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HYDROXYAPATITE NANOPARTICLE INJECTABLE HYDROGEL SCAFFOLD
TO SUPPORT OSTEOGENIC DIFFERENTIATION OF
HUMAN MESENCHYMAL STEM CELLS

A.A. Thorpé, S. Creasey C. Sammohand C.L. Le Maitr&-.

'%LRPROHFXODU 6FLHQFHY 5HVHDUFK &HQWUH 6KHVHOG +DOOD
20DWHULDOV DQG (QJLQHHULQJ 5HVHDUFK ,QVWLWXWH 6KHVHC

Abstract Introduction

Bone loss associated with degenerative disease and tradrreditionally, the use of bone autografts has been regarded
is a clinical problem increasing with the aging populaton DV WKH JROG VWDQGDUG FOLQLFDO LQ!
7TKXV HUHFWLYH ERQH DXJPHQW Dhdwewrethis Wedapatitid sttatélyy iBllhited bl thexdmd G
KRZHYHU PDQ\ KDYH WKH GLYVD GoY i@ewhbt thhvbewised ad Yokeld tlitiddl TigkLinJterms
invasive surgery and often the addition of expensivef increased operative blood loss and donor-site morbidity
JURZWK IDFWRUV WR LQGXFH RVYGbUREQDVW GHGDOCWLPODRQ +HWBHRQV
we investigated a Laponitecrosslinked, pNIPAM- a considerable amount of research has been undertaken
DMAc copolymer (L-pNIPAM-co-DMAc) hydrogel ZKLFK DLPV WR GHYHORS HuUHFWLYH U
ZLWK K\GUR[\DSDWLWH QDQRSDUW.F®IHY] WR ER Q HZ OLFEK HQWDWLRQ .U
EH PDLQWDL Q G viib\injdzte@uiarnalras- OLVWU\ DQG OLNRYV 2QH JURX.
gauge needle into affected bone, followedibysitu biomaterials are hydrogels which are three-dimensional,
JHODWLRQ WR GHOLYHU DQG L Q @&3ohbleRKko¥g-HhRetHYdréph{Bd_polyrddd@Qnéhvddia/ L R Q
of human mesenchymal stem cells (hMSC). L-pNIPAM({Geckil et al, 2010) that can potentially be used to deliver
FR '0$F K\GURJHOV ZHUH V\QWKH¥HVH ZQW k- $FHIM QEGHVELYH FDSDFLW\
post polymerisation. Commercial h(MSCs from one donotDFLOLWDWH FHOO JURZWK LQ;OWUDWL
/IRQ]D ZHUH LQFRUSRUDWHG LQ @&alTXLG BBEWRJIJHO + WeKUHR PH DV XIWWHH QRW J
VROLGL{HG DQG FXOWXUHG IRU X SdnsRlered kst ¥hatlriaDdE ¢hGide\fok [&debore&léfects,
was maintained within hydrogel constructs containings XH WR WKHLU ZHDN PHFKDQLFDO SUR:
PJ P/ +$3QD 6(0 DQDO\VLV G H&RdaUsEU PriyiteeredPdpikbddh[combining the use of
deposition in cellular hydrogels which were absentiFrHOOV ELRORJLFDO IDFWRUV DQG VFDu
DFHOOXODU FRQWUROV $ VLJQL ¢ pDQisE. Ih QartidhD Midpéraiuié eRsitie hidrBgRIS X O X V
(G") was observed in cellular hydrogels with 0.5 mg/mMLDWWUDFWLYH VLQFH WKH\ FD@® EH DSSC
+$3QD 6HPL TXDQWLWDWLYH L BiRuBQWRIKbNNLRIE)KAA Bdalvhydiddel DaDlGbe one
KLVWRORJLFDO DQDO\VLV G&WR Q \Whid Qad/zHdB WetoSit\o Bdti@i-tedslandidd thiological
markers and collagen deposition was induced within 48l ROHFXOHYVY E\ PLQLPDOO\ LQYDVLYH L
with increased calcium deposition with time. The thermallgnd macro fractures followed bysitugelation, assisting
WULJJHUHG K\GURJHO V\VWHP Gidt¥énatuHepaikaddréyeng@tidn dhbere lmdt@\\Euch
without the need of additional growth factors or osteogena&material would be of particular use for osteoporosis, non-
PHGLD WR LQGXFH RVWHRJHQLF XIQULHRUH QW EDW URIQ IRU WIRFFRHDWFMBOQW ¢ |
hMSCs. Preliminary data presented here will be expandatbund dental implants or for treatment of bone defects
RQ PXOWLSOH SDWLHQW VD® 3¢HWMWRSHQWM OHIHNVE/L ZH WHKQ HDMR KRR QWDO GL
in these samples. This system could potentially redutiee majority of developed hydrogel systems are not fully
treatment costs and simplify the treatment strategy f{d HDFWHG LQ WKH OLTXLG VWDWH DQG V
orthopaedic repair and regeneration. risk to surrounding tissues and added cells during delivery,
UHSUHVHQWLQJ D VLIQL¢FDQW FKDOOH
Keywords: Injectable hydrogel, stem cells, thermallyhydrogels for tissue engineering from concept to clinical
responsive, bone regeneration, hydroxyapatitapplication (Shiret al, 2003).
nanoparticles. Mesenchymal stem cells (MSC) are potentially the most
attractive cell choice for bone regeneration since they can
be extracted from a variety of adult tissues (Sakagetchi

*Address for correspondence: al., 2005), they have proliferative capacity and thus can be
Christine L Le Maitre easily cultured and expandexivivq they host the ability to
Biomolecular Sciences Research Centre GLUHUHQWLDWH LQWR P>XGaW20&2pH FHOO

6KHVHOG +DOODEKBQHODIBUBWLWY &©QG ¢QDOO\ WKH\ DOVR DYRLG WKH HW
Telephone number: 01142256163the use of embryonic stem cells. Recent studies have
E-mail: c.lemaitre@shu.ac.uk suggested that the source of MSCs are critical to the clinical
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AA Thorpeet al Novel Nanoparticle Hydrogel for Bone Regeneration

RXWFRPH ZLWK LPSURYHG RVWH R Je¢a§ile-inGtermd of-ciinidal BpMic&Rign Skl \inele@sVEIL D O
in bone marrow derived MSCs in comparisonto synoviaUHTXLUHPHQWY LQFOXGLQJ ELRFRPSD)
membrane and adipose tissue derived MSCs (Sakaguittjectability, without the need for additional osteogenic
et al. <RV K &tRX 2DD7). Rational design of LQGXFLQJ IDFWRUV LV \HW WRVEH SURG
ELRPDWHULDO VFDUROGV WR SURRBOWeH tHe ekt priart@flarsyttheti¢hyddadalde ivéyl R Q
of MSCs, should aim to create a cellular microenvironmesystem which exploits the thermal phase transition of
that mimics the natural bone architecture and extracellulpNIPAM and its ability to form electrostatic interactions
matrix (ECM) and thus provides the necessary biologicakith Laponiteé surfaces (Boyest al. D %B\HV
FKHPLFDO DQG SK\WLFDO FXHV 2ZR@Q2D).Q&okittR h ByiHatt smectite clay with a
Regenerating the complex nanostructure of bonZHOO GH¢{QHG VWUXFWXUDO FKHPLFDO
comprising of nanocrystals of carbonated apatite embeddesied in household paper and polymer products. It has Mg
within a rich collagenous fibrous matrix, has been hi* cations in the octahedral sites, with*dations within
VLIQL;FDQW FKDOOHQJH IRU K\tBelrRellayer shdbe/ Hhe idédlidged RiIh@a/foiQ_Apdnite
to poor mineralisation following implantation (Gkioniis Ng, [Mg, Li,, Si;2,, 2 +,], and the platelets are
et al. +RZHYHU ELRDFWLYLW tyghllKA8bnRid HiddnéteFtpa thiekness of 0.8
improved by the addition of ceramic phases, such asLOOHQEDFKHU 7KH SRO\PHULVD\V
K\GUR[\DSDWLWH +$3 ZKLFK LV udingtzodERdbatixahlirite FARBNG RvQidh @hdergoes
of bone and constitutes60R1 QDWLYH ERQH {h&ildnal:diskd@iation at temperatures above which pNIPAM
DQG 7UDXE 6\ QW KIPW2 ), hads3 wilkgblymerise in a hydrophobic, globule conformation.
been extensively studied as a supplementary additionThis results in polymerisation and chain propagation close
K\GURJHO VFDUROGYV IRU ERQH U HtdHh@ HapaniélsR@ce WekeDhe Bdt/mEY/LdpoRrie Q
WR KROG VLIQL;FDQW RVWH R EtR QdBtixIEsviisY &b distrdeSantltiad in ld Stableklawywszosity
al. , Vet MO L ¥eDal, 2007, Venugopal FROORLGDO VXVSHQVLRQ 7KLV XQLTXH
et al. = KtaR 2006) and is commonly used forstable, provided the pNIPAM chains are maintained at
FRDWLQJ RI SURVWKHWLF MRLQWamparRuied attarite thd\Dridmam @n theirlgdiue J
DQG 2VERUQ etallLOVVRRUWKHUPRIRWPDWLRQ 8SRQ FRROLQJ WKH S1,:
GLVSHUVHG PLQHUDO ZLWKLQ ELiRM Ehg/dglobuleDt® the Edil wéh@Gatiold, Dhé dolyinieQ
shown to enhance mechanical properties (Siethal, chains extend outwards forming bridging interactions
SURYLGH QXFOHDWLRQ VLW HwitH Reighbéurikg KKl platd&s Gt R Rangléve RiQwith
as well as providing critical cellular anchoring pointsadjacent uncoiling polymer chains. The combination
which not only enable integration with surrounding bonef NIPAM with a second monomer DMAc prior to
tissue, but have also been shown to regulate the fatepoilymerisation results in a crosslinked, 3-dimensional
FHOOXODU GLukitaHQWLCBMEBR Q . LIRydrated pNIPAM-DMAC statistical copolymer network
Trappmanret al. = ktaR 2006). which gels upon cooling below 3A1.16°C and does not
$ YDULHW\ RI LQMHFWDEOH K\GHRIHTX NIRIDWMR BI®WH YR W ME WVMHPHES HU D W X |
regeneration have been reported (D’Este and Eglinystem developed enables the incorporation of cells and
KRZHYHU PDQ\ VA\VWHPV UHTXQUMHF %R RQ M K E O/\W& Sh&ll- bweireedldésT XL G V V
FURVY OLQNLQJ De&lIQWYV +DsDdD ¥ KpHoy tb them forming hydrogels situwithout the use of
6 DX QGdluUV 6 KKtLa@) 2003) which any additional, potentially toxic, reactive agents (Boyes
can result in toxicity to the delivered cells as wedl et al. D %&WdHV E 7K&dS$S2916).
WKH VXUURXQGLQJ WLVVXHV GXUHKDYQMHRWILRXYVOWKHE RQVWHPWHG
DUH WRR YLVFRXV IRU LQMHFW L$&uQiedVtkal Belslddulg Quirlivie RadhereQdtheChirbyel
which may damage the target site and limit the potentialirface, migrate through the hydrogel and deposit matrix
of clinical applications (Michalelet al. 1 DeY V (Boyeset al, 2012b) and recently we have shown the basic
al. 6LPLODU S1,3%0 +%$3 K\GK\BIHRAIYWARUVERHPHSURPRWHY 06& GLUH
UHSDLU KDYH EHHQ UHSRUWHG KRIEus Yutddsus\c&lsl (TharpeRlL, 20ILa) \THR kit IdfO O V
incorporated prior to gelation has not always been assestiéd study, was to test the hypothesis that an injectable
(Coutoet al, 2009) or the use of growth factors has beebaponite’ crosslinked, pNIPAM-DMAc copolymer
QHFHVVDU\ WR LQGXFdtlaR VW H R I R(Q-pNNAAM-ca-DMACc) hydrogel delivery system, loaded
et al. / LebaR ODUWt@tH. 6DQ] ZLWK K\GUR[\DSDWLWH QDQRSDUWL
Naet al, 2007) — thus adding both complexity and cost tbe structurally sufficient alone to deliver and induce
the treatment strategy if these approaches were to be UR¥ WHRIHQLF GLUHUHQWLDWLRQ RI KO6¢
FOLQLF Deb# \(2006)Lreported a cytocompatible DGGLWLRQDO RVWHRJIJHQLF LGB&FLQJ |
S1,3%0 JUDIWHG +$% VXUIDFH P DWNSGsDrio Z khefidllWrEsp@Bive Wydi@gel system,
PLQHUDOLVDWLRQ KRZHYHU DFRQEWDLRHQRDV$BQD DZXLIF®RADPH) [E\H PDL
LQVXVFLHQW WR DFW DV D W KU ptibr takl@ibn@i3LZ.R £00LEC. Fit e@ative dihliciyyH U \
FDUULHU FDSDEOH RI ¢ OO inQivoF R &nd diridaMidnveviixnde BfBuch smdthdd could provide
Despite substantial advances in the development @Q HUHFWLYH DQG PLQLPDOO\ LQYDVLY'!
K\GURJHOV DV UHJHQHUDWLYH regeneratidniddhoné ih b uRicy@happliRétiorsR Q H
augmentation, the ideal load bearing hydrogel that is
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Materials and Methods ROG GRQRU /RQ]D 60ORXJK 8. ZHUH F)
PHGLD /LIH 7THFKQRORJLHV 3DLVOH\
Hydrogel synthesis ZLWK KHDW LQDFWLYDWHG %RMWDO FDC

An exfoliated suspension of Laporfitelay nanoparticles /LIH 7THFKQRORJLHYVY 3DLVO&HP/8. 3HQI
(25-30nm diameter, < QP WKLFENQHVYV % </L$G GHWKYPRORJILHY 3DLVOH\RB. 6WUL
/IWG &KHVKLUH 8. ZDV SUHSDUHB/E\ MUHRURRYX Q/RMORULIYPM BDLVOH\ 8.
Laponite¢ (0.1 J LQ GHLRQ@BWHG +mL) (250QJ P/ 6LJPD 3RROH 8mM)JldeXWDPLQH
for 24 h. N-isopropylacrylamide 9% (NIPAM) 7HFKQRORJLHV 3DLVOH\ 8R/MDLPG DVFRL
(0.7833 6LJPD 3RROH 8. 1 19 GLPHWIO\OIRROEBDBLGHRPSOHWH FHOO FX
(DMACc) (0.117 J 6LIJPD *LOOLQJHKveréexpadhded iDrmbidlayer culture to passage 9 to ensure
2-2'-azobisisobutyronitrile (AIBN) (8ng) (Sigma, Poole, VXVFLHQW FHOOV ZHUH DYDLODEOH &H:
8. ZHUH DGGHG WR WKH VXVBKH QregaiRr®@at @ QeGsity &F 118 tels@Gnl| Rdthogenously

After passing the suspension through a 5-8P S R U H mix@dwWith the L-pNIPAM-co-DMAc hydrogel suspension

paper, polymerisation was initiated by heating to 80 °(38-39 °C) containing either 0.5 or 1.0 J P/ +$3QD

and the reagents were allowed to react foh24 was 6LJPD 3RROH 8RR adi€dGnto the middle

observed that after heating the monomeric suspensialls of a sterile 48-well culture plate by 26-gauge needle
to80°& WKH WUDQVSDUHQW OLTXL@GMWRW IOR/QR GoMHVFWRQ DLPNOQVRQ 30\P}
VXVSHQVLRQ hRi@OGRDeDsuspension, a RXWHU ZHOOV YRLG RI K\GURJHO 3KR\
statistical copolymer with a composition o¥dLaponite, (PBS) (300u/ /ILIH THFKQRORJLHV 3DLVO'Ll
7.83% NIPAM, 1.17% DMAc and 90% water (by pipetted into all outer wells of the 48-well plates to prevent
ZHLJIJKW 0: RI UHV XO WnaR(Boyeset U Bryirb@f hydrogel constructs. 300 pL of L-pNIPAM-co-

al. D %&8HV E 7 Kd&&l.28l16), was DMAc hydrogel suspension, without cells, containing
cooledto50& DQG K\GUR[\DSDWLWH QRi(MG& D5 0MLIOP O PV +$3@D ZHUH DOVR DGG
(<200 QP 6LJPD 3RROH 8. ZH UwklikoRaRtBrileH&viRIKcMIre plate, by 26-gauge needle
PLIHG LQWR WKH OLTXLG K\G U R Jijectiol, Xo\s8rteQY/ dcBRlIQlar dohtkols RV acallulab akd

54 °C: 0.97 MPal/s) at either Orfig/mL or 1.0mg/mL. K06& K\GURJHO VFDuUROGYV ZHUH FXOWX
7KH K\GURJHO +$3QD VXVSHQWY RQItdr® Welik @OdesErivédR above) by careful overlay
SULRU WR FHOO LQFRUSRUDWLR Q of)IX0unlV ¢f rhedierR peOdoQsiruBt) ibateS & @ PHU L F
suspension to 37C; i.e. below the gelation temperature5 & 2 and maintained in culture for up to 6 weeks.

of 37.1+ 0.16 °C, resulted in a solidified hydrogel Media were collected and replaced every @-Samples
(supplementary video 1, available from the ecmjournalvere removed after 48 1, 2, 4 and 6 weeks for analysis

org website page for this paper). The absence of unreactéccell viability, scanning electron microscopy (SEM),

1,330 LQ WKH VA\WVWHP ZDV FRQ¢ UistbldgicH sds€3sSmentaf khatrk @afpdsibdd and hMSC

scanning calorimetry (DSC). differentiation analysis using immunohistochemistry

,+& $GGLWLRQDO VDPSOHV ZHUH DOV
Material characterisation 6 weeks to assess the mechanical properties using dynamic
Dynamic mechanical analysis (DMA) mechanical analysis (DMA). All experimental procedures

DMA was performed on no cell control hydrogel samplesyere repeated at least 3 times.
without culture, in triplicate using a PerkinElImer DMA8000
PRGHO LQ FRQ¢QHG FRPG HpplyinglaR QytésBiksH D W
sinusoidal force with a 0.02m displacement from 0.63 ,+& ZDV SHUIRUPHG RQ K06&V WDNHQ
to10 +] /LTXLG / S1,3%0 FR '0$F KculButeRddd © hydbyel encapsulation to serve as time
SUHSDUHG VROLG LiatrGorbtentpexair® kekb Gomtrold. Monolayer cells were trypsinised and cells
LQ DQ DLU ORFN VHDOHG EDJ IRQORHLQH® KLY/ D BDU R BoenD/D(SHEAR\SH 3 % 6
punch (5mmi.d.) was used to remove cylindrical samplesSRROH 8. mirR4pun at 300 gfor 5min to form
from the solid hydrogel. All sample dimensions were cell pellet and resuspended in PBS to a cell density of
FRQ¢UPHG XVLQJ GLJLWDO FD O O B@¢ttlsN..3aDRRotceiVsRsde msiDriiwasiieR ¢ytQ@spun,
formed by centrifugation at 100pm for 3min (Shandon
Gelation Temperature &E\WRVSLQ 7TKHUPR 6FLHQWLILF /R
/ILTXLG / S1,3%0 FR '0$F K\GURJH ® O/IXG/I$WH QW IURQ V2 BNWKH T X H QWO unBILU GULH
05PJ P/ +$3QD zZzDV VIQWKHVLVHG DEGXLOQB R ZIHRG& WHRE FORGRIDOWVR. V
room temperature. A digital calibrated thermometer was
used to measure the temperature at which gelation of t@gtocompatibility assessment of hydroxyapatite
hydrogel was initiated. Six replicate measurements wel€ \GURJHO VFDuROGV
taken from 3 separately prepared hydrogel batches (Tafilee metabolic cell activity of hMSCs incorporated into
1). VROLGL{HG / S1,3%0 FR '0$F K\GURJHC
either 0, 0.5 0or 1.0PJ P/ +$3QD DW D GHQVI
Expansion and incorporation of human mesenchymal 1 x 10° cells/mL were assessed using Alamar Blue
stem cells in hydrogels DvvD\ /LIH THFKQRORJLHYV 3DLVO!
Commercial bone marrow derived human adultomplete media following 0, 1, 2, 3, andd7sing the
mesenchymal stem cells (hMSCs) extracted from # 38PDQXIDFWXUHUV SURWRFRO 7KH AXRU

b — I L www.ecmjournal.org
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Tablel. *HODWLRQ WHPSHUDWXUH RI /LTXLG / S1,3%0 FR '0$F K\C
suspensionwith0.»J P/ +$3QD GHWHUPLQHG XVLQJ D GLJLWDO FDOL

thermometer.
L-pNIPAM-co-DMAc L-pNIPAM-co-DMAc | L-pNIPAM-co-DMAc
Batch 1 (°C) Batch 2 (°C) Batch 3 (°C)
37.2 37.4 36.8
36.9 37.1 37.1
37.3 37.4 37.3
37.1 37.3 37.1
37.0 37.0 37.2
37.3 37.2 37.0

Table 2 Immunohistochemistry Reagents.

Primary antibody Clonality Optimal Dilution Antigen Retrieval Blocking Serum | Secondary Antibody
Runx2 Mouse monoclonal 1:200 NAR Rabbit Rabbit anti-mouse
Collagen | Mouse Monoclonal 1:200 EAR Rabbit Rabbit anti-mouse
Collagen Il Mouse Monoclonal 1:100 NAR Rabbit Rabbit anti-mouse
Collagen X Mouse Monoclonal 1:400 EAR Rabbit Rabbit anti-mouse
2V WHR S R @wuseMonoclona 1:400 NAR Rabbit Rabbit anti-mouse

2V WHR F D ™MBus&Monoclonal 1:400 EAR Rabbit Rabbit anti-mouse
Aggrecan Mouse Monoclonal 1:200 NAR Rabbit Rabbit anti-mouyse

7DUJHW DQWLERGLHV XVHG IRU ,+& DEFDP WWHLHY YRDSON B P V&K FFRD F HRY
UHWULHYDO 1%$5 HQJ\PH LQGXFHG DQWLJHQ UMIVLOHMGE DQ ABWHULOO \P BV
section.

XVLQJ D AXRUHVFHQFH PLFURB O BaAriinyg ¢ledt@®hroicro&ddpg (IBM)V D U

%0* /$%7(&+ AXRUHVFHQFH H[F L \SdnndsRee mavei@roh@iin&afehds, 2, 4 and 6

500 QP 5HODWLYH AXRUHVFHQFH weeks\Wozerzat-808 DG FUEWMBTRBGQGWO\ IUHH]H
normalised to acellular control hydrogels as an indicatiob )' $ JUHH]H "ULPF3J38 MG ViR far

of cytotoxicity/proliferation. 8 h. The sample was then fractured to expose the interior
surface morphology attached onto an aluminium stub and
Dynamic mechanical analysis then using a Quorum Technology 150 Q TES system coated

Acellular and hMSC L-pNIPAM-co-DMAc hydrogels, with either gold (10 pA sputter current for 180 s with a

cultured in MSC medium, containing either m§/mL or 2.7 tooling factor) for imaging or with 2m carbon for

10PJ P/ +$3QD ZHUH FKDUDFWH U L \eRe®yl dRdpgeishte Xirdy (EBDG KalgsisF D O

properties after 4 and 6 weeks in culture. Replicate samples 7KH IUDFWXUH VXUIDFHV ZHUH H[D
were removed from culture, blotted and their mechanical 29$%$ QDQR6 (0 VFDQQLQJ HOHFWU|
properties characterised by DMA. Samples were extract€8EM). Secondary electron (SE) images were obtained

using a 5mm circumference circular biopsy punch, allusing accelerating voltage ®kDW YDULRXV PDJQL¢F
sample heights were measured and recorded using digihging from 1,000 x to 40,000 x. Images were captured
callipers prior to measurement. Triplicate samples werB QG SRUH VL]HV —P PHDVXUHG XVLQJ
analysed using a PerkinElmer DMA8000 model undely VRIWZDUH OHGLD &\EHUQHWLFV %X
FRQ¢QHG FRPSUH V¥, appRing &sktsoisl/ with 200 pores selected at random from 10 separate images
forcewitha0.02PP GLVSODFHPHQW DW |foteackigi@eh tirke\pdihH W ZH H Q

1-10 +] 7KH 6(0 ZDV HTXLSSHG ZLWK DQ 2[IR
EDX analyser incorporating an X-Max silicon drift
Hydration degree detector (SDD) and Aztec Energy software. This allowed

To evaluate the hydration degree of the h(MSC and acellulfHILRQV RI LQWHUHVW WR EH VFDQQHG

L-pNIPAM-co-DMAc hydrogel scaffolds with 0.5 or providing elemental spectra data on selected features.

10PJ P/ +$3QD VDPSOHV ZHUH H[WUDFWHG IURP FXOWXUH

in triplicate following 48h, 1, 2, 4 and 6 weeks and theMatrix deposition within hydrogel constructs

wet weight M) of the samples was measured. SampleeDWUL[ GHSRVLWLRQ ZDV LQYHVWLJDW

were then lyophilised forBto obtain the dry weight{).  with or without cells following 48, 1, 2, 4 and 6 weeks.

The hydration degrees of the hMSC and acellular hydrogelULSOLFDWH VDPSOHV ZHUH UHPRYHG |

VFDUROGY ZHUH FDOFXODWHG X\ gadafovikaldehile/RBS 04 @) BVENXIBhtViLi&r @

(Mo—Mt)x100 ) ZDVKLQJ LQ 3%6 DQG HPEHGGLQJ WR SC
Mo TP1020 tissue processor (Leica Microsystems, Milton

.H\QHV 8. JROORZLQJ HPEHGGLQJ

Hydration degree =

“E=l www.ecmjournal.org
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were cut and mounted to positively charged slide§ +7.5, containing 0.01 Z Y . FK\PRWU\SVLQ 6L\
/HLFD OLFURV\VWHPV OLOWRQ$MHGQHVNK 83RBEHWLRQVRP ERBYLQH S|

were dewaxed in Sub-X (Leica Microsystems, Milton 7DEOH JROORZLQJ 7%6 ZDVKLQJ QR
.H\QHV 8x5 PLQ UHK\GUDWHG Eifgs wee blptckedkalirdom temperature forrd0 with
/RXJKERUR XJX5nd@n) and washed in distilled VHU XP zZY $EFDP &DPEULGJH 8.

water (5min). Sections were then stained in either Alizariin bovine serum albumin in TBS @ w/v). Sections

Red(2 Zz Y S+ 6LJPD $OGULFK 3ReReOridub&ed dwreinight at 4 °C with the appropriate

15min, Alcian Blue (1 Z Y 3.%) (Sigma Aldrich, primary antibody (Table 2). Negative controls, in which
3RROH 8. LQ DFHNWEigmBAdriéh, Poole, PRXVH RU UDEELW ,J*V $EFDP &DPEUL
8. | R bhin with neutral red (% w/v) (Sigma Aldrich, WKH SULPDU\ DQWLERG\ DW DQ HTXDO
3RROH 8. XVHG DV D mR XGiaintt werd Dde@(ThBI&2). After washing in TBS, sections were

ZLWK ODVVRQYV WULFKURPH 0L Gredbated 1 G biddinydied seedddady Brtiliady (Table

8. DFFRUGLQJ WR WKH PDQXIDFW.\Distldsurel dD 3evendlxry &itibRdy Windég v byrRteV

were dehydrated in IMS (4 ¥0 min), cleared in Sub-X +53 VWUHSWDYLGLQ BinRMubaiof RPSOH]

(3 x 5min) and mounted in Pertex (Leica Microsystems, 9OHFWRU /DERUDWRULHV 3HWHUERUR X,
OLOWRQ .H\QHV 8. $0 0 VO L G fidwedtyyhpplithafidn Bf hygltddgen aetoXidk (0%&/v)

DQ 20\PSXV %; PLFURVFRSH DQ@35dianknbbehzidiné-t&rghwddodhibride (Or6g/mL)

E\ GLJLWDO FDPHUD DQG &DSWXUBH BRIR $(G UL F KV R RRDbDii8cub&tign)7 % 6
OHGLD &\EHUQHWLFV %XFNLQJK BSéttbkd ek cdinterstdinetivMiRIOMRydr'E Ba@matoxylin

sections were analysed, features noted and images wefeHLFD OLFURV\VWHPYVY OLOWRQ .H\QHYV .

captured to document their histological appearance. Th®6 )LVKHU /R XJKE RURHKid)Kcl8ared

matrix staining intensity was then evaluated using linekQ 6XE ; /HLFD OLFURV\A\VWHPYVY O0LOV

SUR¢{OH DQDO\VLV RQ WKH &DSWXx3Hnid)dml Aquinted in PartBx (Mele® Mittosystems,
OHGLD &\EHUQHWLFV %XFNLQJKDIPPO/WRWQH. B.QHYV¥Q8LPDIBGIO VOLGHYV ZHU!

was captured for each triplicate sample following4d8 D Q 20\PSXV %; PLFURVFRSH DQG L|

DQG ZHHNV UDQGRP ¢ HOGVWEYX HUH MWADG FA/DIP G GBI WD QD & SWXUH 3UF

DQG OLQH SUR¢{OH DQDO\VLY XQGHUHWDD RQEHZKDHKNVEBR Y KXHW LQOBHIP VKL

values as a measure of intensity for each pixel positoniR1 ,+& VWDLQLQJ zZDV SHUIRUPHG E\

WKH VHOHFWHG (¢HOG 7KH Y& G B Jpégi@exandin®ridnd negathv@ c2lls tbHedxrh section and

to give 10 intensity measurements per triplicate sample aidmunopositive cells expressed as a percentage of total

thus 30 measurements per time point. count.

Immunohistochemistry Feasibility testing of injection into bone

Protein expression of collagen type X, a marker of lateLTXLG / S1,3%$0 FR '0$F K\GURaHO ZDV L
VWDJH FKRQGURF\WH K\SHUW U R8-§augenréetie iRty A\bolR&ELQ ReviélirawSirhiatg the
transcription factor runx2 and osteogenic matrix markepmotential clinical application. A P ERUH KROH ZDV ¢
collagen type I, osteocalcin and osteopontin were selectergtated in the cortical bone to facilitate needle insertion.

IRU LPPXQRKLVWRFKHPLVWU\ ,|+& HQXH \GWH JDDNVL RQFWBSRWWDHWH/G LQWR
WKH RVWHRJHQLF GLuUHUHQW L D WdtorDRIAE Dysliddel i/ aicRvisialsator vt thée Xbbhd G

in L-pNIPAM-co-DMACc hydrogel constructs containing following injection. L-pNIPAM-co-DMAc hydrogel was

05PJ P/ +33QD $GGLWLRQDOO\ sStRINAHA rmirthjrietd & BY/ICRMa Waker bath prior to
DJJUHFDQ DQG FROODJHQ W\SH ,injeckod. Apraxivh&ely H@ HR WGRIIGT KRG /+R1,3%$0 FR
LQYHVWLIJDWLRQ WR DVVHVV FK RDYEhididg€) Wag theén isj€xred jri&thD ebi@ of/the/

was performed on acellular L-pNIPAM-co-DMAc bovine tail vertebra in a temperature controlled glove box
hydrogel constructs containing 0%J P/ +$3QD | R WetbdD3I7KC. The vertebra was then cut open and photos

time point investigated to serve as background controlsaptured to investigate the ability of the hydrogel to be

,+& DQDO\VLYVY ZDV QRW XQGHUW DI FR/QH KO6Q@WRU ERRQHHO @ ¥ /MWIKBHF¥FROBGYV
hydrogel constructs containing 1®J P/ +$3 QD G &nd sali&fy following injection. Bovine tail vertebrae,

evidence of cytotoxicity, reduced matrix deposition andithout the injection of hydrogel, were also cut open and

reduced mechanical properties observed in these construicteages captured to serve as controls.

Sections were prepared as described for histological

DQDO\VLYVY ,+& ZDV SHUIRUPHG [Dat p®tessing &X sfadstic@ &helysis LE H G

(Le Maitre et al. % ULHA\ P S DU BlIviestd/weFe\gdrfar@ad at least in triplicate. Data were

were de-waxed, rehydrated and endogenous peroxidaseyY VHVVHG IRU QRUPDOLW\ XVLQJ WKH
blocked using hydrogen peroxide (Sigma, Aldrich Poolound to be non-normally distributed, as such data were

8. $IWHU ZDVKLQJ LQ WULV nEWK u hiod-paBanebi©an@ Hence%tatistical comparisons were

tris, 150 PO VRGLXP FKORB)Ude@Gibhs Bete SHUIRUPHG E\ .UXVNDO :DOOLV IRU SD
subjected to either no antigen retrieval (NAR) or enzyme-& RQRYHU ,QPDQ ZLWK VWDWLVWLFDO
induced antigen retrieval (EAR) (30-min incubation irp " 0.05. Pairwise comparisons were made as follows: 0

7%6 mM tris, 150mM sodium chloride, 46.8nM  days compared with 1, 2, 3 and 7 d for Alamar Blue assay
FDOFLXP FKORULGH GLK\GUDWH )LV¥KHU /RPRIKERUPRXBAKMRQD DV ZHOO

b — I L www.ecmjournal.org
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as hMSC compared with acellular hydrogels for DM/ A
)J)LJAB h hMSC hydrogels compared with all 4000+

RWKHU K06& VFDuUROGV IROORZLt
SRUH VL]&)votalimhass, water mass, dry mass an g j_g 3000+ ° °
K\GUDWLRQ GH) bhi Hatr)¢sfaining intensity 2 §
PHDVXUHPHQRWVPRIQROD\HU FRQW £ = ., o b o
ZLWK DOO RWKHU WLPH SRLQWV 235 *e’ _.%._ oo 20e2 oyee
'‘DWD ZHUH WKHQ SUHVHQWHG R(7 & > P o0 DYH
been shown with median value indicated to demonstre & & 10001
clearly the spread of replicates. -
0 r T T T T
Q N Vv D A
Results B 4000- Culture Duration (days)
Cytocompatibility assessment of hydroxyapatite b % 3000+
K\GURJHO VFDuUROGYV 2 C = -
Alamar Blue assay, as a measure of metabolic cell activ g N Aan -
and thus the total number of viable cells, was assess & < 20907 iy - . -
over7G LQ FXOWXUH )LJ 1R VLEQ I-ﬂ- .' 5 - u
metabolic cell activity was detected over thd @ulture o g 1000+ a"
period where hMSCs were incorporated into L-pNIAPM-~ *~
FR '0$F K\GURJHO FRQVWUXFW)V . 0 . : . . .
and with 0.5PJ P/ +$3 QD B).lAJsignificant Q N 9 a A
decrease in metabolic cell activity was observed from 0 C 4000- Culture Duration (days)
2d (p=0.0191), Hays p =0.0001) and d (p = 0.0001)
LQ FXOWXUH ZLWK LQFUHDYV LMyl 52 | uJ * L
P/ +$3QD ¢)LJ g 5 30007 A
s 3
Mechanical properties % © 2000+
The mechanical properties of acellular control and hMS S % AA-* -‘r:— A\
/ S1,3%0 FR '0$F K\GURJHOV SWLR '5.'281000- A A A A
and following culture in MSC medium with and without — 2 2 A A A
incorporation of MSCs, containing either Orig/mL or A Ak A
10PJ P/ +$3QD ZHUH FKDUDFWHUL 0 T T y o e
FRQ:QHG FRPSUHVVLRQ DIWHU = A v ki A
2B,C). The elastic modulus (G’) values, for all hydroge Culture Duration (days)

formulations, did not increase as a function of increasingrig. 1. In vitro cell proliferation using Alamar blue
IUHTXHQF\ LQGLFDWLQJ WKDW ags&/\0f M IT iebpdvareDitdol -pNIRAGI-cK-DNIAL

+$3QD K\GURJHOV GLG QRW HJ[KhyBrbdsl AY,\ifcbipdd@edYnlitlv ¢.5PH OPD VAVEIB B D
EHKDY LR XAB,C).LSince the elastic modulus for (B)or 1.0 PJ P/ +$ 3 Q)Mollowing 7d in culture.

DOO IRUPXODWLRQV ZDV IUHEZONGHODQGEMBHAXBRYHAWFHQFH XQLWV 5)8 Q°F
VHOHFWHG WR FRPSDUH SRWHQW Ldorirols.j'tOO5i QFHYV LQ WKH PHFKDQLFDO
SURSHUWLHY EHWZHHQ K06& DQG DEHOOXODU +$3QD K\GURJHO

V F D uR O GAB).)Ihd G’ of no cell control L-pNIPAM-

co-DMACc hydrogels prior to culture with either g/ 1.0 PJ P/ +$3 QD A)R).JAcellular hydrogels
mLor1l.0PJ P/ +$3QD ZHMRAa(range 0.91-1.11) containing0.5PJ P/ +$3QD DOVR GLVSOD\HG D V
DQG UDQJH U ABEN WiV L Yigh2k elpistic modulus following 6 weeks in culture

QR VLIQL¢{FDQW FKDQJH XSRQ F Xdanpared td ddellular hxdtdd@lsvcantaiir R/l
FHOOVABCJ 2EVHUYDWLRQV UHYHDG®M®=D KLIKH®B).*T LQ

hMSC hydrogel constructs with0BJ P/ +$3QD DIWHU

ERWK DQG ZHHNV FXOWXUH ZLG¥IKtidD tdhipd@tulre FD QW O\ KLIJKHU *9

observed following 6 weeks in comparison with acellula7 KH JHODWLRQ WHPSHUDWXUH RI /LTXLC
hydrogels with0.5? J P/ +$ 30-D.0395) and 1.thg/ hydrogel suspension with0BJ P/ +$3QD GHWHUPLQ
P/ +$3 Q& )LB $ VLJIQL ¢ FD Queiap\aKligifaK ¢alibrated thermometer, was shown to be

G’, following 6 weeks in culture, was also observed i37.1 + 0.16 °C (Table 1).

hMSC hydrogel constructs with 0.8 J P/ +$3QD LV

comparison to hMSC hydrogels containing ln@/mL  Structural and compositional requirements for bone

+$3QP= ) LB). Similarly, an increase in regeneration

G’ in hMSC hydrogels containing 1. J P/ +$ 3 QHydration assessment

IROORZLQJ ZHHNV FXOWXUH DOWKRXGKLQRWR ¢ RIQKQFHOVYQWRZKDOVGURJIHO
observed in comparison to acellular hydrogels containind KH VFDuUROBG VEHLI)QU;FDQW ORVV RI .

b — I L) www.ecmjournal.org
S macsiaLy 6



AA Thorpeet al Novel Nanoparticle Hydrogel for Bone Regen

>

DMA before culture

- 0.5mg/mL HAP
- 1.0mg/ml HAP

Elastic
Modulus (MPa)
[+

0 5 10 15
Frequency (Hz)

After Culture for 4 weeks
B
* -~ 0.5mg HAPna cells
— -~ 0.5mg HAPna no cells
o 3 = 1.0mg HAPna cells
8 = 2 8 1.0mg HAFPna no cells
2 32 [
w3
2 1
0 T ' .
0 5 10 15
Frequency (Hz)
C After Culture for 6 weeks
Fig. 2 Dynamic Mechanical AnalysisAj * - 0.5mg/mL HAPna cells
G’ values of acellular L-pNIPAM-co-DMAc e -~ 0.5mg/mL HAPna no cells
hydrogels containing either 0.5 or Infy/ o -= 1.0mg/mL HAPna cells
P/ +$3QD SULRU WR FXC%% & 1.0mg/mL HAPna no cells
2 K XQGHU FRQ¢QHG FRF ﬁ’—z’
to 10 +] B,C) Acellular control and hMSC E
L-pNIPAM-co-DMAc hydrogels containing
050r10PJ P/ +$3QD B)ants C)
ZHHNV LQ FXOWXUH XQGH 0 5 10 15
from 0.63 to 10+ ] Frequency (Hz)

REVHUYHG ZKHUH K06& ZHUH DG @M@InWgRO.KRE PR H$Q QFDURP GVWR ZHHNYV
from 48h to 6 weeksg < LQ FXOWOOYH 4ALZLWK D VLIQL,FDQW GHFNtt®DVH LQ S
thus causing a reduction in the hydration degree fromeeks in cultureq< ZKLFK VXEVHTXHQWO\
79 £ 4.5 % after 48h in culture to 54 3.5 % after 6 too smallin diameter to obtain accurate measurements after

weeks in culture with 0.2 J P/ +$3 QD G)ladd ZHHNV LQ F X®.WnXndrdasg Inthe structural

85+ 1% after 4&h to 64.5 12.5% after 6 weeks in culture density of h(MSC hydrogels containing 1F0J P/ +$3 QD
with1.0PJ P/ +$3QD H)LJ VLJIQL ¢ FD QwaslaRddbsemedHHowever the structural morphology of

(p= LQ WKH GU\ PDVV RI1 KO0 6 &h&é@ite RahstiQctvvadnoRUDIfBIvh, with areas of high

was observed after 6 weeks in culture containing 0.5 mRURVLW\ YLVLEOH IROORZL®) ZHHNYV

P/ +$3QD LQ FRPSBUMVER.Q WR 3RUH VL]HV Rl K06& VPDUuROKGHAE ZDL WK
were measured throughout the 6 week culture period with

Scanning electron microscopy D VLIQL,FDQW GHFUHDVH LIQSRUH VL]

The interior micro-scale morphology of acellular andveeks in cultureg < )LQ).

K0O6& +$3QD / S1,3%0 FR '0$F K\GURJHOV ZHUH

H[DPLQHG XVLQJ VFDQQLQJ HOH F Wist®taQichllard R MénfRabasséssment) L J

4A,B). Acellular hydrogels containing 0.5 or Infily/mL  The composition of the matrix was assessed histologically

+3$3QD DIN2 Wand 6 weeks in culture displayedD QG IRXQG WR FRQVLVW RI FROODJHQ

a comparatively uniform interconnecting porous networkVULFKURPH )LJ ZLWK D VLJQLILF
) L JA,B), with a median pore size of 10 um (range 1.5matrix staining intensity following culture for 1 week

34uP )LC :KHUH K06&V ZHUH L Q®RUSROD WM HEeks@ W R0092) and 6 weeks
K\GURJHOV SULRU WR VROLGL ¢ FDpEL<RQOLFiH cd@périZad td M8V HOl G XANARMVRFUAHX S)\L J

the pores of the structure with a rounded morphology aftdd vV ZHOO DV FDOFLXP GHSRVLWLRQ FR(

48 K LQ FXOWAB). A progrdssive increase inthe VWDLQLQJ )LJ ZLWK D VLIQL,{FDQW

structural density was visible within hMSC hydrogelsstaining intensity following culture for 4 weeks% 0.01)

b — I L www.ecmjournal.org
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Fig. 3. Structural and Mechanical Characterisation of L-pNIPAM-co-DMAc hydrogels with either 0.5 mginGL

+$3QD ZLWK K0O6& UHG RU DFHOOXODU 1& FRQQ@YXBGDYV EHDH\INGURJYNODX
either0.50r1.0PJ P/ +$3QD B)&WtHEB ZHHNV LQ FXOWXUH XQGHU]JFRDWEHGBRFS!
(C,D), dry massk,F) and calculated hydration degrég K1) of hMSC (MSC) and acellular control (NC) hydrogels

containing either 0.5Q,E,G) or 1.0mg/mL O,FH

+$3QD WKURXJIKRXW

ZHHNV LQ FXOWXUH

compared to 48 h hMSC indicated. All replicates shown with median values indiqated.05.

"G.L'i& MalsThdL
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Fig. 4. Scanning electron microscopy (SEM) of hMSC and acellular hydrogels witR 0.5P / +$ 3 @)Dr

1.0 PJ P/ +$3B)Drom 48h to 6 weeks in culture, scale bar 10 u@) pore sizes (um) for AMSC and

acellular (NC) hydrogelsDY) Images of hydrogels with0.BJ P/ +$3QD LQ FXOWXUH GHPRQVWUDV
in hydrogel size where hMSCs had been incorporated, images captured following 1 week in culturealStatist
VLIQL¢;FDQFH F RSO ihticated! RIl replicates shown with median values indicaped 0¢05.
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Fig.5 $QDO\VLV RI PDWUL[ GHSRVLWLRQ LQ / S1,3%50 FR '0FF KSBOQRJIHO FF
using histological stains: Masson'’s trichrorvel() for collagen, alizarin redAR) for calcium deposition and alcian

blue (AB) for proteoglycans. Acellular control hydrogels shown followingl& in culture. Black arrows indicate

negative cells, white arrows indicate positive matrix producing cells anabiwss indicate formation of possible

osteoid nodules. Scale bar 100 um.

and 6 weeksp(< 0.0001), compared to 48in culture ,QGXFWLRQ RI RVWHRJHQLF GLUHUHQWI
) L JB). Mineralisation was further supported by thdn the current study, the ability of 0BJ P/ +$3QD ORDGHG
LGHQWL,FDWLRQ RI D FDOFLXP DQEIPSM-EoOVCBMKD Nydiodgels EoNndRiIEEVdstEogehe

XVLQJ ('; VSHFWUD )LJ +L VW RIOf&dnitiativo af \bénid Gh@rkowZ detivedh®ISTS was
shown to produce proteoglycans as observed by Alciassessed by immunohistochemical analysis of hMSCs
%OXH VWDLQLQJ )LJ ZLWK D herkdsfet gifdety \iforh @bhbtayeY elltur@ anwdKafter

matrix staining intensity of hMSC hydrogels after 1 week8h, 1, 2, 4 and 6 weeks in hMSC hydrogels containing
(p=0.0485) and 4 weekp £ 0.0001) compared to those0.5 PJ P/ +$3QD IRU FROODJHQ W\SH ; )L.
after48K )LG KRZHYHU D VLJQL¢ F Df@Qhndrag@dhiipentfaphi &svdiktet with endochondral
matrix staining intensity, with alcian blue staining, wasRVVL¢; FDWL&R&®. 0ZDOWKH RVWHREODVW
also observed in acellular controls following culture for franscription factor runx2 and bone matrix markers
week p <0.0001) and 6 weekp £0.0023) comparedto FROODJHQ W\SH , RVWHRSRQWLQ DQG |
those after 48& LQ FXOWCXUH )LJ IRU VSHFL,{F DQWLERGLHV IRU WKH F
collagen type Il and aggrecan were also performed to

“E=l www.ecmjournal.org
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FRQ/¢UP VSHFLGF PDWUL[ VIQWKHVLYV )LJ &ROODJHQ W\SH
; ZDV XELTXLWR XV GA) by [B1SES\pROHIG
incorporation into 0.5PJ P/ +$3QD K\GURJHOV )LJ
WKLV ZDV IROORZHG E\ D VLIJQL¢,;FDQW GHFUHDVH LQ WKH QXPEHU
of immunopositive cells after culture for A&p =0.0016),
1 (p=0.0102), 216 =0.0333) and 6= 0.0056) weeks in
hydrogels containing 0.%J P/ +$3QD LQ FRPSDULVRQ
WR PRQROD\HU FRQWUROV )LJ
5XQ[ LPPXQRSRVLWLYLW\ ZDV VLIJQL,FDQWO\ LQFUHDVHG
after culture for 48 (p=0.0258), 1 weeky=0.0005) and
2 weeks=0.0221), in comparison to monolayer controls,
after incorporation into hydrogels loaded with hg§/mL
+$3QD WKLV ZDV IROORZHG E\ D VLIJQL,;FDQW GHFUHDVH LQ WKH
number of runx2 immunopositive cells from 2 to 4 weeks
(p= LQ FXOWXUH )LJ
Collagen type | was found to be highly expressed by
hMSCs harvested directly from monolayer culture¥98
ZLWK D VLIJQL,FDQW GHFUHDVH LQ WKH QXPEHU RI LPPXQRSRVLWLYH
cells observed after culture for #8(p = 0.0073) and 1
week 0 =0.0253), following incorporation into hydrogel
constructs containing 0. J P/ +$3QD LQ FRPSDULVRQ
WR PRQROD\HU FRQWUROV )LJ $ VLIQL,;FDQW LQFUHDVH
in collagen type | cell immunopositivity was observed
following 4 weeks§ =0.0013) and 6 weekp £ 0.0003)
in culture, in comparison to the reduced expression
observed after4& )L J ([SUHVVLRQ RI FROODJHQ W\SH ,
ZDV VXEVHTXHQWO\ PDLQWDLQHG DW KLJK OHYHOV ZLWK DOO WKUHH
replicates displaying 108 immunopositivity after 6
ZHHNV LQ FXOWXUH )LJ
2VWHRSRQWLQ DQG RVWHRFDOFLQ WZR ODWH SKDVH PDUNHUV
of mature osteogenesis, were shown to be expressed by
D VLIQL,FDQWO\ LQFUHIpP¥WGEOMQXPEHU RI K06&V
from 48h to 6 weeks in culture, after incorporation into
05PJ P/ +$3QD K\GURJHO VFDuUROGY LQ FRPSDULVRQ WR
PRQROD\HU FRQWUROV )LJ
The percentage cellimmunopositivity for chondrogenic
markers: aggrecan and collagen type Il, remained
unchanged (aggrecan) or was significantly decreased
(collagen type 1) following 4 = 0.0213) and 6 weeks
(p=0.042) in culture, after incorporation into Origy/mL
+$3QD K\GURJHO FRQVWUXFWY LQ FRPSDULVRQ WR PRQROD\HU
FRQWUROV )LJ

Feasibility of injection into bone
JLTXLG / S1,3%0 FR '0$F K\GUFRigHe© /FRIR WORLQOH HDQDO\VLYV SURYLGL
05PJ P/ +$3QD ZDV PDL QWM inf@ete@ Cp¥f pixel to calculate matrix staining intensity in
through a 26-gauge needle at 37 °C demonstrating rapidMSC (MSC) and acellular (NC) control L-pNIPAM-
gelation at 377 & )L JA & Supplementary Video co-DMAc hydrogel constructs containing Qrig/mL

W LV LPSRUWDQW WR QRWH WYWHQIQW YK P KTY¥MWRORBILBHO VWDLQV
co-DMAc maintained at 39& UHPDLQHG LQ (W KalizafhlrédX@) @nd alcian blue(). Statistical
VWDWH DQG ZRXOG GR VR LQGHNALUWY HORDQW HWHRHRS GRS MRty X U H
The proposed clinical application would be performedAll replicates shown with median values indicated.
E\ FRPELQLQJ OLTXLG / S1,3%0 /R 0055F K\GURJHO
FRQWDLQLQJ +$3QD DQG SUHYLRXVO\ HITWUDFWHG DXWRORJRXV
06&V SULRU WR LQMHFWLRQ LQWR WKH ERQH VLWH UHTXLUHG ZKHUH
cooling to body temperature (37 °C) will result in gelatior89 °C and injected into bovine tail vertebrae at 87 °) L J
RI WKH K\GURJH @)Vioveat théfeasiblityof 10C )ROORZLQJ LOQMHFWLRQ WKH YHUW
DSSOLFDWLRQ RI WKH KLPNIRANM O LQWRHER/QIKE OMKIEKIKGGURJIHO ZDV IRXQG
co-DMAc hydrogel containing 0.%%J P/ +$3QD ZHMMKZHHQ WKH ERQH WUDEHFXOD DQG
an incorporated blue dye for visualisation, was cooled to) L J C).

1 www.ecmjournal.org
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Fig. 7. EDX spectra of L-pNIPAM-co-DMAc hydrogels with 0BJ P/ +$3QD $FHOOXODU FRQWURO
48h in culture A), hMSC hydrogel after 48 in culture B), acellular control hydrogel aftenéeeks in culture@),

hMSC hydrogel after @eeks in cultureld). SEM images illustrated inset, white box indicates where EDX spectra

were collected. Scale bar 50 pm.

Discussion demonstrated that osteoblast cellular proliferation was
VLIQL,;FDQWO\ UHGXFHG ZKHQ FXOWXU
Cytocompatibility assessment of hydroxyapatite +$3 SRZGHU DW D FRQFhLQEWAOUMEOR Q R
K\GURJHO VFDUROGYV in this study, thus highlighting the importance of testing

The cytocompatibility of biomaterial scaffolds is ananoparticle concentrations over a narrow range of the

IXQGDPHQWDO SUHUHTXLVLWHH désitbd Xontentvetlonit) &3&es6XpMehtlaDdicy ¢3idn

VXUYLYDO RI FHOOV LQFRUSRUDWH®I)QWR OLTXLG K\GURJHO SULRU WR

JHODWLRQ RuHUV NH\ DGYDQWDJHY RYHU SUHYLRXVO\ GHYHORSHG

S1,3%50 K\GURJHOV ZKLFK UHTX Méthé&hicsl Br@pertes ¢ FDWLRQ DQG

SXUL,{FDWLRQ SULRU WR WKH DGTXMWKXRQ TRKIHFEO QR V WR\W KW UK IRFKERQ |

eliminate any potential as an injectable delivery systemechanical properties with an elastic modulus in the

+ D U D EKdt,R006). Cell viability was maintained in region of 14-20GPa for cortical bone and approximately

05PJ P/ +$3QD FRQWDLQLQJ K\G U RQGP@ for cEncaliou@ Borle@CheiiHID VH  5HatO O\

in cell number was seen indicating that cells were nat. 5 &Rl 5 &Rl 5 &R,

SUROLIHUDWLQJ LQ WKH K\GU R JH98.Ri@ditidhally Rylrvgelk Radd-b¥eth donsidatedGdr H V

have shown that commitment to the osteogenic lineagbge regeneration of soft tissues, due to their inherently

GHSLFWHG E\ WKH XS UHJXODW L&k mechsisdt prepériés] Bt Onewdy alsoShbiwh that

transcription factor runx2, results in down regulaton oD GGLWLRQ Rl FHOOV IXUWKHU H[DFHUE

JHQHV ZKLFK DUH UHTXLUH& alRUet8lUROLIHBBWY.RQ FRBWHHUWY DWLRQV LQ W

2004). The structural limitations of a three-dimensionan increased elastic modulus from 1MPa in acellular

microenvironment and the increasing stiffness whiclK \GURJHO VFDuRO ®Y Z43/QKO WRa

FDQ UHVXOW IURP WKH DGGLWLRQ RO6&SBRQDURDNMDVOYRWKORZPJ P/ +$3Q

down cellular proliferation (Leet al, 2011, Suret al, weeks in culture, possibly due to a combination of matrix
,QWHUHVWLQJO\ F\WRWR|[L FdépositiohvandZrddutedRigdf &tionydeégre& ine&lular

LQFUHDVLQJ +$3QD FREFAQWIBMMBEIBQRWRO VFDUROGYV

+$3 F\AWRWR[LFLW\ KDV EHHQ ¥€tH S RTh#\tec@aselihtelxsticnmotuddbsehte@wlith increasing

al. 6eX &), 1997), in particular Suet al.,(1997) +$3QD FRQFHQWUDWLRQ KDV EHHQ SU

12 www.ecmjournal.org
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Fig. 8.Immunohistochemical detection of osteogenic markers runx2, osteopontin, osteocalcin, collagen tggeri, coll
type X and negative markers collagen type Il and aggrecan, prior to hydrogel incorporajiimd@@olayer control)

and after 48 and 6 weeks following incorporation into hydrogel. Acellular control hydrogels shown to match the
time point at which % immunopositivity was highest: runx2, col type Ih{48ol type |, osteopontin, osteocalcin (6
weeks), and aggrecan, col type X (4 weeks). Black arrows indicate positivelyl steilseand white arrows indicate

negatively stained cells. Scale bar 100 pm.

13 www.ecmjournal.org
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Fig. 9. Immunohistochemical detection of osteogenic markers runx2, osteopontin, osteocalgiandgpe I, collagen

type X and negative markers collagen type Il and aggrecan prior to hydrogel incorporation (Oh) (monoleyls)y cont
and after 4&, 1, 2, 4 and 6 weeks culture following incorporation into hydrogel. Percentage immunopositivity was
calculated and statistical analysis performed to investigate change from cqmttd.(5).

14 www.ecmjournal.org
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Fig. 10.Injection into bone simulationA( VWLOO LPDJHV FDSWXUHG IURP YLGHR ZKLFK GI
co-DMAc hydrogelwith0.5PJ P/ +$3QD F R RXOta@atwrdath and injected (26 gauge) into a glass vial,
IROORZHG E\ UDSLG VROLGL{FDWLRQ LQVLGH T©. ®)EhematdilMskalitg FRQWUTF
OLTXLG / S1,3%0 FR '0$F K\G UR (kH®e R geltiviGtedRrature) where the hydrogel exists

DV D ORZ YLVFRVLW\ FROORLGDO VXVSHQVLRGZKHRODREIQD DQMGHKEWSIER
bone tissue and further cooling to 37 °C the polymer chains uncoil and entangle forming a 3-dimensional hydrogel
QHWZRUN HQFDSVXODWLQJ E RGYIKevtidhldf SN RAD-d-QRBAR\hKdrbdgeIDWeit a blue

dye incorporated for visualisation, into bovine tail vertebra.

Panet al., 2008, who observed a decrease in G’ witlproperties observed here where Q) P/ +$3QD ZDV

LQFUHDVLQJ +$3QDPotoR®W WholQWniURMFRUSRUDWHG LQWR K\GURJHO VFDUuUR

alcohol) gel biocomposites (Pa al, 2008). It is well of the 0.5PJ P/ +$3QD FRQWDLQLQJ V\VWH

NQRZQ WKDW WKH DGGLWLRQ RIKD$3H FDKR 2 QHWD WEDW B uHHORON \WKIN DEOH |

rheological properties of polymeric composites (Beal, of their substrate and hence the mechanical properties
SDUWLFXODUO\ DW ORZ +$3 RROWHQ WIGDMWMUIRQVVFRHBBGVRBEQ LQAXH

DGGLWLRQ RI +$3QD KDV EHHQ VKBIZQHVUR Q QE D RRNRH) W'K NTR@VBLL AW ).V V

RI FRPSRVLWHV GXH WR WKetal)L JAKHXAW \WKIH+$B/QDHB KQGURJHO PDWUL[ S|
+RZHYHU WKH KLJK VXUIDFHf HQRHUPY RBEI@BOPRRKDG DFFRXQW IRU \

cause them to agglomerate at high concentrations, whigkteoconductivity observed in these constructs compared

can lead to deterioration of mechanical properties étiu to hMSC hydrogels containing 1.6J P/ +$3QD

al., 1997). It could also be hypothesised that increasingK H PHFKDQLFDO SURSHUWLHYV Rl +$3C

WKH FRQFHQWUDWLRQ RImg/fiB Q displayer trere still fsaMl Short of those of native bone, which

+$3QD UHVXOWYV LQ DQ HuHFWLY Hha@GReeH teporidR&/disply €altic @ddud of QE2aW \

GXH WR WKH +$3QD FRPSHWLQJ (ZdrtseKboMeK(ReilBet aB$ 0 D PI&GRE 5KR

groups on the gel backbone for interaction with exchang al. +RZHYHU LW LV K\SRWKHVLVH

cations and electron rich areas on the Lapordtesface. PHFKDQLFDO SURSHUWLHV RI K\GURJH

This phenomenon could explain the reduced mechanigaed to match that of native bone, particularly when used

15 www.ecmjournal.org
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to deliver hMSC for clinical cases such as osteoporodimmunohistochemistry identified collagen type | and
DQG OLQLQJ RI SURVWKHWLF L P SiocReased\exptelsidhXand dEddaitidn/of Wstestadd W LY H
bone surrounding the implantation site would provide thesteopontin throughout the 6 week culture period. The
initial mechanical support whilst the hydrogel becomeisicrease in matrix deposition was also supported by a
mineralised by the regenerative capacity of the cells, thds LIQL,FDQW LQFUHDVH LQ WKH GU\ PLC
resulting in a biologically functional and integrated tissueW FDuURO GV DIWHU ZHHNV m@mEXOWXUH
ELRPDWHULDO )XUWKHUPRUH WKBBQDVH RI D QRQ GHJUDGDEOH
LQMHFWDEOH VFDuUROG ZRXOG EH BGNMHIFRW B IHRXW UR EN W IFXU WDHQWR U WR
therapeutic alternatives in such clinical cases, enabliigpore size may also be due to the hydration degree of the
WKH IDFLOH DSSOLFDWLRQ WRIPQ& WU RVHWROUWUNDAIRWIGIMQY WKKHH IERGQUUDWLRQ
DYRLGLQJ ORVV RI PHFKDQLFDO SVRBHRWEMW VHH @ WGXALIDD] VEOURDWRU R
GHJUDGDWLRQ LQ ELRGHel &l 2GOD,EQ SFFDWRQ®B®VLQLWKH GLUXVLRQ RI QXWL
/IXWROI DQG +XEEHOO (Annabiet al. 7KH VLIQL,FDQW UHGXFWLF
degree is likely due to cell contraction forces when the

Structural and compositional requirements for bone intracellular tension is exerted to the ECM through focal
regeneration adhesions, resulting in physical links between the ECM and
%RQH (&0 KDV D XQLTXH KLHUDUFWKMHDDFMYIQV R WMRR/'SNHFOHMWRQF W X IDH) G : D C
from nano- to macro-scale (Rlev al, 1998). The macro play an essential role-enabling cell migration (Pouetti
structure can be divided into cortical or cancellous bonal., 1998), mechanical sensing and controlling cell shape
which microstructurally consists of harversian system® QG WHQVLRQDO KRPHRVWDVLV %HQ
DQG WUDEHFXODU UHVSHFWLY HBrowndtdl,Q9398). ThiQpBenodiddhodhmbas been replicated
The nanostructure is composed of fibrillar collagerelsewhere where cells were shown to contract and reduce
embedded mineral and non-collagenous proteins includitige size of collagen matrin vitro (Ehrlich and Rajaratnam,
osteopontin, osteocalcin, osteonectin and bone sialoprotein, $ VLIQL{FDQW GHFUHDVH LQ WKH
which contribute to the orientation and size of th&MSC hydrogel constructs with 1BJ P/ +$3QD ZDV
+$3 FU\VWDO&t al.l DN D QF&tRil. observed from 4% to 2 weeks, despite a decrease in
FRQVHTXHQWO\ UHSOLFDWLQJ nWtkbbi cElIR&iIGt) hdicatihg-citdoiditys bbsén@d \
RUJDQLVHG VWUXFWXUH LQ RUGHHdsedstHictHUPpWEY HR\VE URLYJFDH) W KGH u H |
diverse mechanical, biological and chemical functions @dhe hydration degree of hMSC hydrogel constructs with
ERQH (&0 LV D VLIQL¢,{FDQW FKDODHRIIP/IRBIMIDVYRNM RE YHYUHHIEGEL QUR P w
and regenerative medicine based strategies. The s@dture, which could suggest that that after 2 weeks cells
DQG GLVWULEXWLRQ RI SRUHV Zarwmdiny deaRR P B \ZWoiddibleDHat Wdbe &S Ghichl V
FUXFLDO LQ GLFWDWLQJ FHO O Xvi2 prekedtKrDihvelimtizl dayd @ guduve Unrié/ dabRR@ D Q G
GLVWULEXWLRQ DV ZHOO DV WK Hc@trucK e 2@ dR theQodwtiidt MvithWwegulia@ Gsg ib V W H
products (Annabet al, 2010). The incorporation of cells ZDWHU FRQWHQW WKLV UHAHFWV WKE
LQ WKH OLTXLG VWDWH SULRU Whrdratid©dedkee R/idchDsbsRrved@rintdBHIVivedkk D W W K
interconnecting porous network is able to assemble aroundQ FXOWXUH )ROORZLQJ WKH LQLWLDGO
the cells. The increase in structural density and reductitimat re-swelling of the hydrogel to restore the hydration
in pore size observed in hMSC hydrogels withfigdmL  degree, does not take place regardless of whether the cells
+$3QD LV OLNHO\ WR EH GXH W R ateRIuWekor Dead| sir@d.thd- hy@olel & Héing dultivdd at
in the hydration degree, where hMSC were incorporatéde gelation temperature (37 °C).
LQWR K\GURJHO VFDUROGV LQ FR P £brpbiitiRr@llywr Haretsiondti@aths IEgNEAMI R O V
and hMSC depositing matrix within pores, both of whiclto-DMAc hydrogel supplemented optimally with Og/
contribute to the increase in mechanical propertieB/ +$3QD LQGXFHV PDWUL[ VIQ@ERHNQV F
REVHUYHG ZKHUH K06&V ZHUH D G GitiGidn@NdgeKous piRidiHOsR B 5@ & ¥ adn an
in comparison to acellular controls. osteopontin, together with increased deposition of calcium

The composition of the matrix was assessewhimicking native bone matrix. Despite this, structural
KLVWRORJLFDOO\ DQG IRXQG W R régrrighation\f Rand- RCMO\DibHWQichLreghc@atesl ¢ H G
E\ ODVVRQTVY WULFKURPH DQG FDOWLEKRBPRQYWP B QLEARDMURBUEQVW U XF W X
red staining. Mineralisation was further supported by thehallenge (Ishimotceet al, 2013, Nakancet al, 2002).
LGHQWL,FDWLRQ RI D FDOFLXP DIBWIKHRYGKDIVRI KB D NG HEERMWLHRE FDQ
XVLQJ ('; VSHFWUD +LVWRORJLFIRQQH G\W D RV &Z@O03D @niBot &pid/ MR zaQical
to be producing proteoglycans as observed by Alcian Blemvironment (Matsugaket al, 2013) and in response
VWDLQLQJ KRZHYHU LQFUHDVH GoReRtékndlLsfinviivV [MatQuig&at al POLBE)QtNuUsW isZ D V
also observed in acellular controls, thus the increase higpothesised that regeneration of bone matrixitro
staining intensity could be due to an increase in backgrounthich consists of the correct nanostructural components
VWDLQLQJ 8QIRUWXQDWHO\ E Rl BridytrEyréphcate thXdorgpiX higraihidadl KrQcturel
matrix composition was not possible as the hydrogelf bonein vivo where cells are subjected to the native
system was non-digestible to enable release of factdi®logical, chemical and physical microenvironmental cues
IRU DQDO\WLY KHQFH VHPL TXDDRK\LIFKFDWARKHY DNS FSAH U IHRGWFHGOXODU D
RQ KLVWRORJLFDO DQDO\WLYV )XUWKHUPRUH H[DPLQDWLRQ E\
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,QGXFWLRQ RI RVWHRJHQLF GLUHYHQWLDWIRZHYHU WKH RVWHRJHQLF G
7KH GHYHORSPHQW RI1 D ELRPDW RMBCRIEmanktatedRi@re waskeridrmsdvirte ehevdanor

repair and regeneration of bone ECM is relianttom t DW SDVVDJH QLQH WKHUHIRUH FDXWL
bioactivity of the biomaterial and its ability to promoteresults should be considered.

DQG IDFLOLWDWH RVWHRJHQLF DFWDYLWW\ZRWELRRRWHYNK H@WMHB @ DE
PLQHUDOLVDWLRQ %RQH WLVVXH IRV EHHQHOQMSAONMEHLG HK R QNMWHDWY LAROQ \
of MSCs to osteoblasts that synthesise and depositcollagel@ FRUSRUDWLRQ RI FHOOV LQ WKH OL"
type |, the main ECM component of bone matrix (ShapiroFR LQMHFWLRQ ZLWK FURVVWet@QILQNLQJ C
2008). In the current study the ability of Oafg/mL / D eta@l\ 6DX&aHUV 6Ktlal

+$3QD ORDGHG / S1,3%0 FR '0$F K\GUR PMOKWHW R/ WQMGHKFFH DUH WRR YLVFRXYV
RVWHRJHQLF GLUHUHQWLDWLRQ R4 R ER P B WQUHREZG®HHWL YAHG KR 6RNV\ OLPLW
without the use of osteogenic growth factors was assessddone repair clinical applications and result in further
LPPXQRKLVWRFKHPLFDOO\ 7KH damdgé ¥ Lthe/ terfev sitd [IBithalekal.L R Q RLIDeY V U
Collagen type X in hMSCS suggests evidence of pred. 2WKHU K\GURJHOV DOWHUQDWL
GLUHUHQWLDWLRQ KRZHYHU ER@URIHOMIRGHOUE GHG LOYGARM KDYH EHFE
KDYH EHHQ VKRZQ WR H[SUHVV th&@diy ottells Wcogpodrated pibFtél gelitian has not

et al. 0 Z t&aH WKXV FRO Oawaybedh\&bkssed (Coataal, 2009) or the use of
FDQQRW EH FRQVLGHUHG DV D G HgranthNdcténd hed e IHadeshri toSrd ubg/dstBageéhkedts
chondrocytes. Runx2 is regarded as the fundamental L Ret al. ODUWt@Hd. 6D Q] . lePal,
WUDQVFULSWLRQ IDFWRU UHTXLUHG ILRBt&®VWHR/JHEH F GLutDUHQNWG HDWDR Q
of MSCs to fully differentiated osteoblasts, resultingt al. ¥Dal, 2007). The L-pNIPAM-co-DMAc

in the up-regulation of osteogenic proteins includingydrogel system described here is processed in a novel
collagen type |, osteopontin and osteocalcin (Deicgl, manner, whereby synthesising pNIPAM at 80 1@.(

1997). The increased Runx2 expression, followed by above the gelation temperature) on the surface of dispersed
VLIQL¢{¢FDQW GRZQ UHJXODWLR Q LapbWitel plateleidd téNare alde toXptdtieelaHollbidal
WASLFDO RI 5XQ[ H[SUHVVLR®R Y OBHQ@ RBAMSHQG L RIPUWM RDWLDMAIPDLQYV D OR
Rl SUH RVWHREODVWY WR PDW X dbbva thia\gel®RienCdnpetature (B/PIRIE1LE 8SRQ
Maruyamaet al, 2007). The early bone matrix marker,cooling, the pNIPAM chains convert from the globule

collagen type I, as well as osteopontin and osteocalctio, the coil conformation, become entangled and form a

two late phase markers of mature osteogenesis, whigél, supported by physical crosslinks with the Lapdnite

have cell and calcium binding domains (Lian and Steiplatelets, that does not melt upon reheating. This is indeed

1992) and have been shown to be upregulated followinglike other pNIPAM based hydrogels, and generates a

the onset of mineralisation (Sodek and Cheifetz, 200Q)ydrogel with lower viscosity than previously refat

were highly expressed by hMSCs following 6 weeks iW\VWHPV ZKLFK KDV WKH SRWHQWLDO W
culture, after incorporationinto0BJ P/ +$3 QD O Rrd @ktiSwithin the bone. In addition, growth factor free
K\GURJHO QDQRFRPSRVLWH VF D agproaGhes&driq)eotBbleHcQMpisits Hydroge Yor use in

found to be highly expressed by hMSC prior to hydrogegERQH DXJPHQWDWLRQ KDYH EEBHQ OLPL
LQFRUSRUDWLRQ ZKLFK FRXOG Va J2DH5) WpditétHhaGocantpbkiteChydilogely capableRof

WKH FHOOV VLQFH WKH KO06&V D Uptor@otird bstdddenésiRrith&dbsghteobidbEbAduUctive
however, the percentage of hMSCs expressing late phasB FWR UV KRZHYHU WKH VFDIIROG |
osteogenic protein markers (osteopontin and osteocalcinyolved the use of photo crosslinking which raises safety

ZHUH RQO\ VLIQL¢,{FDQWO\ LQFUHBRABEHRBRQY RZHIJDWUIGQ MR USSR HPSRIMXQ H QR
iNn05PJ P/ +$33QD FRQWDLQLQJ / S telB®ot &sd tddsbiFfounding tissues during delivery and
K\GURJHO FRQVWUXFWY WKXV GHARRQXGHM WKAJIXWKHREPRDERDLYB\ LQ
SURSHUWLHVY RI WKLV K\GURJH GledpevtissHes (Zaligt &, ZB1IS) HUHQWLDWLRQ

of MSCs into mature osteoblasts capable of depositing The current study utilised a bioceramic copolymer

a bone like matrix rich in calcium, demonstrated bhQDQRFRPSRVLWH K\GURJHO ORDGHG Z
Alizarin red staining and the formation of possible osteoidytocompatibleLQ WKH OLTXLG VWDWH DQG U
QRGXOHV GHWHUPLQHG E\ WKH IXEHRW LXBFWWHR G RU IFPFODRMLXRQD X®YV D O
phosphate peaks, following 6 weeks in culture, by EDADFLOLWDWH LQMHFWLRQ WKURXJK D ¢ ¢
VSHFWUD :KHUHDV H[SUHVYVLR QtoR¢lafiad Bt QdaykéEmpErgiurd- (3P TCaddHhds/excellent
aggrecan and collagen type Il, remained unchanged or westeoconductive properties providing a microenvironment
VLIQL,;FDQWO\ GHFUHDVHG + WKt iffiRepees the QifferdhitiddioR fald bif VIBEQ Wwikh
phenotype of MSCs incorporated into hydrogel construcisduced expression of both early and late phase osteogenic
containing0.5PJ P/ +$3QD 7KH YLDELO L Wotdn® endRfgrifvatidhJdafl & miReralised matrix without
GLUHUHQWLDWLRQ RI ODWH SD YV VirJideK d6atitianaVéstdogenic Srelu@idgOfactors. The
co-DMAc hydrogel constructs loaded with Ongg/ osteogenic inductive properties of this hydrogel system

P/ +$3QD LV HQFRXUDJLQJ VL Qprddludevthed Reell foOadditiorl] WidadiveViakt@ss which

from elderly patients, whom degenerative bone diseas@&sLOO UHGXFH UHJXODWRU\ UHTXLUHPHC
typically afflict, have been shown to have a reducerhaking such a system more favourable for therapeutic
FDSDFLW\ IRU SUROLIHUDWLRQ D®SOGEDWURQ W)XDWXIURHQL QBYWHR/WV]ILIDIW L R
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assess the osteogenic inductive properties of this hydrogel % HQLQJR .$ :DQJ </ JOH[LEOH V
with MSCs extracted from a large cohort of human patientise detection of cellular traction forces. Trends Cell Biol
to determine patient variability and age of patients which2: 79-84.
can be utilised. %HQRLW '6 6FKZDUW] 03 'XUQH\ $5 $Q
6PDOO IXQFWLRQDO JURXSV IRU FRQWL
hydrogel-encapsulated human mesenchymal stem cells.
Conclusion NatMater7: 816-823.
Boyes VL, Sammon C, Lemaitre C, Breen C (2012a)
7KH FXUUHQW VWXG\ XVHG D +$ 3Rpdeip@aRdn @olydefisdtlon3yi€lds- Rovel biologically
DMAc nanocomposite hydrogel to induce osteogenisafe fully reacted thermally responsive injectable
GLUHUHQWLDWLRQ RI K0O6&V DQG WHrXoél With pbteptibl i@ WdenBrabve QrelditiDeO ParentG
PDWUL[] $OWKRXJK WKHUH DUHdJRP@MRI9YTBALGLHY XVLQJ +$3
biomaterials for bone regeneration, this synthetic hydrogel Boyes VL, Sammon C, Lemaitre C, Breen C (2012b).
DGGUHVVHY VHYHUDO FOLQLFDO GWHRPXARHPW R WG QRRIMH EA®BP D \8 B UMDLA- O
W LV F\WRFRPSDWLEOH LQ WKH &QIOIYHGVYWDWBFXQ® WKIXJWWEDEBRSE XW
VDIH DQG KRPRJIJHQRXV HQFDSVXGOdeWweRMesidnb.27678.V DQG +$3QD
WKH IDEULFDWLRQ WHFKQLTXH %WRDQ \bH G3 GIRNHD/S WRIW5 U HFF* X RX W K H
additional chemicals to be added for gelation or clean ugastwood M (1998) Tensional homeostasis in dermal
and the hydrogel undergoes gelation at body temperatuleEUREODVWY PHFKDQLFDO UHVSRQVHYV
JXUWKHUPRUH IROORZLQJ FHWRXHH GLERGRULRDODWKIERABBBAMKHY - &
K\GURJHO FRQWDLQLQJ +%$3QD ZDYWXDBOEOH6RI W@QREXNFHL QI 'LMNVWU
RVWHRJIJHQLF GLUHUHQWLDWLRQ BHUO®PRWQ BIHMK R XW HMKMLRBIGLWLRQ +\G
of growth factors. This has key implications becausk LVWRULFDO SHUVSHFWLYH )URP VLP
such a therapeutic strategy could utilise the patientBDWHULDOV - &BORBAPRIO 5SHOHDVH
own MSCs and be injected directly into the target site & KRL . .XKQ -/ &LDUHOOL 0- *ROGV
without the need for external biological manipulationThe elastic moduli of human subchondral, trabecular, and
thus reducing treatment costs, simplifying the treatmenbrtical bone tissue and the size-dependency of cortical
VWUDWHJI\ UHIJXODWRU\ UHTXLUHERQWVPRGX GRVBHPMIRBHFKSURYLGLQJ
VDIH DQG HVFDFLRXV UHSDLU DQG WHRXIWRH UDWRRQ Rl ORYR -ERQH 'HYHC
bioactive and biodegradable chitosan-based injectable
systems containing bioactive glass nanoparticles. Acta
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engineering: a growth-factor-free approach. ACS NanK\GURJHO IROORZLQJ ZHHNV DIWHU OR|

9: 3109-3118. top of pre-set 1éhm thick hydrogel constructs. Due to the
<RVKLPXUD + OXQHWD 7 1LPXUMDXWRARRDAD/V§H@REB Rl WKH K\GURJHO
+ G6HNL\D , &RPSDULVRQ RI wmaVgidaieytHeQhtigtatirddbenowWde Bf cells cannot be

cells derived from bone marrow, synovium, periosteunaccurately visualised. Despite this, cellular bedian
adipose tissue, and muscle. Cell TissueF2§s449-462. be visualised at the surface of the hydrogel, and within
=KDR ) *UD\VRQ :/ 0D 7 %XQQH®®HWoGHHSHU OD\HUV WKHUHIRUH ZH I
(UHFWV RI K\GUR[\DSDWLWH LQ 'KEXLHV R V DWWQD WHOD WIKQY BRIDKPWMKH PDWHU
network on human mesenchymal stem cell construd ORQH GRHV QRW SURYLGH VXVFLHQV
development. Biomaterials7: 1859-1867. that vascularisation of the hydrogel vivo would be
HVvFLHQW HQRXJK WR HQDEOH LQWHJUD
VXEVHTXHQW UHSDLU RI VXUURXQGLQJ E
Discussion with Reviewers GRHVY GHPRQVWUDWH WKDW +'0(& FHOO
of neovascularisation, are able to migrate through the
Reviewer I: As this hydrogel is non-degradable andK\GURJHO IXWXUH VWXGLHYV DUH UHTXL
does not really prone host cells migration and tissube vascularisation of the hydrogel, which is essential to
LQ,OWUDWLRQ ZH FDQ TXHVWLROQFLIOLWD®RZLKIHQMYONQWQ WL BPQAXQFW
the angiogenesis will be fast enough to create a functioraisured this is now conveyed in our response.
bone tissue.
Authors: :LWKLQ ERQH WLVVXH RélienerVil: Thelauthdds drede® arfinterRstirtd composite
proximity to blood vessels that crucially supply tissuebiomaterial with an atypical gelation mechanism, which is
with oxygen and nutrients and facilitate the removaVKRZQ WR VXSSRUW 06& GLinHNdHQWLDWL
RI FDUERQ GLR[LGH DV ZHOO BRZRWKHWEDBD \POWHIJLR G XNWWIMRQ GHJU
thus the regeneration of a functional bone matrix ighink that this could be a limitation?
UHOLDQW RQ WKH HVFLHQW Y DXERG:D UH KD BVR\\R Q H/IL WHK RV K D W HW WHH &) R
L-pNIPAM-co-DMAc hydrogel reported in this study. QDWXUH RI WKH / S1,3%0 FR '0$F K\GURJ}
Chiu et al., GHPRQVWUDWHG W K Ddévelped heReOnGuldrivttbeéla Nivithtibn since it reduces
influences neovascularisation with pores (25-50 ympVVXHYVY DVVRFLDWHG ZLWK VFDUROG G
limiting neovascularisation to the external surface dabxicity of degradation products as well as the challenge
the hydrogel (Chiwet al., 2011). The synthetic route Rl PDWFKLQJ VFDUROG GHJUDGDWLRQ ZL
HPSOR\HG LQ WKLV VWXG\ XQLT X Mkdh lnévaklyOnwl be pafield depdridBrit @iy enRisaded
SRO\PHULF QHWZRUN ZKLFK LV thdtthendn®iotiédgtadidbié hidrodeVWwN prawdéldiidterm
but is simultaneously able to facilitate polymer chailV FDUROG VXSSRUW ZKLOVW WKH QHZO\
displacement so that cells are able to migrate througtill undergo natural tissue remodelling to regenerate a fully
WKH K\GURJHO LQGHSHQGHQW RLLRHHIDVWHG WRXGVIECONSELRODWKEHRQH V
hydrogel being non-degradable it does facilitate cellulduturein-vivoinvestigations are essential to determine the
PLIJUDWLRQ )XUWKHUPRUH Z HongtEriyi fate Gf thiB iy dpogalabsinbvi-HiGle ghadablécell
+'0(& FHOOV ZKLFK DUH FDSDEORDRIUQHRY\DAROFURODALVDWLRQ
were able to migrate through the entire length of emfr®
thick pre-set hydrogel construct following 2 weeks irReviewer lll: The authors highlighted that the use of a non-
FXOWXUH )LJ ":5 W LV HQY LV DHictiegradéb AnhdwjedtablesyStenRsIrmbee ail.abdt@geous
EH PRVW VXLWHG DV D VXSSRUW thamheRWrent tdRapge ttiOdltathbtived bedadsg i ehBblgd Y H
cells for bone repair applications such as small non-unioW KH HDV\ DSSOLFDWLRQ WR PLFUR ¢VV]
fractures, artificial joint fixation and osteoporosis asDYRLGY ORVV RI PHFKDQLFDMEBROMXRUPD(
RSSRVHG WR ODUJH GHIHFWV W Ki¥gvadaténLin/otbdr NidtiEgratidleDsystemE Alaking \hw D Q F H
and resultant time taken, for cell migration into theDFFRXQW WKH FODVVLFDO DSSURDFK L
K\G UR JH O inWvivD 1o Rn@u@e vascularisation will allowing cells to colonize and to form new tissue, | would
EH VXVFLHQW WR IDFLOLWDWH W BuggasXdansid¥ringdthi® linjcthbl€)sy SeinbDa #/dai@er-H O O
DQG IXQFWLRQDO LQWHJUDWLRQ WIRWKHSBRDWR 6 B @@ VEK WHKKWHIRW QGWQ R Q

bone tissue. still unclear how this non-biodegradable construct would
facilitate bone tissue regeneration as it remains at the
Reviewer I: 7KH QHZ )LJ ':5 GRHVPO&RDMQWHNDWB\7KH DXWKRUV VKRXOG

bring any clear supplementary information. The greeapplication of this material.
DXWRAXRUHVFHQFH EDFNJUR X QAuthers: Th& ¢ytoddinPatibilty ahel IBwDvisdoskiylad the
and we observe only scarce clusters of cell agglomerategpNIPAM-co-DMAc hydrogel, developed here, enables
altogether. In fact, those cells do not exhibit ‘migratinghe delivery of regenerative cells by minimally invasive
phenotype’ as illustrated by the schematics on the left sidgection followed byin-situgelation to assist in the natural
RI WKLV ¢(JXUH )URP P\ SRLQW Ritepairtad rég&nendtign]of Udie GriatHx R@eWer 3 is
persuade ECM readers to the suitability of this hydrogebrrect that an important application of this hydrogel is
to be vascularised following implantation. that it can be used as an injectable cell carrier to promote
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Fig. DWR1. +XPDQ 'HUPDO OLFURYDVFXODU (QGRRMKIOVL PO &6 DOWO ®HG&ZLW K
&)6H VWDLQ IRU WUDF N Lrqndthi€x Prersét H-ENIRAM-Y3-RBARydrogel constructs with g/

P/ +$3QD DQG FXOWXUHG IRU ZHHNV 5HSUHVHXWHDWRSH ALIFDGEM RRG' G
K\GURJHO FRQVWUXFWVY GHPRQVWUDWLQJ FHOO PLJUDWLRQ WKURXJK W
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RVWHRJHQLF FHOOXODU G LWwHJHRWQDMWHRQWRI BAHU P IQNISIDOLFW B G\ LQV XV
cells and thus regenerate bone matrix. The low viscosi§ SSOLHG DV D FHOO GHOLYHU\ VFDURO((
QDWXUH RI WKLV VA\VWHP DOVR HDG®EOWMNVRWRB UKXBSIRGW\EBERIROGNRVR S
¢00 PLFUR DQG PDFUR I1UDFW X Uadd/ infegratRiJ ofiéhe \tis@el. Bhe ¢pFosingR €sulsW

37 f& :LWKLQ VPDQ @e BypQahdsiseHhat sbtdied heren vitro suggest that this L-pNIPAM-co-

WKH K\GURJHO ZLOO SURYLGH DIDMAE bydRdeGoHHINMiZeH he(atza's1dvh iMQCH

surfaces of native bone tissue, which will provide initiato regenerate bone tissue, without the need for external
mechanical support, facilitate the migration of native cellELRORJLFDO PDQL S X O Diwikds@dieKk RZHY HU
to aid tissue integration as well as promote osteogerdace essential to fully elucidate the long term fate of this
differentiation of transplanted cells to regenerate lydrogel within bone tissue.

IXQFWLRQDOO\ LQWHJUDWHGDBARRQH PDWUL[ :H HQYLVDJH WK

WKLY QRQ ELRGHJUDGDEOH K\GURJHO VFDUROG ZLOO SURYLGH

long term support, whilst the regenerated matrix within Additional Reference

and surrounding the hydrogel undergoes natural tissue

remodelling. The non-biodegradable properties of this &KLX <& &KHQJ 0+ (QJHO + .DR 6
K\GURJHO DYRLG LVVXHY DVVRFLDWHGKZMWDKEVFPURD GOGHJUDKMHWULRQH RI
such as toxicity of degradation products as well as thascularization and tissue remodeling in PEG hydrogels.
FKDOOHQJH RI PDWFKLQJ VFDuR BitmdeHaRDERLHLWISRQ ZLWK PDWUL][
regeneration which inevitably will be patient dependant.

JRU WKH UHSDLU RI VPDOO ERQH GHIHFWV DV ZHOO DV FOLQLFDO

cases of osteoporosis, the L-pNIPAM-co-DMAc hydrogel

FRXOG SURYLGH WKH EHQH¢ FLD O RiltbRsSNbte W B A VHRY VERMWK (B IR R U LIHY BIQOEU J
D VFDuROG KRZHYHU IRU ODUJHWuBRH GHIHFWY WKH K\GURJHO
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