), v, (400 — 470 cm™), v; (1,000 — 1,150 cm™), and v, (500 — 620 cm™) [55,56].
In Fig 1(B), the ACP_ACE and ACP_CIT show v,, v; and v, PO,* vibrations. In ACP_CIT, the bands were
observed at 1,600 cm™ and 1,446 cm!, representing COO- bending and COH stretching, respectively, of the
carboxylic group in citrates [57]. Moreover, the peak at ~875 cm’! was absent, indicating the incorporation of the
COO- group [58]. Similarly, in ACP_ACE, the band revealed at 675 cm and 1,580 cm'! corresponds to COO-
bending and stretching, and 1,440 cm'! represents COH stretching of the acetate group [59]. The band observed
at 884 cm'! shows shifting of the HPO,? group, indicating a possible association of the carboxylic group [58].
The HR-TEM analysis illustrated in Fig 1 (C and D) reveals the particle size of ACPC_CIT (~40 nm) and
ACPC_ACE (~20 nm). The detailed characteristics such as density, NMR, XPS, surface area, and ion release
kinetics of both ACP_CIT and ACP_ACE were presented in our previous article [43].
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Figure 1. Characterization of synthesized ACPs. (A) X-Ray diffraction pattern showing amorphous ACP_ACE
and ACP_CIT. (B) FTIR analysis confirming the presence of PO4* and COO- functional groups in ACP_CIT and
ACP_ACE. (C and D) FEG-TEM micrographs revealing the morphology and particle size of the ACP_ACE (~20
nm) and ACP_CIT (~40 nm)

3.2 Fourier-transform infrared spectroscopy

In Fig 2 (A and B), Gelatin spectra show characteristic amide regions; the bands observed at wavenumbers 3,310
— 3,270 cm! (Amide A), 1,700 — 1,600 cm™ (Amide I), 1,550 — 1,400 cm™! (Amide II), and 1,240 - 670 cm'!
(Amide III) region of gelatin [60]. The characteristic polysaccharide structure of alginate was observed at 3,300
cm!' (OH stretching), 2,900 cm™ (-CH, stretching), 1,600 cm™! (O-C-O asymmetric vibrations), 1,405 cm™! (O-
C-O symmetric vibrations and C-O-H bending), 1,084 cm™!' (C-O and C-C vibration arising from the pyranose
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ring), 948 cm™!' (C-O vibrations from the uronic acid residue), 886 cm! and 809 cm! (in-plane bending of C1-H

B-mannouronic residue) in all alginate and ADA containing samples [61].

In ADA-GEL, ADA-GEL-ACP_ACE, and ADA-GEL-ACP_CIT show peaks at 1,615 cm™! (C=0 vibrations) and
1,550 cm! (C=N vibrations), confirming crosslinking by the Schiff's base formation [62]. For ADA-GEL-
ACPC_ACE and ADA-GEL-ACPC_CIT, the v; and v; of PO, fall within the range of ADA-GEL. Therefore,
the analysis was complicated. However, the PO,* v, vibrations were observed at 522 cm''in ADA-GEL-

ACP_CIT and ADA-GEL-ACP_ACE.
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Figure 2. FTIR spectra of the A) precursor materials (gelatin, sodium alginate, and alginate dialdehyde) and B)
of the composite materials (ADA-GEL, ADA-GEL-ACPC_ACE, and ADA-GEL-ACPC_CIT). The Schiff base
formation in ADA-GEL hydrogel was confirmed from the peak observed at 1,615 cm™ and 1,550 cm'. Moreover,
the PO4* band observed at 552 cm! in ADA-GEL-ACP_CIT and ADA-GEL-ACP_ACE samples confirmed the

nanocomposite formation.
3.3 Oscillatory shear tests

The linear viscoelastic region (LVE) of the hydrogels provides an optimum range in which the oscillatory shear
tests can be performed without harming the structural properties of the hydrogel. Therefore, amplitude sweep
analysis is the first step in characterizing the viscoelastic behavior of hydrogels [44]. The LVE region of all the
hydrogels falls within 20% of the strain, as shown in Fig 3 (A-C). Therefore, further analysis was performed

under 1% strain.

The frequency sweep analysis was performed to analyze the storage moduli (G') and loss moduli (G") of the
hydrogels as shown in Fig 3 (D-F). G' represents the solid-like while the G" corresponds to the liquid-like
characteristics of the hydrogel. When G"™>G", the hydrogel possesses gel-like behavior, termed a viscoelastic
solid, and when G'<G", the hydrogel possesses liquid-like properties, termed a viscoelastic liquid [62]. For
bioprinting applications, the hydrogel should possess G"™>G" for filament formation and shape fidelity [63]. The
formulated hydrogels of ADA-GEL and ACP reinforced ADA-GEL show G">G", favorable for bioprinting of
constructs. The G' and G" values of hydrogels were analyzed at the frequency of 0.01 Hz. The ADA-GEL
hydrogel shows G' and G" of 78 + 8 Pa and 3.4 + 0.4 Pa, respectively. After reinforcement of ACP_ACE in ADA-
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GEL hydrogel improved the G' and G" to 117 + 15 Pa and 6.2 = 0.4 Pa, respectively. On the other hand,
reinforcement of ACP_CIT enhanced the G' and G" to 127 + 14 Pa and 8 + 1 Pa of ADA-GEL hydrogel.
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Figure 3. Oscillatory shear tests of ADA-GEL and ACP-reinforced ADA-GEL hydrogels. (A-C) Amplitude

sweep analysis was performed to assess the LVE region of the hydrogel. (D-F) Frequency sweep analysis to
examine (G') and loss moduli (G") of the hydrogels. Results indicate reinforcement of ACP in ADA-GEL
enhances both G' and loss moduli G" of the ADA-GEL hydrogel. (G) Flow behavior analysis of hydrogels was
performed by viscosity analysis against shear rate. An increase in the shear rate led to decreased viscosity,

revealing the shear-thinning properties of hydrogels.

The flow behavior of hydrogels is an essential aspect of bioprinting. A hydrogel is a Newtonian fluid if the
viscosity is independent of the shear rate, but cells will experience high shear on extrusion in this case. On the
other hand, if a hydrogel is a non-Newtonian shear thinning fluid, a high shear will lower the viscosity of the
hydrogel, resulting in the safe extrusion of cells [64]. The flow behavior of all formulated hydrogels possesses

non-Newtonian shear thinning properties, as shown in Fig 3 (G).

3.4 Printing optimization
To find the printing window of the formulated bioinks, a trial-and-error method was performed. The crosslinking

step was not performed in this analysis, and the construct was not immersed in any medium post-printing. Initially,
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ADA-GEL hydrogel was utilized, and pressure was selected as a variable process parameter to keep the printing
speed constant at 2 mm/sec. The printing was performed at different pressures, and the printed constructs were
analyzed using stereo-electron microscopy, as shown in Fig 4(A). Printing below 45 kPa did not extrude as a
filament; therefore, the construct was not deemed printable. The construct was formed at a printing pressure of
45 kPa; however, there were structural inconsistencies. The gaps in the struts are shown in Fig 4(A) with a red
ellipse. These inconsistencies in the structures were due to non-uniform filament formation. On increasing the
pressure, the inconsistencies within the construct were gradually reduced. The pressure of 65 kPa formed a
construct without structural inconsistency, indicating uniform filament formation. However, the construct did not

display square-shaped pore geometry; therefore, printing speed optimization was performed.

In the previous step, uniform filament formation was observed when the printing pressure was 65 kPa and the
printing speed was 2 mm/s. The printing speed optimization shown in Fig 4(B) was performed by keeping
constant a printing pressure of 65 kPa. Lowering the printing speed to 1 mm/s leads to over extrusion of materials
observed from the reduced pore size. On the contrary, increasing speed to 3 mm/s showed minor changes in the
pore geometry. The geometry of pores was gradually enhanced by increasing the printing speed. A squared-
shaped pore geometry was formed at a printing speed of 5 mm/s. Further, increased printing speed enhanced the
pore geometry; however, structural irregularities were observed. Therefore, a printing speed of 5 mm/s and 65

kPa pressure were used for cell printing experiments.

A. Optimizing pressure

50 kPa 55 kPa 60 kPa
NCYKY
|8

2 mmt
-
B. Optimizing printing speed

2 mm/s

2 mm

Figure 4. Trial-and-error approach for evaluating the optimum printing outcome for ADA-GEL hydrogels under
different printing pressure and speed combinations. A) Initially, the printing pressure was assessed at a slow
printing speed of 2 mm/s. B) To overcome this, printing was performed at different speeds, keeping the pressure

at 65 kPa.
3.5 Post-printing analysis

The changes in the construct's pore geometry can be visually appreciated in Fig 5 (A-C). On day 1, the Pr value
of ADA-GEL and ACP-reinforced ADA-GEL was close to 1, indicating the square shape geometry of pores.
However, in ADA-GEL bioinks, a subsequent increase in the Pr value was observed on day 3 and day 7, signifying
uneven pore geometry. By day 14, the Pr value of the construct dropped below 1, indicating circular porosity. In

contrast, the ACP-reinforced bioinks showed decreasing Pr values, suggesting curved porosity. Notably,
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compared to pristine ADA-GEL bioink, the Pr values of ACP-reinforced ADA_GEL bioinks remain relatively
stable on days 3, 7, and 14.

Moreover, the changes of the construct pore area are presented in Fig 5 (D-F). On day 1 the average pore area of
ADA-GEL- ACP_CIT construct was close to the calculated pore area of 2 mm?. However, ADA-GEL- ACP_ACE
and ADA-GEL construct exhibited reduced average pore area. Subsequently, a decrease in the average pore area
was observed. In all the printed constructs after day 1, the reduction in the ADA-GEL bioink was rapid compared
to ACP-reinforced ADA-GEL constructs. This analysis confirmed that ACP reinforcement in ADA-GEL hydrogel
enhances the structural stability of the constructs. Notably, ACP_CIT was more effective in maintaining structural

integrity compared to ACP_ACE.
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Figure 5. Post-printing analysis of the printed constructs of ADA-GEL and ACP reinforced ADA-GEL bioinks
(ADA-GEL-ACP_ACE and ADA-GEL-ACP_CIT). Stereo microscopy image analysis was performed on days
1, 3, 7, and 14 (scale bar 2 mm). Printability index (Pr) and average pore area analysis were performed using
image J analysis by selecting 16 pores. Pore geometry was evaluated by analyzing the Pr value; for instance, Pr<1

represents curved, Pr= 1 corresponds to square, and Pr>1 resembles variable pore geometry. (A-C) Pr values and
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(D-F) average pore area. ADA-GEL bioinks show rapid conformational changes in pore geometry and reduction

in the average pore area, indicating poor structural stability compared to ACP-reinforced ADA-GEL constructs.
3.6 Rhodamine phalloidin/DAPI staining

Rhodamine phalloidin staining was employed to stain F-actin (a structural and cytoskeletal protein), and DAPI
was utilized to stain the nucleus of cells [65]. This staining allows for analyzing the morphology of the
encapsulated MC3T3-E1 cells in the bioprinted constructs. ADA-GEL bioink was used as a positive control, and
the effect of ACP_ACE and ACP_CIT on cells was analyzed. Fig 6 shows cellular attachment on day 1, followed
by cell elongation, fusion, and network formation on the consecutive day points. The scaffold was entirely covered

with cells on day 14, confirming the non-cytotoxic effect of ACP_ACE and ACP_CIT in the bioink.

Day1 Day 3 Day 7 Day 14

ADA-GEL

500 pm 500 pm 500 pm 500 pm

500 pm 500 pm 500 pm 500 pm

500 pm 500 pm 500 pm 500 pum

Figure 6. Epifluorescence microscopy of rhodamine-phalloidin (red) and DAPI (blue) staining of MC3T3-E1
cells embedded in ADA-GEL and ACP reinforced ADA-GEL constructs (ADA-GEL-ACP_ACE and ADA-GEL-
ACP_ACE). (Scale bar 500pm).

3.7 Two-photon microscopy

The cytocompatibility analysis using an inverse epifluorescence microscope revealed the cytocompatibility of the
constructs. Additionally, two-photon microscopy was performed to analyze the three-dimensional cell distribution
within the biofabricated constructs at depth. This technique can resolve fluorescently labeled cells within thick,
strongly scattering samples while reducing phototoxicity [66]. To provide a clear view of the cell distribution,
the 3D reconstructions of the obtained two-photon microscopy image stacks are presented in Fig 7. The XY
images (top-down view along the optical axis) indicate homogeneous distribution on the surface of the respective
hydrogels. On the other hand, the YZ images (the stack was rotated by 90° around the Y axis) show how cells

are colonized inside the respective bioinks. From the images, it can be concluded that the cell population gradually
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grows over time in the constructs, supporting the results from the epifluorescence microscopy experiments.

Moreover, the cells are well embedded into the constructs, confirming the fabricated bioinks' cytocompatibility.

el Day 1 Day 3 Day 7 Day 14

200 um

ADA-Gel

ADA-Gel

+ ACPC_CIT [+ ACPC_ACE

ADA-Gel

Figure 7. Three-dimensionally reconstructed multiphoton microscopy images for qualitative morphometry

and cell distribution analysis.

Figure 7 shows two different viewing angles onto three-dimensionally reconstructed multiphoton image stacks.
One representative image stack was chosen for each hydrogel composition, three-dimensionally reconstructed,
and single images of the transversal (XY, top-down view along the optical axis) and the sagittal (YZ, rotated by
90 degrees) plane were taken. While the XY perspective allows for qualitative morphometry, the YZ perspective
provides the opportunity to qualitatively determine the homogeneity of the cell distribution inside the hydrogel
filament. The green Lookup-Table represents actin filaments stained with Rhodamine-Phalloidin, and the blue

table shows the cell nuclei stained with DAPI.

4. Discussion

The study centers on developing ACP-reinforced ADA-GEL nanocomposite bioink for bone tissue regeneration
using 3D printing technology. To create biomimetic nanocomposite bioinks, ACP was used as an inorganic
component, inspired by its natural role in bone formation. Two types of ACP were used: ACP_CIT and
ACP_ACE. These ACPs were combined with a hydrogel system made up of ADA-GEL. The goal was to evaluate
the suitability of these bioinks for bone tissue engineering applications including characterization of bioink

printability.

The rheological and post-printing analysis confirmed the reinforcement behavior of both ACP_CIT and
ACP_ACE. Moreover, ACP_CIT offers better structural stability to the scaffold compared to ACP_ACE. The
superior calcium and phosphate release of ACP_CIT (shown in Fig 8) may be responsible for this behavior [45].
The ion release kinetics is critical as calcium ions crosslink ADA. The higher release of calcium ions in ACP_CIT

may help to enhance the crosslinking of ADA, thus contributing to the structural stability of the constructs [3,39].
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Another mechanism that might be contributing to the mechanical behavior of the bioinks is citrate-GEL
crosslinking [67]. The free carboxyl group of citrates in ACP_CIT can potentially react with the amine group of
GEL to form amide bonds. ADA, GEL, or both can be crosslinked with ACP_CIT. However, more advanced

analyses are required to confirm the exact mechanism.
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Figure 8. Ion release kinetics measured on (A) ACP_ACE and (B) ACP_CIT samples. The image is taken from
"Amorphous calcium phosphate and amorphous calcium phosphate carboxylate: Synthesis and Characterization"

(Indurkar et al., 2023) [43]. (Reproduced from the Open Access paper according to the license CC-BY 4.0)

Furthermore, particle size can also play a crucial role in maintaining the structural integrity of the constructs.
ACP_ACE has a smaller particle size (~20 nm) than ACP_CIT (~40 nm). Smaller particle size provides higher

surface area and a higher agglomeration tendency, thus affecting the structural integrity [68].

In summary, developing ADA-GEL nanocomposite bioinks reinforced with ACP_ACE or ACP_CIT is a
promising approach for obtaining scaffolds for tissue regeneration application by bioprinting. These
nanocomposite bioinks present a biomimetic approach and have shown enhanced mechanical stability and
structural integrity compared to the pristine ADA-GEL hydrogels. This research contributes to the understanding
of ACP-based bioink development and shows the importance of citrate in enhancing the structural stability of the

printed constructs.

Moreover, the developed nanocomposite hydrogels can be considered for broader applications, including 3D
printing of various cell types such as mesenchymal stem cells and primary osteoprogenitor cells. By harnessing
the unique properties of ACP and the stabilizing agent citrate, the study contributes to the field of ADA-GEL

composite bioinks with improved printability.
5. Conclusion

Intending to develop biomimetic nanocomposite bioinks, we have utilized citrate stabilized ACP (ACP_CIT) or
non-stabilized ACP (ACP_ACE) as the inorganic component and ADA-GEL as the organic bioink component.
The incorporation of ACP significantly improved the viscoelastic properties of the ADA-GEL hydrogel. The
bioinks were developed by embedding MC3T3-E1 cells into the respective hydrogels. For imparting structural

integrity, CaCl, and MTG were used as crosslinking agents. Post-printing analysis (printability index and average
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pore size) was performed, and the stability of the constructs was analyzed. Results revealed that ADA-GEL-
ACP_CIT constructs were the most stable compared to ADA-GEL-ACP_ACE, and minimum stability was
observed in ADA-GEL constructs. The cellular analysis attested the cytocompatibility of the bioinks. Further
research should delve deeper into the specific properties of these bioinks and their interaction with different cell

types, ultimately advancing the prospects of personalized bone tissue regeneration and repair.
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Abstract

Nanocomposite hydrogels are suitable in bone tissue engineering due to their resemblance with the extracellular
matrix, ability to match complex geometries, and ability to provide a framework for cell attachment and
proliferation. The nanocomposite hydrogel comprises organic and inorganic counterparts. Gelatin methacrylate
(GELMA) is an extensively used organic counterpart in tissue engineering due to its excellent biocompatibility,
biodegradability, and bioactivity. The photo-crosslinking of GELMA presents a challenge when aiming to create
thicker nanocomposite hydrogels due to opacity induced by fillers, which obstructs the penetration of ultraviolet
(UV) light. Therefore, using a chemical crosslinking approach, we have developed nanocomposite GELMA
hydrogel in this study by incorporating citrate-containing amorphous calcium phosphate (ACP_CIT). Ammonium
persulfate (APS) and N, N, N', N’-Tetramethylethylenediamine (TEMED) were deployed to crosslink the
methacrylate group of GELMA. The oscillatory shear tests have confirmed that crosslinking enhances both
storage (G') and loss modulus (G") of GELMA. Subsequently, incorporation of ACP_CIT in GELMA hydrogel
shows further enhancement in G' and G" values. In vitro, analysis of the developed hydrogels revealed that
chemical crosslinking and incorporation of ACP_CIT do not compromise the cytocompatibility of the GELMA.
Hence, for developing nanocomposite GELMA hydrogels employing APS/TEMED crosslinking emerges as a
promising alternative to photo-crosslinking.
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Introduction

The nanostructure arrangement of the extracellular matrix (ECM) provides appropriate physical and biological
properties to bone. Nanocomposites are preferred for mimicking bone tissue as they provide an appropriate matrix
environment and integrate desired biological properties (Sahoo et al., 2013). Nanocomposites comprise organic
(hydrogel) and inorganic (nanofiller) components (Indurkar et al., 2023a). The organic component is conducive
to cell proliferation, nutrient, and waste transport, while the nanofiller enhances mechanical properties by
hydrogen bonding, hydrophobic interaction, or charge interactions with the hydrogel (Phogat et al., 2023).
Nanocomposite hydrogels provide superior reinforcement potential, biomolecule delivery, and tunable
degradability compared to pure hydrogel (Nallusamy and Das, 2021). Therefore, it can be considered a preferred

strategy for bone tissue regeneration.

GELMA is an attractive material in tissue engineering due to its biocompatibility, biodegradability, bioactivity,
and unique crosslinking properties in developing nanocomposite hydrogels. The versatile bio-functionality of
GELMA arises from the arginine-lysine-aspartic acid (RGD) motifs essential for cell attachment (Gonzélez-

Gamboa et al., 2022). A commonly used method for crosslinking GELMA hydrogels is photo-crosslinking,
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wherein ultraviolet (UV) light is used as a photoinitiator, which enters a high-energy radical state and acts on the
reactive functional group of GELMA (Zhang et al., 2023). The major shortcoming of photo-crosslinking is limited
light penetration depth caused by decreased light intensity along the height of the hydrogel to be cured. A 5 to
200 pm layer or up to a few millimeters can be cured effectively. However, as the height increases, the light
intensity decreases, causing decaying light intensity within the material according to the Beer-Lambert law. The
photoinitiator absorbs the incident light at the top of the hydrogel, leading to a top-to-bottom crosslinking gradient
(Klikovits et al., 2022). Moreover, filler addition deteriorates hydrogel's transparency, further complicating the
photo-crosslinking process. The incorporation of filler makes opaque hydrogels, which can reflect, refract, and
absorb light, which decreases the intensity of penetration light (Gao et al., 2024).

A redox system that uses a chemical initiator (APS and TEMED) is relatively simple and effective in overcoming
GELMA's shortcomings in developing nanocomposite hydrogels. Like photoinitiated crosslinking, the
APS/TEMED crosslinking approach works on free radical polymerization. The addition of TEMED accelerates
the scission of ammonium persulfate (APS), forming disulfide radicles and hydroxyl radicles (Seetharaman et al.,
2017). These free radicles snatch one electron from the carbon-carbon double bonds in the methacrylate group of
the GELMA monomer and later become free radicles, which binds the monomers together to form long aliphatic
chains that are consequently crosslinked (Tsanaktsidou et al., 2019). The crosslinking mechanism is reported in
previous studies (Park et al., 2018).

Amorphous calcium phosphate (ACP) is the precursor of hydroxyapatite (HAP) and possesses remineralization
potential. However, due to ACP's metastability, it rapidly converts to HAP, resulting in a loss of remineralization
activity (Yan et al., 2022). Various organic and inorganic stabilizing agents have been used previously to prolong
the crystallization of ACP (Chen et al., 2014). In our previous study, we evaluated the effect of various small
organic compounds on the transformation kinetics of ACP, wherein citrate has shown the most delayed
transformation of ACP to apatite (Indurkar et al., 2023c). Therefore, in this study, we used citrate-containing ACP
(ACP_CIT) as a nanofiller to develop nanocomposite GELMA hydrogels. The effect of ACP_CIT on the
rheological properties of GELMA hydrogel was evaluated, and the in vitro analysis was performed using MC3T3-

E1 cells to evaluate the effect of crosslinking and ACP_CIT.
2. Materials and methods
2.1 Materials

Calcium citrate tetrahydrate (CAS 5785-44-4), trisodium phosphate (CAS 7601-54-9), sodium hydroxide (CAS
1301-73-2), ammonium persulfate (CAS 7727-54-0), and N, N, N', N’-Tetramethylethylenediamine (CAS 110-
18-9) were procured from Sigma Aldrich, Germany. Methacrylate gelatin (GELMA) with ~50 % degree of
methacrylate was obtained from Cellink, Sweden. Hanks balanced salt solution (HBSS) was acquired from Gibco
Life Technologies, Germany.

2.2 Synthesis of ACP_CIT

The synthesis of ACP_CIT was performed according to the previously reported procedure (Indurkar et al., 2023b).
Briefly, the reaction was performed in a volume of 300 ml. Initially, 150 ml of 50 mM of calcium citrate solution
was prepared in Milli-Q® water, followed by pH adjustment to 11.5 using 2M sodium hydroxide. Subsequently,
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150 ml of 100 mM trisodium phosphate solution was rapidly added into 150 ml of 50 mM of calcium citrate
solution. The precipitate was isolated by centrifuging at 3000 rpm for 5 min, and the precipitate was washed thrice
with Milli-Q® water. Subsequently, the centrifuge tubes containing the precipitates were immersed in liquid
nitrogen for 15 min, followed by freeze-drying for 72 h. The obtained powder was preserved in airtight containers
for further characterization.

2.3 Characterization

The phase composition of synthesized ACP_CIT was determined using X-ray diffraction (XRD) and performed
with a PANalytical Aeris diffractometer (The Netherlands). The diffraction data were collected at 40 kV and 15
mA in a step mode with a step size of 0.04°, in the 26 range from 10 to 70°.

Fourier-transformed infrared spectroscopy (FTIR) analysis was performed using Nicolet iS50 FT-IR spectrometer
(Thermo Scientific, Waltham, MA, USA). Experiments were performed in transmission mode from the

wavenumber ranging from 4000 to 400 cm with a resolution of 4 cm (64 scans).

The morphology and particle size of ACP_CIT were evaluated by Field Emission Gun Transmission Electron
Microscopy (FEG-TEM, Tecnai G2 F30, USA) operated at 300 kV. The sample preparation was as follows: a
small amount of ACP-CIT powder was dispersed in isopropyl alcohol and sonicated in an ultrasonic bath. Further,
the samples were placed on a carbon-coated grid and dried before analysis.

2.4 Synthesis of the hydrogels
Two sets of hydrogels were prepared: GELMA and nanocomposite GELMA-ACP_CIT. The GELMA hydrogel
was prepared by dissolving 5 ml of (5% w/v) GELMA in Milli-Q® water at 50°C. Subsequently, the

nanocomposite hydrogel was prepared by adding 100 mg of ACP_CIT (2% w/v) in 5 ml of (5% w/v) GELMA
solution and stirred for 10 mins at 500 rpm. Subsequently, 100ul of APS (10 % w/v) and 10ul TEMED were
added to GELMA and GELMA-ACP_CIT solution. After mixing, each hydrogel was poured into the 12 mm
diameter and 2 mm height silicon molds using a displacement pipette. The hydrogels were allowed to crosslink
for 30 min at 37°C.

2.5 Oscillatory shear tests

Oscillatory shear tests were performed with a TA HR20 rheometer (USA) to examine the hydrogels' viscoelastic
properties. A 20 mm diameter parallel plate geometry with a solvent trap was used. Each sample was analyzed in
triplicate, presenting average and standard deviation data. The linear viscoelastic region (LVE) was analyzed by
amplitude sweep analysis, and complex viscosity was performed under a constant frequency of 1 Hz and shear
stress ranging from 1-1000%. The loss moduli (G") and storage moduli (G') were characterized by the frequency
sweep analysis performed under 1% strain under the frequency range from 0.1 to 10 Hz. All the analyses were

performed at a constant temperature of 37°C in triplicate, and data is presented as average with standard deviation.
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2.5 In vitro analysis

2.5.1 Cell culture maintenance

An osteoblast precursor cell line derived from mouse (Mus musculus) calvaria (MC3T3-E1, Sigma Aldrich,
Germany) was employed for cellular analysis after 10 passages. MC3T3-El cells were maintained in an a-MEM
medium containing 10 vol% Fetal bovine serum (Gibco Life Science, USA) and 10 vol % penicillium-
streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C in a humidified atmosphere of 95 % air
and 5% CO,. The cultures of MC3T3-E1 cells were trypsinized by adding 3 ml of trypsin-EDTA solution. When
the cells were detached, 9 ml of a-MEM medium was added to the T75 flask. The cells were counted, and 1x103
cells/ml were inoculated into fresh T-75 flasks, followed by incubation at 37 °C in a humidified atmosphere of
95% air and 5% CO..

2.5.2 Cell Harvesting

Cell culture media was removed from the T-75 flask, followed by adding 5 ml of sterile Dulbecco's phosphate
buffer saline (DPBS) (Thermo Fisher Scientific, Waltham, MA, USA) to dislodge loosely attached cells and
remove fractions. Then, the DPBS was discarded, followed by adding 3 ml of 0.25% Trypsin-EDTA (Thermo
Fisher Scientific, Waltham, MA, USA) solution for 3-5 minutes and incubation at 37 °C for 3-5 min. After
detachment of cells, 9 ml of a-MEM medium was added and mixed well and then transferred to a centrifuge tube
at 350 rpm for 2 mins to acquire cell pellet, followed by redispersion in 3 ml of cell medium and mixed well. 100
ul of the cell suspension was transferred to 96-well plates, later 100 ul of trypan blue was added, and cells were
further counted using a Neubauer chamber (Neubauer-improved, Paul Marienfeld Gmbh and Co.Kg, Germany).
A solution containing 25,000 cells per ml was prepared and centrifuged at 350 rpm for 2 mins to acquire a cell

pellet.

2.5.3 Cell encapsulation

For the cellular analysis, sterile synthesis of ACP_CIT and GELMA was performed. All the reagents were passed
through 0.22um Millipore filters, whereas calcium citrate and Milli-Q® water were autoclaved at 121 °C for 15
psi for 30 mins. The obtained cell pellet (section 2.5.2) was mixed in 5 % (w/v) GELMA solutions and crosslinked
with sterile filtered 100 ul of APS (10 % w/v) and 10 pl TEMED. The hydrogel was poured into the silicon molds
and allowed to crosslink for 30 min at room temperature. The same procedure was performed for encapsulation
in ACP_CIT-GELMA hydrogels. The hydrogels were incubated in the a-MEM medium at 37 °C in a humidified
atmosphere of 95 % air and 5 % CO,. The cell culture analysis was performed for 7 days, and the medium was
changed every 2 days.

2.5.4 Rhodamine phalloidin/DAPI staining

Cell orientation in hydrogels was examined under an fluorescence microscope (Axio, Carl Zeiss, Jena, Germany).
Samples (n=3) were treated with 4 % formaldehyde solution for 5 min in the dark. Subsequently, the samples
were treated with 0.1 % Triton-X solution for permeation. Further, the samples were washed twice with HBSS.
Afterward, the samples were stained with Spl/ml solution of Rhodamine-Phalloidin staining (Thermofisher
Scientific, USA) for 1 h followed by 1 ul/ml DAPI (Thermofisher Scientific, USA) solution for 5 min in the dark.

Further, the samples were washed, immersed in HBSS solution, and analyzed under an fluorescence microscope.



168 3. Result and discussion

169 3.1 Characterization

170 The lack of crystalline order confirms the formation of ACP_CIT, as shown in Figure 1 (A). Detailed
171 characterization of ACP_CIT was reported in our previous publication (Indurkar et al., 2023b). The FEG-TEM
172 analysis in Figure 1 (B) reveals the spherical morphology and particle size of ~40 nm of synthesized ACP_CIT.

173 The FTIR analysis of non-crosslinked GELMA and APS/TEMED crosslinked hydrogels (GELMA and GELMA-
174  ACP_CIT) are shown in Figure 1(C). The characteristic peaks of O-H and N-H group stretching vibrations were
175  observed at 3300 cm™. The peaks in the regions 3100-2800 cm™* correspond to the CH stretching vibrations. The
176  characteristics of amide bands of gelatin were observed around i) 1632 cm* representing C=0 stretching of amide
177 1, ii) 1533 cm™ representing N-H bending coupled with C-H stretching of amide I, iii) 1232 cm™ was denoted to
178  C-N stretching and N-H bending of amide 111, iv) 922 cm? indicating -C-C- the skeletal stretch of amide IV and
179 v) 615 cm™ corresponds to the CH out-off plane skeletal stretch of amide V (Elsayed et al., 2018). The results

180 indicate that all the amide bands of gelatin remain intact after crosslinking.
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181 Figure 1. XRD (A), the morphology of synthesized ACP_CIT (B), and FTIR of Non-crosslinked GELMA,
182 radically GELMA (non-crosslinked and crosslinked), and GELMA-ACP_CIT nanocomposite hydrogel (C).

183 3.2 Synthesized hydrogel

184 The synthesized hydrogels are shown in Figure 2. The GELMA forms transparent hydrogels, therefore making it
185 suitable for photo-crosslinking. However, ACP_CIT was incorporated in GELMA, resulting in opaque hydrogels;
186  hence, the photo-crosslinking potential of GELMA has deteriorated. In a recent study of developing
187 nanocomposites, GELMA hydrogel containing nanohydroxyapatite (nHA) revealed incomplete crosslinking of
188 GELMA/nHA inside a multilayer scaffold (Liu et al., 2019). Similarly, incorporating amorphous magnesium
189  phosphate in GELMA leads to opaque hydrogels, making crosslinking difficult and affecting the hydrogels'
190  stiffness (Dubey et al., 2020). Crosslinking is essential to the biofabrication technique to maintain the scaffold's
191  structural integrity. Due to the limitation of photo-crosslinking, there is a pressing need to develop a chemical
192 crosslinking approach for creating nanocomposite GELMA hydrogel. The APS/TEMED chemical crosslinking is
193 a simple approach that results in quick crosslinking of hanocomposite GELMA hydrogel containing ACP_CIT,
194  asshown in Figure 2B.
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Figure 2. APS/TEMED crosslinked GELMA (A) and nanocomposite GELMA scaffolds containing ACP_CIT
(B).

3.2 Oscillatory shear tests

Analyzing the linear viscoelastic region of the hydrogels (LVE) is the first step in evaluating the viscoelastic
properties shown in Figure 3 (A-C). The storage modulus (G') represents the elastic property of viscoelastic
material, indicating the stored deformation energy, while the loss modulus (G") corresponds to the viscous
property of viscoelastic indicating deformation energy lost through internal friction when flowing. When G'>G"
the material possesses viscoelastic solid-like properties on the other hand when G'<G" the material possesses
viscoelastic fluid-like behavior (Indurkar et al., 2020). The GELMA (non-crosslinked), GELMA and GELMA.-
ACP_CIT exhibits G'>G" corresponding to viscoelastic gel-like behavior with LVE region falling within 10 % of
strain. On increasing the strain, the crossover point is reached where G’=G" corresponds to the gel-sol
transformation. After the crossover point, the three-dimensional network completely ruptures, and the material
starts showing fluid-like characteristics (Pereira et al., 2022).

The polymeric chain in the non-crosslinked hydrogel is free and exhibits a high degree of freedom. Therefore, the
ability to withstand irreversible strain-induced deformation is high, so the crossover point of GELMA was
observed at 501% strain. However, after crosslinking with APS/TEMED, the polymeric chains are linked together,
observed from enhancement in G' and G"; therefore, the ability to withstand irreversible strain-induced
deformation is reduced. Incorporating ACP_CIT in GELMA hydrogel enhances the crossover point to 158%,
imparting the ability to withstand higher stains.

The frequency sweep analysis was performed at a constant strain of 1% within the LVE region. The G' and G"
were analyzed against frequency, as shown in Figure 3 (D-F). At lower frequencies, the G" of non-crosslinked
GELMA hydrogel dominates over the G' value corresponding to the sol-gel behavior. With increased frequency,
the G' drastically increases and takes over G" values. Conversely, the G' and G" of GELMA and GELMA-
ACP_CIT were independent of frequency.



220

The G' and G" of each sample were analyzed at 1Hz frequency, which indicates the fragile nature of non-

221 crosslinked GELMA with G' of 0.12 Pa and G" of 0.016 Pa. The moduli were enhanced by crosslinking the
222 GELMA with APS/TEMED, showing the G' of 82.58 + 13 Pa and G" of 2.25 £ 0.5 Pa. Moreover, incorporation
223 of ACP_CIT in GELMA has shown further enhancement in G' of 318.8 + 6.5 Pa and G" of 11.3 + 0.2 Pa, thus
224 confirming the reinforcement. The moduli of GELMA and GELMA-ACP_CIT were independent of frequency;
225  therefore, further analysis was performed on these two samples.
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226 Figure 3. The viscoelastic properties of the hydrogels were analyzed using oscillatory shear tests: the LVE region
227 of the hydrogel was analyzed by amplitude sweep (A-C). Investigation of storage and loss modulus of the
228  hydrogels by frequency sweep (D-F). Tan & analysis (G), and complex viscosity test analyzing the flow properties
229 of the hydrogels (H).
230  Tan § is the G" to G' ratio often used to analyze the damping factor of the hydrogels represented in Figure 3 (G).
231 When the tan 8>1 sample behaves like a viscous liquid, whereas the tan <1 sample behaves more like an elastic
232 solid (Yan and Pochan, 2010). At 1 Hz, the tan & value of GELMA was 0.035 £ 0.0006. On incorporating



233 ACP_CIT, the tan 8 value was reduced to 0.027 + 0.002, enhancing the elastic solid-like behavior of GELMA.
234 The flow behavior of hydrogel was analyzed by complex viscosity analysis, as shown in Figure 3 (H), revealing
235 the shear-thinning behavior of the GELMA and GELMA-ACP_CIT hydrogels (Vlachopoulos and Strutt, 2016).

236 3.3 Rhodamine phalloidin and DAPI staining

237 In vitro analysis evaluated the effect of the APS/TEMED crosslinking and ACP_CIT incorporation in GELMA
238 hydrogel. The fluorescent microscopy images are presented in Figure 4, which show the cytoskeleton (red) and
239 the nucleus (blue) of MC3T3-E1 cells. Cell attachment was observed on the first day, and by the seventh day, the
240  cells were spread and distributed well on the hydrogel, confirming the cytocompatibility of APS/TEMED
241 crosslinking. The preliminary analysis indicates that APS/TEMED crosslinking and incorporation of ACP_CIT
242 have not shown adverse effects on the cytocompatibility of GELMA.
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243 Figure 4. Fluorescent microscopy of rhodamine-phalloidin (red) and DAPI (blue) staining of MC3T3-E1 cells
244 embedded in GELMA and GELMA-ACP_CIT hydrogels.

245 4. Conclusion

246 The nanocomposite hydrogels of GELMA containing ACP_CIT were developed successfully using chemical
247 crosslinking. The FTIR analysis revealed that the APS/TEMED crosslinking did not alter the functional groups
248 of GELMA. Subsequently, the oscillatory shear tests revealed that the non-crosslinked GELMA possesses very
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low G' and G" values (less than 0.1 Pa). On crosslinking, G' (82.58 + 13 Pa) and G" (2.25 + 0.5 Pa) were
significantly enhanced imparting structural integrity to the scaffold. On incorporation of ACP_CIT in GELMA, a
further enhancement in G' (318.8 £ 6.5 Pa) and G" (11.3 + 0.2 Pa) confirms the reinforcement potential. Finally,
the in vitro analysis has concluded that APS/TEMED and ACP_CIT do not obstruct the growth of MC3T3-E1
cells. The preliminary analysis has shown the cytocompatibility of chemical crosslinking and ACP_CIT
incorporation in GELMA hydrogel. Therefore, the APS/TEMED crosslinking can be further explored in various
biofabrication approaches to develop GELMA-based nanocomposites.
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supporting the potential of our composite hydrogel for applications in bone tissue engineering, backed by in vitro
analysis confirming its cytocompatibility.

We believe that our research contributes significantly to the field of biomaterials and tissue engineering,
offering a new approach to address the limitations of current hydrogel systems in bone regeneration. This study's
innovative combination of materials and systematic optimization opens new avenues for developing advanced
biomaterials for clinical applications.

Thank you for considering our manuscript. We believe our findings will be of great interest to your readership
and contribute to advancing the field of biomaterials science.

We declare that the work is original, has not been published before, and is not being considered for publication
elsewhere. As a corresponding author, I confirm that the manuscript has been read and approved for submission
by all the named authors. There is no conflict of interest to declare.

Sincerely,

Prof. Dr.sc.ing. Janis Locs

Director

Institute of General Chemical Engineering
Riga Technical University, Latvia.
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Abstract

In this work, development of thermoresponsive double network (DN) nanocomposite hydrogel was fabricated.
The primary network of hydrogel was composed of chemically crosslinked gelatin methacrylate (GELMA) and
polyacrylamide (PAM) while the secondary network was composed of physically crosslinked Pluronic P123. A
systematic approach was adopted to develop DN hydrogels. Initially, the impact of P123 concentration on the
mechanical properties of PAM-GELMA hydrogel was investigated. Results from the tensile strength and the
oscillatory shear tests revealed that an increasing P123 concentration has a marginal effect on the storage modulus
while significantly reducing the loss modulus of the PAM-GELMA hydrogel, thereby improving mechanical
properties. Notably, DN3 hydrogel containing 7.5w/v% P123 exhibited the highest mechanical properties. To
further enhance the mechanical properties, citrate-containing amorphous calcium phosphate (ACP_CIT) was
incorporated in DN3 hydrogel at varying concentrations. It was observed that at a lower concentration of
ACP_CIT (0.75w/v%), the mechanical properties of hydrogel (DN3ACPO0.75) were notably enhanced.
Incorporating ACP_CIT in DN3 hydrogel (DN3-ACPO0.75) decreased creep strain, slowed stress relaxation, and
reduced water uptake capacity while maintaining the shape memory effect. Finally, an in vitro analysis confirmed
the cytocompatibility of the hydrogels with MC3T3-E1 cells, indicating the potential use in bone tissue

engineering.
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1. Introduction

Bone tissue engineering has shown immense potential for the application of engineered biodegradable
biomaterials that facilitate bone regeneration without acquiring the risks of metallic devices and bone grafts. In
the nineteenth century, calcium phosphate (CaP) was first used as a bone substitute material [1]. Since then, bone
substitute materials have aimed to replace bone defects by simply filling up the defect volume by deploying
biologically active materials to facilitate bone regeneration. In subsequent years, materials such as ceramics, metal
nanoparticles, bioglass, polymers, and proteins alone or in combination were utilized [2]. Today, advancements
in material synthesis, biofabrication techniques, and an improved understanding of bone structural and

physiological properties have opened new horizons in developing new strategies for bone regeneration [3,4].

The development of bone substitute materials intends to imitate the structural and functional role of the bone's
extracellular matrix (ECM), minerals, and cellular components, providing a foundation and favorable environment
for new bone growth and restoring functionality [5]. The unique mechanical properties of natural bone arise from
the hierarchical nano and micro-scale arrangement of the bone ECM structure [6]. Building nanoscale and
microscale materials in three-dimensional scaffolds is necessary to promote the hierarchical organization of the
natural ECM. Moreover, the biophysical aspect of ECM, such as stiffness, is linked to various cellular behaviors
in vivo and vitro [7,8]. The hydrogel stiffness plays a significant role in bone remodeling by 1) providing the
signal to osteoblasts and osteoclasts for bone anabolism, 2) regulating mesenchymal stem cells (MSC)
osteogenesis by modulating elasticity, and 3) regulating the transformation of amorphous calcium phosphate
(ACP) to hydroxyapatite (HAP) [7,9].

Hydrogels are a three-dimensional network of polymer chains with excellent water absorption capacity, low
friction, transparency, and ion permeability [10]. Due to such properties, hydrogels can potentially mimic the
extracellular matrix (ECM). Injectable hydrogels have shown potential advantages in repairing bone defects, such
as minimal invasive implantation and filling irregular bone defects [11]. However, their application in bone tissue
engineering is limited due to the insufficient mechanical properties to meet the load-bearing requirements of bone

tissue [12]. Additionally, scaffold fabrications have high requirements due to their non-adjustable shape.

Shape memory hydrogels (SMHSs) have been gaining attraction due to their shape tuneability, which holds promise
for treating irregular bone defects [13]. The reversible transition between shapes leads to the shape memory effect
(SME), originating from a double network (DN) hydrogel [14,15]. DN hydrogels consist of two interpenetrating
polymer networks with different physical properties [16]. One of the polymer networks consists of hard and brittle
sacrificial bonds, a phase that maintains the original shape and prevents flow deformation of the DN hydrogel
[17]. The second polymer provides a soft, flexible network that acts as a reversible phase to fix the temporary
shape [18].

Polyacrylamide (PAM) hydrogels are used due to their easy polymerization and stable crosslinking network. In
the 1980s, PAM hydrogels were first used in aesthetic surgery. Since then, this material has been widely used in
ophthalmic operations, wound dressing, water treatment, food packaging products, and cell-based applications
[19]. Recently, a commercial viscosupplement (Contura's Astrosemid®) was introduced, comprising PAM. A 52-
week human study demonstrated the efficiency of Astrosemid® in treating knee osteoarthritis [20]. PAM

hydrogels possess nearly perfect elasticity but lack cell attachment sites and shape memory function [21]. One
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possibility is to deploy gelatin methacrylate (GELMA) to overcome this problem. Gelatin contains the RGD
(arginine-glycine-aspartic acid) peptide sequence essential for cell adhesion [22]. Moreover, the methacrylate
groups of GELMA can be crosslinked using ammonium persulfate (APS) and Tetramethyl-ethylenediamine
(TEMED), which also crosslinks PAM [23,24]. Therefore, the first hydrogel network is formed by a co-polymer
of GELMA-PAM. However, GELMA has weak mechanical properties and limited thermal stability; therefore,
Pluronics P123 was introduced in PAM-GELMA hydrogels.

Pluronic P123 is a polymer consisting of hydrophilic polyethylene oxide (PEO) and hydrophobic polypropylene
oxide (PPO) arranged in tri-block PEO-PPO-PEO, widely used in drug delivery and tissue engineering
applications due to its excellent biocompatibility and thermo-sensitivity [25]. It possesses thermoreversible
behavior where, below critical gelation temperature (20 to 30°C), the polymer is in the gel state due to micelles
formation [26]. On heating, the gel structure breaks down, thus forming a solution. This behavior of Pluronics
P123 is reversible, meaning that the solution undergoes gel formation when cooling. Amorphous calcium

phosphate (ACP) was incorporated in P123-PAM-GELMA hydrogel to develop nanocomposite hydrogel.

ACP is a central precursor in biomineralization [27]. It is a biocompatible and bioresorbable calcium phosphate
form widely used in biomedical applications, including bone regeneration and drug delivery. One major drawback
of ACP is its metastable nature, which leads to rapid transformation to apatite [28]. The transformation of ACP
to apatite can be delayed by two mechanisms: surface absorption of organic molecules (adenosine triphosphate
(ATP), polyelectrolyte, citrate, and polyethylene glycol) or ionic substitution (magnesium, zinc, iron, carbonates,
pyrophosphates, and fluorine) [29-34]. We have used citrate-containing amorphous calcium phosphate
(ACP_CIT) to develop nanocomposite P123-PAM-GELMA hydrogels.

In this work, a systematic approach was followed for the preparation of DN hydrogels; initially, the impact of
varying w/v concentrations of P123 (2.5%, 5%, 7.5%, and 10%) on mechanical and rheological properties
(Young's modulus, tensile strength, elongation at break) of PAM-GELMA was evaluated. Amongst these, the DN
hydrogel with 7.5 w/v% P123 in PAM-GELMA (DN3) exhibited the highest mechanical properties. Therefore, it
was further utilized to develop nanocomposite DN hydrogels by incorporating different w/v concentrations of
ACP_CIT (0.75%, 1.5%, and 3%). The nanocomposite DN hydrogels with 0.75 w/v% ACP_CIT (DN3-ACP0.75)
exhibited the highest mechanical properties. The DN3 and DN3-ACPO0.75 hydrogel's water uptake capacity, creep-
recovery and stress relaxation behavior, shape memory effect, and cytocompatibility were compared with those

of pristine DN3 hydrogel.

2. Materials and methods

Calcium citrate tetrahydrate (CAS 5785-44-4), trisodium phosphate (CAS 7601-54-9), sodium hydroxide (CAS
1301-73-2), ammonium persulfate (CAS 7727-54-0), and N, N, N', N’-Tetramethylethylenediamine (CAS 110-
18-9) were procured from Sigma Aldrich, Germany. 30% Acrylamide/N, N'-Methylenebisacrylamide solution
(37.5:1) (PAM premix) was received from Bio-Rad, USA, and ~50% methacrylate gelatin (GELMA) was
obtained from Cellink, Sweden. Hanks balanced salt solution (HBSS) was acquired from Gibco Life

Technologies, Germany.
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2.1 Synthesis and characterization of citrate stabilized amorphous calcium phosphate.

Synthesis of ACP_CIT was performed using the previously reported protocol[35]. Briefly: The reaction was
performed in a volume of 300 ml. Initially, 150 ml of 50 mM of calcium citrate solution was prepared in Milli-
Q® water, followed by pH adjustment to 11.5 using 2M sodium hydroxide. Subsequently, 150 ml of 100 mM
trisodium phosphate solution was rapidly added into 150 ml of 50 mM of calcium citrate solution. The precipitate
was isolated by centrifuging at 3000 rpm for 5 min and washed thrice with Milli-Q® water. Centrifuge tubes
containing the precipitates were immersed in liquid nitrogen for 15 min, followed by freeze-drying for 72 h. The
obtained powder was preserved in airtight containers for further characterization.

The phase composition of synthesized ACP_CIT was determined using X-ray diffraction and performed with a
PANalytical Aeris diffractometer (The Netherlands). The diffraction data were collected at 40 kV and 15 mA in
a step mode with a step size of 0.04°, in the 20 range from 10 to 70°.

The Fourier-transformed infrared spectroscopy (FTIR) analysis was performed using a Nicolet iS50 FT-IR
spectrometer (Thermo Scientific, Waltham, MA, USA). Experiments were performed in transmission mode from

the wavenumber ranging from 4000 to 400 cm* with a resolution of 4 cm™ (64 scans).

The morphology and particle size of synthesized ACP_CIT were evaluated by FEG-TEM (Tecnai G2 F30, USA)
operated at 300 kV. The sample preparation was as follows: a small amount of powder was dispersed in isopropyl
alcohol and sonicated in an ultrasonic bath. Further, the samples were placed on a carbon-coated grid and dried
before analysis.

2.2 Synthesis of DN hydrogel

The primary solution was prepared by making Pluronic's P123 prepared in Milli-Q® water at different wiv
concentrations (5%, 10%, 15%, and 20%). The secondary solution was prepared by incorporating 2 w/v%
GELMA in PAM premix solution and mixed at 500 rpm for 30 min to get a homogenous solution. The DN
hydrogels were prepared by mixing an equal amount of primary (3 ml) and secondary solutions (3 ml). Afterward,
100ul (10 w/v%) APS and 10ul TEMED were added for crosslinking. The solution was vortexed and immediately
added into the rectangular molds, which were allowed to be set for 30 min at 37°C.

Nanocomposite DN hydrogels were prepared by adding different w/v concentrations of 1.5%, 3%, and 6% of
ACP_CIT in 15 w/v% Pluronic's P123 solution. The secondary solution was prepared by mixing 2 w/v% GELMA
in PAM premix solution and mixed for 30 min to get a homogenous solution. The nanocomposite DN hydrogels
were prepared by mixing 3 ml of primary and 3 ml of secondary solution. Afterward, 100ul APS and 10pl TEMED
were added for crosslinking. The solution was vortexed and immediately added into the rectangular molds, which
were allowed to be set for 30 min at 37 °C.

DN hydrogel was synthesized by mixing equal amounts of GELMA-PAM and Pluronics P123 solution; therefore,
the effective concentration of the respective compounds was reduced to half. The abbreviation of hydrogels and
their effective concentrations are represented in Table 1. These abbreviations were used in all the following

sections.
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Table 1. Abbreviations and effective GELMA, PAM, P123, and ACP_CIT concentrations in the respective DN
hydrogel.

Hydrogel Effective concentration in hydrogel Abbreviations
GELMA PAM P123 ACP_CIT
w/v% w/v% w/v% w/v%

PAM-GELMA 1 30 - - PAM-GELMA
GELMA-PAM-(5 w/v%) P123 1 15 2.5 - DN1
GELMA-PAM-(10 w/v%) P123 1 15 5 - DN2
GELMA-PAM-(15 w/v%) P123 1 15 7.5 - DN3
GELMA-PAM- (20 w/v%) P123 1 15 10 - DN4
DN3-(1.5 w/iv%) ACP_CIT 1 15 7.5 0.75 DN3-ACP0.75
DN3-(3 w/v%) ACP_CIT 1 15 7.5 15 DN3-ACP1.5
DN3-(6 wiv%) ACP_CIT 1 15 75 3 DN3-ACP3

2.3 Mechanical properties

The uniaxial test was performed on the fabricated hydrogels, and the mechanical properties were analyzed using
the universal testing machine Instron 5967 (Instron GmbH, Darmstadt, Germany). The hydrogel was fabricated
in a rectangular mold, having a 9 mm width and 20 mm length. The analysis was performed at a 5 mm/min
crosshead speed at 100 N load cell. Mechanical properties such as Young's modulus, tensile strength, and

elongation at break were analyzed using a tensile stress-strain curve.
2.4 Oscillatory shear tests

Oscillatory shear tests (TA HR20 rheometer, New Castle, USA) used a 20 mm parallel cross-hatched Peltier plate,
and the solvent trap was used. The linear viscoelastic region (LVE) was analyzed by amplitude sweep analysis
performed under a constant frequency of 1 Hz and shear strain ranging from 1-100%. The loss moduli (G") and
storage moduli (G') were characterized by the frequency sweep analysis performed under 1% shear strain, and
frequency ranged from 0.1 to 10 Hz. A constant static force of 10 N was applied for creep experiments, and the
temperature was kept constant at 25° C throughout the experiment for 180 seconds. The stress relaxation
experiments were performed at a constant strain of 1%, and shear stress of 1 kPa was applied to the hydrogel for

180 seconds. Further strain was removed, and the recovery phase was registered for 360 seconds.
2.5 Water uptake capacity

The water uptake capacity was tested using a gravimetric procedure. Initially, the weight of dry samples was
recorded (Wo). Subsequently, the dry samples were immersed in 20 ml Milli-Q® water. The scaffold was removed
at different time points till 720 min. The excess water from the scaffold was removed using moist filter paper, and

the weight was recorded (W1). The samples' water uptake capacity (W%) was calculated using equation (1).

w1i-wo

wo = ( )+100  Equation (1)
2.6 Shape memory behavior

Samples were prepared in rectangular molds of length of 45 mm and width of 15 mm to analyze the hydrogel's

shape memory behavior. The prepared samples were swelled in Milli-Q® water for 24 h and further treated in
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70° C Milli-Q® water for 2 min. Afterward, the samples were removed, and a temporary cylindrical shape was
formed by wrapping the samples. The temporary shape was fixed by placing the samples in 4°C Milli-Q® water
for 2 minutes. The shape recovery process from the transformed shape to the original shape was triggered by
immersing samples in 70° C Milli-Q® water. Five cycles of temporary shape formation and its recovery to the

original shape were performed.
2.7 In vitro analysis
2.7.1 Cell culture maintenance

An osteoblast precursor cell line derived from mouse (Mus musculus) calvaria (MC3T3-E1, Sigma Aldrich,
Germany) was employed for cellular analysis after ten passages. MC3T3-E1 cells were maintained in an a-MEM
medium containing 10 vol % Fetal bovine serum (Gibco Life Science, USA) and 10 vol % penicillium-
streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C in a humidified atmosphere of 95% air
and 5% CO,. The cultures of MC3T3-E1 cells were trypsinized by adding 3 ml of trypsin-EDTA solution. When
the cells were detached, 9 ml of o-MEM medium was added to the T75 flask. The cells were counted, and 1x10°
cells/ml were inoculated into fresh T75 flasks, followed by incubation at 37 °C in a humidified atmosphere of
95% air and 5 % COs..

2.7.2  Cell Harvesting

Cell culture media was removed from the T75 flask, adding 5 ml of sterile Dulbecco's phosphate buffer saline
(Thermo Fisher Scientific, Waltham, MA, USA) to dislodge attached cells and remove cell fractions. Then, the
PBS was discarded, adding 3 ml of Trypsin-EDTA (Thermo Fisher Scientific, Waltham, MA, USA) solution for
3-5 minutes and incubating at 37 °C for 3-5 min. After detachment of cells, 9 ml of a-MEM was added and mixed
well and then transferred to a centrifuge tube at 350 rpm for 2 mins to acquire cell pellet, which was further
redispersed in 3 ml of a-MEM medium and mixed well. 100ul of the cell suspension was transferred to 96-well
plates, 100ul of trypan blue was added, and cells were further counted using a Neubauer chamber (Neubauer-
improved, Paul Marienfeld Gmbh and Co.Kg, Germany). A solution containing 25,000 cells per ml was prepared
and centrifuged at 500 rpm for 2 mins to acquire a cell pellet.

2.7.3  Cell encapsulation

All the solutions were sterilized by passing through 0.22-micron filters. All operations were performed on a sterile
bench. The DN and ACP-containing DN hydrogels were synthesized by procedure illustrated in section 2.2. After
forming respective solutions, the cell pellet was mixed to form a cell suspension, followed by the addition of
100ul APS and 10pul TEMED. The solution was gently aspirated and immediately added into the 12-mm diameter

and 2-mm height circular mold using a positive displacement pipette set for 30 min at 37°C.

CellCrown inserts (ScaffdexOy, Tampere, Finland) were placed in a 6-well plate. The circular mold was removed,
and the hydrogels were transferred onto the CellCrown. 2ml of o-MEM medium was added to each well and
incubated at 37°C in a humidified atmosphere of 95% air and 5 % CO.. The a-MEM medium was changed every

two days.
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2.7.4 Rhodamine phalloidin/ DAPI stain

The hydrogels were washed with HBSS and treated with 4% paraformaldehyde in HBSS for 15 min, then washed
thrice with HBSS. Subsequently, a permeability buffer was introduced for 5 min, after which it was removed
carefully. Further, a Phalloidin-master mix (8l Phalloidin per ml of HBSS) was added following incubation for
one hour in the dark. Afterward, the Phalloidin-master mix was removed, and constructs were washed with HBSS.
Then, the constructs were stained with DAPI (1l DAPI per ml of HBSS) for 15 mins in the dark. The constructs
were once again washed with HBSS and analyzed on an inverted epifluorescence microscope (Axio scope 1, Carl
Zeiss, Jena, Germany). Three replicates were analyzed, and cell viability was determined.

3 Results and discussion
3.1 Characterization

X-ray amorphous ACP_CIT is shown in Figure 1(A). The functional groups of ACP_CIT were analyzed using
FTIR analysis, shown in Figure 1(B). The band observed at 3250 cm corresponds to OH asymmetric and
symmetric stretching, and the band at 1670 cm signifies the OH bending mode of water. Furthermore, the bands
observed at 1600 cm™ and 1446 cm represent COO bending and COH stretching, respectively, of the carboxylic
group in citrates [36]. The phosphate groups of ACP_CIT show three vibration peaks of vi, vs and v, which were
observed at 950 cm, 1020 cm™, and 560 cm respectively. FTIR and XRD confirm the amorphous nature of
ACP and the presence of citrate. The spherical morphology of the ACP_CIT particle was confirmed by FEG-
TEM, as shown in Figure 1(C).
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Figure 1. Characterization of ACP_CIT (A) X-ray diffraction patterns confirming the amorphous nature of
ACP_CIT. (B) FTIR spectrum displaying functional groups present in the ACP_CIT. (C) FEG-TEM confirmed

~40 nm particle size of ACP_CIT nanoparticles.
3.2 Synthesized DN hydrogels

All the synthesized hydrogels are shown in Figure 2. The PAM-GELMA forms transparent hydrogels. The
transparency was retained by blending 2.5% P123 (w/v) in PAM-GELMA hydrogel and increasing concentration
to 5% (w/v) P123, making translucent hydrogels PAM-GELMA, further increase in P123 concentration (7.5%
and 10%) results in opaque hydrogels. Therefore, at higher concentrations of P123, the transparent nature of PAM-
GELMA hydrogels was compromised. At higher concentrations of P123, the intrinsic arrangement of micelles
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and entanglement of the polymer chain within the PAM-GELMA hydrogel contribute to the structural complexity
of Pluronic's P123, leading to light scattering and making gels opaque [37].
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Figure 2. Photograph of synthesized hydrogels.

3.3 Mechanical analysis

Uniaxial tensile strength analysis revealed the synthesized hydrogels' mechanical properties (see Figure 3). In the
PAM-GELMA hydrogel, the Youngs modulus was 446 + 51.32 kPa, tensile strength of 44.7 + 10 kPa, and
elongation at break was 15.43 + 2.01%, representing brittle nature [38,39]. As the P123 was blended in the PAM-
GELMA hydrogel, Young's modulus gradually decreased while the tensile strength and elongation increased,

which can be attributed to increased flexibility.

Under the application of tensile strain, the covalently crosslinked PAM-GELMA hydrogel's network is broken,
resulting in permanent deformation. However, in DN hydrogel, the P123 offers a primary network that partially
unzips under tensile strain, thus keeping the PAM-GELMA networks intact [40]. Therefore, as the concentration
of P123 increased, the mechanical properties of the PAM-GELMA hydrogel were enhanced. However, at 10
w/v% P123 concentration, the elongation was reduced due to a high P123 concentration, resulting in the
anisometric micellar formation, producing a large micellar core that may be responsible for this behavior [26].
The DN3 hydrogels exhibit the highest elongation of 149.45 + 10.56% compared to other DN hydrogels (DN1,
DN2, DN4); therefore, DN3 hydrogel was further utilized for making nanocomposite hydrogel by incorporating
ACP_CIT.

A further effect of ACP_CIT was analyzed on the mechanical properties of DN3 hydrogel by varying the
concentration of ACP_CIT. As observed in Figure 3(B), at low ACP_CIT (0.75 w/v%) concentration, the
elongation of DN3-ACP0.75 hydrogel was enhanced to 181.7 + 0.07%, while the tensile strength (63.6 + 10 kPa)
and Young's modulus (60 + 17.32 kPa) were reduced compared to pristine DN3 hydrogels. Reducing Young's
modulus and increasing elongation indicates that the DN3-ACPO0.75 hydrogels were more flexible than DN3
hydrogels [41]. Further increasing concentration of ACP_CIT (1.5 w/v% and 3 w/v%) affects Young's modulus,
tensile strength, and elongation.
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This phenomenon results from the interplay between the molecular weight of the polymer and the ACP_CIT
nanoparticles. Under the deformation, the nanoparticles absorb the applied stress, delaying the crack propagation
by numerous flexible polymeric chains [42]. The concentration of 0.75 w/v% ACP_CIT provided the best
stretchability results. However, 1.5 w/v% and 3 w/v% ACP_CIT concentrations may agglomerate or have formed
non-crosslinked regions in the hydrogel [43]. At higher concentrations, nanoparticles can agglomerate into
clusters, forming an inhomogeneous distribution within the hydrogel, hampering crosslinking between the
polymer chains [44,45]. Therefore, compromised mechanical properties were observed in DN3-ACP1.5 and DN3-
ACP3 hydrogels. This highlights that the desirable effect ACP_CIT was reached at a lower concentration of 0.75

w/v%.
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Figure 3. Tensile stress-strain curve of the prepared hydrogel. (A) Analyzing the effect of P123 concentration on
the elongation of the SN hydrogel. (B) Analyzing the effect of ACP_CIT concentration on the elongation of the
DN3 hydrogel. (C and D) Young's modulus, (E and F) Tensile strength, and (G and H) Elongation at break (%)
of SN, DN, and NCDN3 hydrogels.

3.4 Oscillatory shear tests

Analyzing the LVE region is the first step in analyzing the viscoelastic properties of the hydrogel, as it indicates
the range in which further steps need to be performed without destroying the sample structure [46]. The amplitude
sweep of all the synthesized hydrogels is shown in Figure 4 (A-l). The storage modulus (G') represents the elastic
behavior of the material, indicating its ability to store energy when subjected to deformation. The loss modulus
(G™) measured the viscous behavior of the materials, indicating dissipated energy as heat under deformation.
When the G'>G", the material exhibits gel-like behavior. On the contrary, the material possesses fluid-like
behavior when G'<G" [22]. All the synthesized hydrogels possess G'>G", showing gel-like behavior. After the
LVE region, the breakdown of the structure starts with the formation of microcracks. However, the viscoelastic

behavior of the structure was well preserved; therefore, structural breakdown is a slow process. The increasing
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strain increases the micro-crack propagation and reaches where G' = G", known as the crossover point. The three-

301  dimensional network completely ruptures after the crossover point where the hydrogel exhibits (G'<G") fluid-like
302 behavior [47].
303 The crossover point of P123 hydrogel was very high (at 171.1% strain), indicating its ability to withstand strain-
304 induced irreversible deformation. However, in the case of PAM-GELMA hydrogel, the crossover point is very
305 low (at 2.40 % strain), which can be attributed to its brittle nature [48]. However, when the P123 blended in the
306 PAM-GELMA hydrogels, the crossover point was enhanced, resulting in the ability to withstand strain-induced
307 irreversible deformation. In the case of nanocomposite hydrogels, adding 0.75 w/v% ACP_CIT (DN3-ACP0.75)
308 shows enhancement in the crossover point (at 16.15% strain) when compared to pristine DN3 hydrogel (at 12.9%
309  strain) resulting in enhanced ability to withstand strain-induced irreversible deformation. However, as the
310  concentration of ACP_CIT increases to 1.5 and 3 w/v%, the crossover points decrease to 12% and 5.1% strain
311 respectively, obstructing the ability to withstand strain-induced irreversible deformation.
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312 Figure 4. Amplitude sweep and crossover point of all the synthesized hydrogels.
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A frequency sweep analysis was performed to evaluate the viscoelastic properties of the prepared hydrogels, as

shown in Fig 5 (A-l). In Fig 5(A), the frequency sweep of 20% P123 shows G'<G" at initial frequencies

corresponding to sol-like behavior; however, with an increase in frequency, the moduli sharply increase, and the

crossover point is achieved, after which the G' dominates over G" ascertaining gel like behavior [22,49].
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Figure 5. Frequency sweep of the synthesized hydrogels

The G' and G" of the hydrogels were analyzed against the frequency of 1 Hz shown in Figure 6A. The P123

possesses very low G' (1904 + 50 Pa) and G" (1112.3 + 28.5 Pa) corresponding to the characteristic of weak and
soft material. On the contrary, the PAM-GELMA hydrogel has high G' (10916.6 + 625.3 Pa) and G" (4058.6 +
213.8 Pa), corresponding to the high strength and brittle nature. By increasing the P123 in PAM-GELMA hydrogel

the G' value was less affected compared to the G" value. The reduction in G" means less energy is dissipated

during deformation, indicating that the hydrogel behaves more elastically and less viscously. Therefore, as the

concentration of P123 increases, the difference between the G' and G" values shows increasing elastic behavior
[50]. This phenomenon was observed until the P123 concentration of 7.5 w/v% in PAM-GELMA hydrogel (DN3).
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However, further increasing the P123 concentration to 10 w/v% in PAM-GELMA hydrogel (DN4), the decrease

in the G' and increase in G", obstructing the elastic behavior of the hydrogel.

In the case of nanocomposite hydrogels at lower concentration of ACP_CIT (0.75 w/v%) in DN3 hydrogels
(DN3-ACP0.75), reveals the G' of 9141 + 2545 Pa and G" of 341.3 + 134.8 Pa. The incorporation of ACP_CIT
(0.75 wi/v%) decreases G' and G" values, however the reduction in the G' was marginal while G" values drastically
decreased which may be responsible for enhancing elastic property. However, as the concentration of ACP_CIT
(1.5 w/v%) increased in DN3 hydrogels (DN3-ACP1.5) drastically increased values of G' (17766.6 + 2689.4 Pa)
and G" of (1034.9 + 290.2 Pa) imparting rigidity to the hydrogel. A further increase in ACP_CIT concentration
(3 w/iv%) in DN3 hydrogels (DN3-ACP3) shows extreme enhancement on G' (22523.3 + 6950 Pa) and G" of
(1422.6 + 47.6 Pa), which may be responsible for compromising the mechanical properties [51,52].
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Figure 6. Analyzing storage (G') loss modulus (G") at the frequency of 1 Hz (A). Evaluation of the tan § at 1 Hz
(B). Tan 8 analyzed all synthesized hydrogels at varying frequencies (C) and complex viscosity (D).

The tan § analysis of all the synthesized hydrogels is shown in Figure 6(C). Tan & is the ratio of G" to G' of
viscoelastic material often used to analyze the damping properties of the material. It quantifies the ratio of energy
dissipated as heat. In viscoelastic material, a higher tan & value (close to 1) indicates a higher proportion of energies
dissipated as heat relative to the energy stored elastically. On the other hand, a lower tan & value indicates that

more energy is elastically stored compared to dissipated energy [46].
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The tan 6 of PAM-GELMA hydrogel was 0.37+0.03 when analyzed at a frequency of 1 Hz, shown in Figure 6(D).
Increasing P123 concentration in PAM-GELMA hydrogels shows tan 8 of 0.28 + 0.13 (DN1), 0.16 + 0.01 (DN2),
0.067 £ 0.01 (DN3) and 0.09 + 0.02 (DN4) respectively. This analysis observed that tan & values decreased till
hydrogel DN3, where the P123 concentration was 7.5 w/v% in PAM-GELMA (DN3), which can be attributed to
increased flexibility [53]. However, when the P123 concentration was increased to 10 w/v% in PAM-GELMA
(DN4), the tan & value increased, thus hindering the damping properties, and reducing flexibility.

In the nanocomposite hydrogels, the tan & values were 0.036 + 0.05 (DN3-ACPO0.75), 0.057 + 0.008 (DN3-
ACP1.5) and 0.067 + 0.02 (DN3-ACP3). The tan § value of DN3-ACP0.75 was the lowest, which can be attributed
to the higher elasticity. Increasing the concentration of ACP_CIT in DN3 hydrogels to 1.5 w/v% (DN3-ACP1.5)
and 3 w/v% (DN3-ACP3) increases the tan & value, which can be attributed to the reduction in the damping
properties. With the increase in the ACP_CIT concentration, the tan & value starts to increase, which can alter the
crosslinking density and polymer chain mobility within the hydrogel, thus affecting the hydrogel's overall

mechanical properties.

The complex viscosity of all the synthesized hydrogel decreased with an increase in frequency, demonstrating
shear thinning behavior. Variations in the complex viscosities were observed with different concentrations of
P123 and ACP_CIT in PAM-GELMA hydrogel [54]. As shown in Figure 6 (D), an increase in P123 concentration
in PAM-GELMA hydrogel led to a notable reduction in complex viscosity. Similarly, the addition of different
ACP_CIT concentrations affected the complex viscosity of the DN3 hydrogels. The highest ACP_CIT
concentration (DN3-ACP3) exhibited higher complex viscosity, followed by DN3-ACP1.5 and DN3-ACP0.75
hydrogels.

The results from tensile strength analysis go hand in hand with the oscillatory shear tests, confirming that blending
of P123 enhances the elasticity and mechanical properties of PAM-GELMA hydrogels. However, the performance
of P123 was concentration-dependent. In addition, the performance of ACP_CIT was also concentration-
dependent. At deficient concentrations of ACP_CIT, enhancement in elasticity was observed, which may be due
to pseudo crosslinking of citrate in ACP with GELMA. However, more advanced analyses are required to confirm
the citrate-GELMA interaction. The DN3 and its nanocomposite DN3-ACPO0.75 hydrogel have the highest

mechanical properties. Therefore, further analysis was performed on these two hydrogels.
3.5 Creep recovery and stress relaxation analysis

Creep and recovery behavior helps reflect the interaction of polymeric chains of the viscoelastic material, which
helps to understand and analyze the deformation mechanism of the hydrogels. Therefore, the creep recovery
analysis was performed to evaluate the interaction change among the polymer chain of the one DN3 and
nanocomposite DN3-ACP0.75 hydrogels, as shown in Figure 7 (A). The incorporation of ACP_CIT in DN3
hydrogel (DN3-ACP0.75) shows a positive effect on decreasing creep strain. This can be due to restricted polymer
chain movements by adding ACP_CIT nanoparticles [55]. The stress relaxation curves are presented in Figure 7
(B). The DN3 and nanocomposite DN3-ACP0.75 hydrogels show rapid stress relaxations. However, the presence
of ACP_CIT slowed the stress relaxation of DN3-ACPO0.75 hydrogels [56,57]. Previous studies have shown

hydrogel's stress relaxation dependency on water uptake capacity. Faster stress relaxation was observed,
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increasing water content, which may be due to synergy of factors such as 1) migration of more water, 2) softer

polymer network enhancing matrix flow, and lesser stiffness [58].
A) B)
16
—— DN3
12
—~ < 750+
S 10 L
N—r n
£ 8 o 5004
g . 5
wn
44 2501
2+4——DN3 Mn ¥\_
0 —— DN3-ACP0.75 0 i i i i i i
0 50 100 150 200 250 300 350 0 25 50 75 100 125 150 175
; Time (s)
Time (s)
C)
1200
—s— DN3
—e— DN3-ACP0.75,
1000
800 i/;/i——i
600 /;/i'_—i_*_}
400
200
0 100 200 300 400 500 600 700 800 DN3 DN3-0.75ACP
Time (min) '
Figure 7. Analyzing creep-recovery (A), stress relaxation (B), water uptake capacity (C), and photographs of dried
and swelled DN3 and DN3-ACP0.75 hydrogels (D and E).
3.6 Water uptake capacity
The water uptake capacity of DN3 hydrogels and its composite DN3-ACP0.75 is presented in Figure 8C. Both
the DN3 and DN3-ACP0.75 hydrogels grow double in size after swelling, as observed in Figure 7 (D and E). The
incorporation of ACP_CIT in the DN3 hydrogel affects the swelling kinetics. A reduction in the water uptake
capacity of DN3-ACPO0.75 hydrogels can be due to the hindrance of the free polymer chain movement by the
addition of ACP_CIT [59]. Compared to DN3 hydrogel, the lower water uptake capacity of DN3-ACP0.75
hydrogel may be attributed to the slower stress relaxation.
3.7 Shape memory behavior.
The shape memory hydrogel possesses two different types of crosslinks. One of the crosslinks is composed of a
covalent network, which is essential to maintaining the structural integrity of the hydrogel. On the other hand, the
second crosslink is composed of a physical reversible network responsible for fixing the temporary shape. In this
investigation, PAM-GELMA forms the covalently crosslinked network [60]. The thermosensitive P123 forms
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reverse physical crosslinking when exposed to high temperature (70°C), triggering the temporary shape formation
when exposed to (4°C), thus providing shape memory and recovery properties as shown in Figure 8. The DN3
hydrogels and its composite DN3-ACP0.75 hydrogels were immersed in Milli-Q® water for 24 h, then placed in
70°C Milli-Q® water for 2 min, allowing shape transformation. The transformed shape was immersed in 70°C
Milli-Q® water for 2 min, allowing transformed shape fixation (temporary shape). For shape recovery, the
temporary hydrogel was again immersed in 70°C Milli-Q® (Movie provided in supplementary data). Herein, we

could control and repeat shape memory and recovery for at least five cycles.

Casted Hydrogel Fixed Recovery
Original shape temporary shape Original shape
= ] 1)70°C _— ' =
& for 2 min
Z —
= 2) 4°C
gl for 5 min
w
= 1) 70°C
g for 2 min
Q —
i | 2)4C
Z gl for 5 min
=

Figure 8. Temperature-induced shape memory behavior of DN3 and DN3-ACP0.75 hydrogels.
3.8 In vitro analysis

Rhodamine phalloidin and DAPI staining were performed to analyze the cytoskeleton (red) and the nucleus (blue)
of MC3T3-EL1 cells, as shown in Figure 9. Epifluorescent microscopy was performed on days 1, 3, and 7 to
investigate the cytocompatibility of the hydrogel. The cell attachment on the hydrogel was observed on day 1. On
day 3, the cells spread well and were distributed on both hydrogels. On day 7 the scaffold was densely populated

with cells, confirming the cytocompatibility of developed DN3 and DN3-ACPO0.75 hydrogels.
Day 1 Day 3 Day 7

DN3

NC1DN3

100um 100um 100um

Figure 9. Fluorescent microscopy of rhodamine-phalloidin (red) and DAPI (blue) staining of MC3T3-EL1 cells
embedded in DN3 and DN3-ACPO0.75 hydrogels.
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4 Conclusion

A new thermoresponsive double-network (DN) nanocomposite hydrogel was synthesized using primary (PAM-
GELMA), secondary (P123) networks, and ACP_CIT. Initially, P123 was blended in PAM-GELMA hydrogel in
different concentrations, and its effect on tensile strength and viscoelastic properties was analyzed. It was observed
that the increasing concentration of P123 (7.5 w/iv%) in PAM-GELMA hydrogel enhanced the mechanical
properties. However, a higher concentration of P123 (10 w/v%) compromised the mechanical properties of PAM-
GELMA hydrogel. Similarly, the concentration-dependent trend was observed while developing nanocomposite
hydrogels where a low concentration of 0.75% ACP (DN3-ACP0.75) enhanced mechanical properties beyond
which the mechanical properties were negatively affected. This study has shown that PAM-GELMA hydrogel's
mechanical properties strongly depend on the secondary (P123) network concentration and ACP_CIT. Therefore,
the mechanical properties can be tuned per the desired applications by tuning the secondary network and
ACP_CIT concentration. The temperature-induced shape memory behavior of the DN3 and DN3-ACP0.75 allows
shape alteration which can be further used in developing complex architecture. The DN3 and DN3-ACP0.75
hydrogels are suitable for cell encapsulation, as evident by in vitro studies, thereby highlighting their potential use

in tissue engineering applications requiring enhanced mechanical and biological performance.
5 Future outcome

Living organisms display unique mechanical characteristics in tissues like bone, arteries, and the brain, which are
influenced by the properties of the ECM. Ex-situ measurements of the natural tissues highlight a wide range of
stiffness across the different body tissues. For instance, Engler et al. revealed that the osteoid matrix surrounding
the cultured has Young's modulus of 20-50 kPa, which promotes osteogenic differentiation of mesenchymal stem
cells [61]. Moreover, previous studies have shown that hydrogel with faster stress relaxation promotes osteogenic
differentiation and facilitates the formation of interconnected type | collagen matrix mineralized by the
differentiated cells [62]. The developed DN3 and DN3-ACP0.75 hydrogels possess Young's modulus within the
range of 20-50 kPa with faster stress relaxation, which can potentially be explored in bone tissue engineering

applications.
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