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ABSTRACT

Bone-reflated finjurfies and dfiseases are among the most common causes of morbfidfity worfldwfide. Current bone-
regeneratfive strategfies such as auto- and aflflografts are finvasfive by nature, wfith adverse effects such as pafin,
finfectfion and donor sfite morbfidfity. MficroRNA (mfiRNA) gene therapy has emerged as a promfisfing area of
research, wfith mfiRNAs capabfle of reguflatfing muflfipfle gene pathways sfimufltaneousfly through the repressfion of
post-transcrfiptfionafl mRNAs. mfiR-26a fis a key reguflator of osteogenesfis and has been found to be upreguflated
foflflowfing bone finjury, where fit finduces osteodfifferentfiatfion of mesenchymafl stem ceflfls (MSCs) and facfiflfitates
bone formatfion. Thfis study demonstrates, for the ffirst tfime, that the amphfipathfic, ceflfl-penetratfing peptfide RALA
can effficfientfly deflfiver mfiR-26a to MSCs fin vfitro to reguflate osteogenfic sfignaflflfing. Transfectfion wfith mfiR-26a
sfignfifficantfly fincreased expressfion of osteogenfic and angfiogenfic markers at both gene and protefin flevefl Usfing a
rat caflvarfiafl defect modefl wfith a cofitficafl sfize defect, RALA/mfiR-26a NPs were deflfivered vfia an finjectabfle,
thermo-responsfive Cs-g-PNIPAAm hydrogefl to assess the fimpact on both rate and quaflfity of bone heaflfing. Crfitficafl
defects treated wfith the RALA/mfiR-26a nanopartficfles (NPs) had sfignfifficantfly fincreased bone voflume and bone
mfinerafl densfity at 8 weeks, wfith fincreased bflood vessefl formatfion and mechanficafl propertfies. Thfis study
hfighflfights the uffiflfity of RALA to deflfiver mfiR-26a for the purpose of bone heaflfing wfithfin an finjectabfle bfioma-

terfiafl, warrantfing further finvestfigatfion of dose-reflated effficacy of the therapeutfic across a range of finyfivo modefls.

1. Introduction

arrest or degradatfion by the RNA-finduced sfiflencfing compflex, fleadfing to
repressed productfion of ceflfluflar protefins. Inhfibfitfion of mRNA trans-

Bone osteogenesfis fis a compflex process that fis cflosefly reguflated by
sfigneflfifing pathways of both commfitted and non-commfitted osteopro-
genfitor ceflfls resufltfing from the chemficafl sfimuflfi of growth factors, cy-
tokfines and transcrfiptfion factors [1]. MficroRNAs (mfiRNAs) reguflate
gene expressfion on a post-transcrfiptfionafl flevefl by bfindfing to the target
sequences finthe 3’ untransflated regfion (UTR) of one or more messenger

RNA (mRNA) moflecufles [2]. Thfis finteractfion resuflts fin transflatfionafl

flatfion by mfiRNAs has emerged as an fimportant reguflator of deveflop-
mentafl osteogenfic sfignAflflfing pathways, osteobflast growth and
dfifferentfiatfion, osteocflast-medfiated bone resorptfion actfivfity, and bone
homeostasfis fin the aduflt skefleton. Aflthough mfiRNAs have a reflatfivefly
fast decay, the reguflatfion of exfistfing mRNA and subsequent protefins can
have flonger-term effects [3]. Consequentfly, mfiRNAs can provfide tem-

porary, rapfid tunfing of gene expressfion. They are aflso finvoflved fin
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osteobflast dfifferentfiatfion of mesenchymafl stem ceflfls (MSCs) through the
reguflatfion of Notch, transformfing growth factor-p (TGF-B), bone
morphogenetfic protefin (BMP), tumour necrosfis factor aflpha (TNF-a),
and Wnt/B-catenfin sfignaflfifing pathways. Thfis mfiRNA can efither enhance
or finhfibfit dfifferentfiatfion by bfindfing to osteogenfic transcrfiptfion factors
that fincflude gflycogen synthase kfinase-3 beta (GSK3B), Notch2, runt-
Reflated transcrfiptfion factor 2 (RUNX2), and transformfing growth fac-
tor beta (TGF-B) [4-6]. Furthermore, mfiRNAs have been fidentfiffied as
reguflators of osteobflast and osteocflast behavfiour, and are finvoflved fin
the process of bone remodeflflfing and muflfipfle bone metaboflfic dfiseases
such as osteoporosfis [7].

Some mfiRNAs are downreguflated durfing normafl osteogenesfis and,
as a resuflt, are consfidered as osteogenfic finhfibfitors (mfiR-138, [8] 141,
[9]1 338 [10]); others are upreguflated and are consfidered osteogenfic
promoters (mfiR-29b, [11] 196a, [12] 378 [13]). The flfiterature on a
seflectfion of these mfiRNAs has reveafled contradfictory resuflts, whfich
suggests that a adeeper understandfing of the bfioflogficafl cues fisrequfired.
For exampfle, mfiR-29a can efither finhfibfit or promote osteogenesfis
dependfing on the experfimentafl condfitfions [14,15]. Thfis exempflfiffies the
finherent compflexfity of controflflfing severafl gene reguflatory networks
sfimufltaneousfly, where there can be extensfive crosstaflk of the moflecuflar
mechanfisms finvoflved fin osteogenfic dfifferentfiatfion. Therefore, fit fis
afitficafl that aflunfintended bfioflogficafl consequences are consfidered when
a mfiR therapy fis seflected for use finhuman patfients.

The reguflatory rofle of mfiR-26a fin osteogenesfis has been an area of
much debate. Confflfictfing reports have been pubflfished on whether
overexpressfion of mfiR-26a finduces osteogenesfisfinhfibfitfing or
osteogenesfis-promotfing effects. For exampfle, Luzfi, et afl concfluded that
the presence of mfiR-26a had an finhfibfitory effect on the osteogenfic dfif-
ferentfiatfion of human adfipose-derfived stem ceflfls (hADSCs). Conversefly,
finhfibfitfion of mfiR-26a by 2’-O-methyfl-antfisense RNA fincreased protefin
flevefls of SMAD1 transcrfiptfion factor wfith enhanced osteodfifferentfiatfion
[16]. Lfikewfise, Lfi, et afl reported that overexpressfion of mfiR-26a
finhfibfited osteodfifferentfiatfion of mouse ADSCs vfia dfirect targetfing of
the 3'UTR of Wnt5a, and subsequentfly downreguflated the Wnt/Ca 2+
sfignaflfifing pathway [17].

However, mfiR-26a has aflso been reported to target GSK3p to actfivate
the Wnt/B-catenfin-sfignaflflfing pathway whfich transflocates P-catenfin
from the cytopflasm to the nucfleus, thus enhancfing fits transcrfiptfion.
[18,19]. GSK3B fs a negatfive reguflator of osteogenesfis 1fia the attenua-
tfion of RUNX2 sfignaflfifing [20]. MfiR-26a bfinds to, and finhfibfits, GSK3B to
enhance osteogenesfis through upreguflatfion of RUNX2, the master
reguflator of osteobflastogenesfis [21]. MfiR-26a has aflso been shown to
downreguflate PTEN, whfich can flead to osteogenesfis and fimproved
vascuflarfisatfion [22,2.3]. Specfifficaflfly, when deflfivered fin vfitro, mfiR-26a
reguflates osteobflast functfion and promotes dfifferentfiatfion of MSCs
finto osteobflasts, supportfing the use of thfis mfiRNA as a gene therapeutfic
for bone regeneratfion [22,24].

Reported target genes of mfiR-26a fincfludle SMAD1, GSK3B and
transducer of ERBB2 1 (Tob1); these moduflate the expressfion of SMADs
whfich are fintraceflfluflar protefins responsfibfle for the sfignafl transductfion
of the extraceflfluflar, transformfing growth factor, beta (TGF-B) super-
famfifly of flfigands [25-27]. The TGF-B famfifly of cytokfines fincfludes BMPs
and growth dfifferentfiatfion factors (GDFs) such as GDF-2 and TGF-Bs
protefin (TGF-B1, TGF-B2, and TGF-B3). These have a fundamentafl rofle fin
coupflfing bone resorptfion and bone formatfion durfing post-natafl bone
homeostasfis by bfindfing to a ceflfl-membrane bound type-II receptor, and
by the subsequent recrufitment and phosphoryflatfion of a type-I receptor,
whfich fin turn phosphoryflates receptor-reguflated SMADS (R-SMADS)
[28-30]. Therefore, mfiR-26a contrfibutes to supportfing osteogenesfis and
bone formatfion by targetfing SMAD1-BMP sfignAflflfing fin bone-formfing
ceflfls. mfiR-26a aflso pflays a key rofle fin vascuflar endotheflfiafl growth fac-
tor (VEGF)-medfiated neovascuflarfisatfion through dfirect targetfing of
Nogo-B receptor [31]. In vfivo deflfivery of human bone MSCs (hBMSCs),
transfected wfith 50 nM mfiR-26a mfimfic from a bfiodegradabfle heparfin-
hyafluronan-pofly(ethyflene gflycofl) dfiacryflate hydrogefl, facfiflfitated bone

490

Journal of Controlled Release 362 (2023) 489-501

regeneratfion aflong wfith fincreased vascuflarfisatfion fina 5 mm caflvarfiafl
mouse defect through osteogenesfis-angfiogenesfis coupflfing [32]. Stfimu-
flatfion of the finvasfive network of bflood vessefls vfia angfiogenesfis fis
necessary for the conversfion of hypertrophfic cartfiflage tempflate to bone
durfing endochondrafl bone formatfion [33]. Addfitfionaflfly, suffficfient
angfiogenesfis, often controflfled through VEGF sfignaflfifing, fis essentfiafl for
adequate heaflfing of fractures [34]. Osteogenfic-angfiogenfic coupflfing fis a
commonfly used approach for bone regeneratfion, and overcomfing fin-
adequacfies fin these sfignaflfifing pathways through deflfivery of mfiR-26a
may be an effectfive approach to fimprovfing bone heaflfing [35].

MfiR-26a fis aflso sfignfifficantfly downreguflated fin fractures. Zou, et afl
reported flevefls of mfiR-26a to be ffive tfimes flower fin patfients wfith frac-
tures compared to heaflthy voflunteers [22]. Overexpressfion of mfiR-26a
fleads to: finhfibfitfion of osteobflast apoptosfis and decrease of «flfl death;
promotfion of osteobflastfic actfivfity; formatfion of mfineraflfised nodufles
through an fincrease finBMP-2 and WNT3a; and suppressfion of osteocflast
formatfion by targetfing connectfive tfissue growth factor (CTGF) [22,36].
Weekfly deflfivery of 15 pg of mfiR-26a mfimfic, finjected finto the fracture
sfite of femur perfiosteum for 8 weeks, promoted heaflfing of a non-unfion
fracture fin a rat modefl by targetfing SOSTDC1 and Wnt/p-catenfin sfig-
naflflfing pathways [37]. Thfis further supports cflafims that over-expressfion
of mfiR-26a coufld promote osteogenesfis.

Sfince the effficfiency of any nucflefic acfid therapy fis dependent on
fintraceflfluflar transport, a deflfivery system fis requfired that protects the
cargo from degradatfion, crosses the cfffl membrane, and escapes the
endosome wfithout evokfing an fimmune response [38]. The amphfipathfic
fusogenfic peptfide RALA has been shown to compflex anfionfic cargoes
firrespectfive of sfize, protect the cargo from degradatfion, and escape
endosomafl envfironments ensurfing reflease of the cargo finto the cyto-
pflasm [39-48]. Thfis study reports for the ffirst tfime on the use of RALA to
deflfiver mfiR26a, fin both DNA and mfiR mfimfic forms, from a thermores-
ponsfive hydrogefl for bone regeneratfion [49]. Studfies were specfifficaflfly
desfigned to examfine the physfiochemficafl characterfistfics of the RALA/
mfiR-26a nanopartficfles, the osteogenfic potentfiafl and gene targets fin
hBMSCs, the degradatfion proffifle of the hydrogefl and the osteogenfic and
angfiogenfic potentfiafl fina rat cfitficafl-sfized caflvarfiafl defect modefl.

2. Materials and methods

2.1. Materfiafls

2.1.1. The RALA peptfide

The RALA peptfide was produced by soflfid state synthesfis (ffluo-
renyflmethoxycarbonyfl chemfistry) (Bfiomatfik, Canada) and suppflfied as a
flyophfififised powder that requfired reconstfitutfion before use. Peptfides
were suppflfied fin the acetate saflt form and > 95% purfity. Foflflowfing
cfleavage from the resfin, the desfired products were purfiffied and
conffirmed by Reverse Phase Hfigh Performance Lfiqufid Chromatography
(HPLC) usfing a 1260 Inffinfity II LC System (Agfiflent, USA).

2.1.2. Nucflefic acfids

pEGFP-N1 (Cflontech, USA) and pcDNA3-mfiR26a2 (Addgene, UK)
pflasmfids were purchased and subsequentfly propagated usfing MAX Ef-
fficfiency® DH5a™ Competent Ceflfls (Lfife Technoflogfies, UK). Purfifficatfion
was compfleted usfing a PureLfink® HfiPure Pflasmfid Ffiflter Maxfiprep Kfit
(Lfife Technoflogfies, UK) and quantfiffied by UV absorptfion at 260 nm
usfing a Nanodrop (Thermo Ffisher Scfientfiffic, UK). For the finvfivo studfies,
a doubfle-stranded mfiR-26a-5p mfimfic was deflfivered (Dharmacon, UK).

2.1.3. Gffififines
Human bone marrow-derfived mesenchymafl stem ceflfls (hBMSC)

(Promoceflfl, Germany) were used. Proffiflffing of the ol flfire was
compfleted by the suppflfiers and was conffirmed as Mycopflasma-free by
monthfly testfing usfing the MycoAflert® Mycopflasma Detectfion Kfit
(Lonza, Swfitzerfland).
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2.1.4. Anfimafls
Nfine C57/BL6 mfice used fin the fin vfivo degradatfion study were

housed fin an open facfiflfity fin Queen’s Unfiversfity Beflfast and experfi-
mentafl protocofls were compflfiant wfith the UK Scfientfiffic Act 1986.
Twenty-efight Wfistar mafle rats used fin the caflvarfiafl defect study were
housed fin the temperature-controflfled anfimafl care facfiflfity at the Unfi-
versfity of Massachusetts Amherst (USA). Al housfing and fin vfivo exper-
fimentafl procedures were performed finaccordance wfith protocofl #1815
approved by the Instfitutfionafl Anfimafl Care and Use Commfittee (IACUC)
of the Unfiversfity of Massachusetts Amherst. Anfimafls had ad fififiun ac-
cess to food and water durfing the experfiment and were kept under
standard day/nfight cycfle.

2.2. Methods

2.2.1. mfiR-26a gene target predfictfion

In ffffio anaflysfis of four pubfificfly avafiflabfle bfiofinformatfics aflgorfithms
— mfiRDB, TargetScan, mfiRTarBase and mficrocosm, [50,51] — were
compfleted to fidentfify the gene targets fin whfich mfiR-26a f& predficted to
bfind to the 3’ UTR. The data were coflflated and arranged finto a four-way
Venn dfiagram. Target genes seflected for further anaflysfis, fie coflflagen
Type 1 (COL1), RUNX2, osteocaflcfin (OCN), and vascuflar endotheflfiafl
growth factor A (VEGF-A), were based on finformatfion avafiflabfle fin the

fifiterature wfith regards to bone regeneratfion fin hMSCs.

2.2.2. Synthesfis of NPs

RALA/pmfiR-26a and pDNA nanopartficfles (NPs) seflf-assembfle vfia
eflectrostatfic finteractfions under ambfient temperatures. RALA/pDNA NPs
were prepared at N:P ratfios 1-15 by addfing approprfiate voflumes of
RALA peptfide soflutfion to 1 ug pDNA as prevfiousfly descrfibed [39]. The
NPs were fincubated at ambfient temperature for 30 mfin to aflflow the
formatfion of the compflexes. RALA/mfiR26a mfimfic NPs at N:P ratfio of 8

were chosen for finvfivo anaflysfis (optfimfisatfion data not shown).

2.2.3. NPs sfize and zeta potentfiafl anaflysfis
The mean hydrodynamfic sfize of nanocompflexes synthesfised usfing 1

pg of pmfiR-26a dfispersed fin 50 L of H O was determfined usfing Dy-
namfic Lfight Scatterfing at 20 "C wfith a Maflvern Nano ZS (Maflvern In-
struments, UK). Mean surface charge (zeta potentfiaf]) of the compflexes
was aflso measured by usfing Laser Doppfler Veflocfimetry on the Maflvern

Nano ZS system.

2.2.4. Encapsufiatfion effficfiency of mfiR-26a wfith the RALA peptfide

mfiR-26a NPs (1 pg of pmfiR-26a) were formuflated at varfious N:P
ratfios and added fin tfipflficate to a bflack 96-weflfl mficropflate (Thermo
Ffisher Scfientfifficc UK). 50 pL of Quant-fiT™PficoGreen® Reagent (Lfife
Technoflogfies, UK) dfifluted 1:200 fin TAE 1x buffer was subsequentfly
added to each weflfland fincubated for 30 mfin at RT. Sampfle ffluorescence
was measured at 480/520 nm usfing a FLUOstar Omega mficropflate
reader (BMG Labtech, Germany). Encapsuflatfion effficfiency was reported
reflatfive to a pmfiR-26a-onfly controfl. Data are reported as the mean of
three findependent repeats (n = 3, + SEM).

The compflexatfion of pDNA by the RALA peptfide was conffirmed
usfing Ion Exchange Chromatography (IEC). 0.5 g of the Ion Exchange
Medfia, SP-Sephadex (Sfigma-Afldrfich, SPC25120, GER), was fincubated fin
10 mL of 1 M moflecuflar bfioflogy grade NaCfl (Sfigma-Afldrfich, Germany)
overnfight at room temperature to facfiflfitate sweflflfing of the coflumn.
Foflflowfing supernatant removafl, the resfin was washed three tfimes usfing
10 mL Ufltrapure water to ensure no fionfic soflvent was present. 2 mL of
washed resfin was floaded finto a fifit coflumn and packed under pressure.
20 pL of pmfiR-26a or RALA/pmfiR-26a NPs at >20 mg/mL concentratfion
was floaded finto the coflumn and efluted wfith 3 mL of Ufltrapure water.
Ffinaflfly, fractfions were coflflected fin0.5 mL centrfifuge tubes and anaflysed

usfing a Nanodrop 2000 (Thermo Scfientfiffic, UK).
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2.2.5. Transfectfion studfies fin human BMSCs

hBMSCs were seeded at a densfity of 30 x 108 ceflfls finto 24-weflfl pflates
(Thermo Scfientfiffic, USA) 24 h prfior to treatment. Once conffluent, ceflfls
were condfitfioned for 2 h fin Optfi-MEM reduced serum medfia (Gfibco,
UK). Weflfls of the mufltfi-dfish were then suppflemented wfith a treatment of
RALA/pmfiR-26a NPs, such that the totafl pmfiR-26a fin the weflfl was 3.3
pg/cm2, and RALA was 26.1 pg/cm2. The foflflowfing treatments were
added to weflfls for comparatfive studfies: fi) untreated controfl, ffj) RALA
controfl (RALA/pEGFP-N1), wfith equfivaflent RALA used and fff) RALA/
pmfiR-26a NPs. Foflflowfing fincubatfion for 4 h under standard cuflture
condfitfions, the medfia was removed and repflaced wfith serum-
suppflemented (10% FBS, 1% Pen/Strep) standard hMSC expansfion
medfia (XPAN). GCeflfhflar response was verfiffied foflflowfing post-
transfectfion at weekfly fintervafls. Osteogenfic markers and predficted
mfiR-26a targets were anaflysed by reverse transcrfiptfion poflymerase
chafin reactfion (RT-PCR), hBMSCs were suppflemented wfith osteofin-
ductfion medfia (Promoceflfl, Germany) 72 h post-transfectfion, and a
further negatfive controfl group of ceflfls added that was cufltured fin
standard growth medfia (no osteogenfic finductfion) to determfine prfimer

specfifficfity.

2.2.6. Quantfitatfive Reaft-Tfime PCR (qRT-PCR) for mfiR-26a expressfion
from human BMSCs

RNA was extracted from hBMSCs vfia phase separatfion usfing a mfir-
Vana fisoflatfion kfit (Thermo Ffisher Scfientfiffic, UK). Reverse transcrfiptfion
reactfions for mfiR-26a and the endogenous controfl U6 spflficeosomafl RNA
(U6) were compfleted accordfing to the manufacturer’s protocofl (TagMan
Smaflfl RNA assay, Invfitrogen, UK). Quantfitatfive reverse transcrfiptfion
poflymerase chafin reactfion (QRT-PCR) of mfiR-26a flevefls was performed
usfing a Lfightcycfler 480 II (Roche, UK) accordfing to the foflflowfing pa-
rameters: 95 "C for 10 mfin (pre-fincubatfion), then ampfififficatfion vfia 40
cycfles of 95 "C for 15 s, and 60 “C for 60 s. mfiR-26a expressfion was
determfined from the recorded Ct vaflues usfing the AACT method, wfith
gene expressfion reported as fofld change compared to an untreated

controfl, wfith U6 as the endogenous controfl.

2.2.7. Fflow cytometrfic anaflysfis for GFP expressfion

48 h post-transfectfion, hBMSCs transfected wfith RALA/pEGFP-N1
NPs were anaflysed for the presence of green ffluorescent protefin (GFP).
GFP-expressfing hBMSCs were detected usfing the ffluorescence-actfivated
oflf] sortfing (FACS) caflfibur system (BD Bfioscfiences, UK), and data were
anaflysed usfing BD CeflflQuest™ Pro software. Resuflts are reported as the

mean of three findependent repeats (n = 3, + SEM).

2.2.8. gRT-PCR anaflysfis of mfiR-26a target genes

For each of the target genes — COL1, RUNX2, OCN and VEGF-A — a
specfiffic prfimer set (forward and reverse, Tabfle 1) was obtafined from
Integrated DNA Technoflogfies, UK. qRT-PCR anaflysfis was performed
usfing a Lfightcycfler 480 II (Roche, UK) wfith the foflflowfing fifight cycflfing
parameters: 95 "C for 5 mfin (pre-fincubatfion), then ampfififficatfion vfia 45
cycfles of 95 “C for 10 s, 60 “C for 10 s, and 72 "C for 10 s. Gene
expressfion was determfined from the recorded Ct vaflues usfing the AACT
method, wfith gene expressfion reported as fofld change compared to an
untreated controfl, wfith gflycerafldehyde-3-phosphate dehydrogenase

(GAPDH) as an endogenous controfl.

2.2.9. Immunoffluorescence mficroscopy for flate stage osteogenfic markers fin
hBMSCs

hBMSCs were pflated on 13 mm coversflfips (Agar Scfientfiffic, UK) and
pflaced fin a 24-weflfl pflate at a densfity of 30 x 103 ceflfls per weflfl
Foflflowfing transfectfion wfith mfiR-26a NPs and cuflture fin standard hMSC
growth medfia (Promoceflfl, Germany), ceflfls were ffixed usfing 4% para-
formafldehyde (Sfigma-Afldrfich, UK) for 30 mfin at RT, washed wfith PBS,
and bflocked for 1 h usfing PBS contafinfing 1% bovfine serum aflbumfin
(Sfigma-Afldrfich, UK) and 0.01% Tween 20 (Sfigma-Afldrfich, UK). Geflfls
were next fincubated for 1 h at 37 "C wfith antfi-osteocaflcfin (1:100, sc-
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Table 1
Gene specfiffic prfimer sets (Forward and Reverse).
Gene Target Descrfiptfion Prfimer Sequence
(NCBI Reference)
5' AAG AAC
FWD CCC AAG GAC
COL1A1 Homo sapfiens coflflagen type I AAG AG 3
(NM_000088.3) aflpha 1 chafin 5' GTA GGT
REV GAT GTT CTG
GGA GG 3’
5 GGC AGC
FWD GAG GTA GTG
BGLAP (OCN) Homo sapfiens bone gamrfla» AAG AG 3
(NM_199173) carboxygflutamate protefin 5 CTC ACA
(ocN) REV  CAC CTC CCT
CCT G 3'
5' GCG GTG
FWD CAA ACT TTC
R] TCC AG 3’
?51)\(/5001024630.3) Homo sapfiens RUNX2 5" GAC TCT
REV GTT GGT CTC
GGT GG 3/
5" GAG CCT
FWD TGC CTT GCT
VEGF-A GCT CTA 3
(EM_001025366.2) Homo sapfiens VEGF-A 5' CAC CAG
REV GGT CTC GAT
TGG ATG 3’

21,742, Santa Cruz, USA) or antfi-osteopontfin (1:100, sc-73,464, Santa
Cruz, USA) antfibodfies. Foflflowfing washfing fin PBS, the prfimary antfibody
was fincubated for 1 h at 37 "C wfith bfiotfinyflated horse antfi-mouse
Immunogflobuflfin G (IgG) secondary antfibody (1:200, BA-2000, Vector
Labs, UK). Membranes were washed three x 5 mfin wfith PBS, and fincu-
bated for 30 mfin at 4 "C wfith ffluorescefin streptavfidfin (1:200, SA-5001,
Vector Labs, UK) as a ffluorescent probe. HinAflfly, coversflfips were
mounted on mficroscope sflfides (Agar Scfientfiffic UK) wfith the use of
DAPI-contafinfing mountfing medfia (ab104139, Abcam, UK) to vfisuaflfise
cflfl nucflefi. Ffluorescentfly stafined ceflfls were observed by Immunoffluo-
rescence (IF) mficroscopy usfing a TSC SP5-Lefica Mficrosystems confocafl
mficroscope (Lefica, UK).

Images were anaflysed for normaflfised ffluorescence usfing the fimagfing
software Hifiv 2.10.0 (an open-source extensfion of ImageJ) [52]. For cflfl
countfing, the ‘Anaflyse Partficfles’ macro was used on the fimages of DAPI-
stafined nucflefi of ceflfls, wfith a sfizeflfimfitfing parameter of 200 pfixefls. For
OCN and osteopontfin (OPN) ffluorescence fintensfity, the flevef]l of back-
ground ffluorescence was set as a threshofld parameter, and the mean
ffluorescence fintensfity of the fimage was determfined. Each sampfle was
fimaged fin three random flocatfions per weflf], and reported vaflues are the
resuflt of three findependent experfiments.

2.2.10. Irceflfl western assay for RALA/pmfiR-26a effect on hBMSCs flate-
stage osteogenfic markers

hBMSCs were pflated fina 24-weflfl pflate at a densfity of 30 x 13 cflfls
per weflfl Foflflowfing transfectfion wfith RALA/pmfiR-26a NPs and cuflture
fin standard hMSC growth medfia (Promoceflfl, Germany), treated and
controfl ceflfls were ffixed usfing 4% paraformafldehyde (Sfigma-Afldrfich,
UK) for 30 mfin. Ceflfls were then permeabfiflfised at 4 “C for 4 mfin by
addfitfion of 0.1% Trfiton X-100 (Sfigma-Afldrfich, UK) fin PBS. For bflockfing,
PBS/1% Marvefl mfifk powder (Asda, UK) was added to the ceflfls and fleft
for 90 mfin on a shaker at 37 "'C. After bflockfing, the ceflfls were washed
twfice fin 1% mfiflk/PBS, and ceflfls were next fincubated for 2 h at 37 “C
wfith antfi-osteocaflcfin (1:100, sc-21,742, Santa Cruz, USA) or antfi-
osteopontfin (1:100, sc-73,464, Santa Cruz, USA) prfimary antfibodfies,
aflongsfide CeflfITag 700 (LI-COR Bfioscfiences, UK) fina 1/500 dfifhitfion fin
PBS, for flater anaflysfis of the normaflfisatfion to effflnumber. After prfimary
antfibody fincubatfion, ceflfls were washed ffive tfimes for 5 mfin on a shaker
wfith wash buffer (PBS and 0.1% Tween 20). Foflflowfing washfing fin PBS,

the prfimary antfibody was fincubated for 1 h at 37 "C wfith bfiotfinyflated
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horse antfi-mouse IgG secondary antfibody (1:10,000, BA-2000, Vector
Labs, UK), washed, and fincubated for 30 mfin wfith ffluorescefin strepta-
vfidfin (1:200, SA- 5001, Vector Labs, UK) as a ffluorescent probe for the
protefins of finterest. The ceflfls were washed, and antfibody targets were
detected fin the 800-channefl (green pseudo-coflour), and normaflfised for
offl number to the antfibody sfignafls from the 700-channefl (red pseudo-
coflour) usfing an Odyssey Cflassfic Infrared In-Ceflfl Western (ICW) Assay
Imagfing System (LI-COR Bfioscfiences, UK).

2.2.11. Mfinerafffisatfion of hBMSCs: Aflfearfin red stafinfing
To evafluate mfinerafl deposfitfion fin hBMSCs transfected wfith mfiR-26a

NPs, ceflfls were washed wfith PBS and ffixed for 30 mfin wfith 300 pL of
10% neutrafl buffered formaflfin (Sfigma-Afldrfich, UK). The ceflfls were
washed wfith dfisfiflfled water and 300 pL of 40 mM, and pH 4.2 Aflfizarfin
red S (Sfigma-Afldrfich, UK) was added to the ceflfl monoflayer. Aflfizarfin
stafinfing soflutfion was removed, and the ceflfls were washed wfith dfisfififled
water to remove any unbound stafin. Stafined sampfles were afir-drfied, and
mficroscopy fimages were captured usfing an EVOS XL finverted dfigfitafl
mficroscope (Thermo Ffisher Scfientfifficc UK). To quantfify the degree of
ARS stafinfing, semfi-quantfitatfive anaflysfis of the ARS was performed
through extractfion of the ARS dye usfing 100 mM cetyflpyrfidfinfium
chflorfide (CPC) (Sfigma-Afldrfich, UK) under gentfle rockfing for 30 mfin at
ambfient temperature. Ffinaflfly, the absorbance of the CPC soflutfion was
read at 540 nm usfing a FLUOstar Omega mficropflate reader (BMG Lab-

tech, Germany).

2.2.12. Fabrficatfion of Cs-g-PNIPAAm hydrogefl contafinfing RALA/mfiR-26a
NPs

The bfiodegradabfle and thermosensfitfive chfitosan-grafted-pofly(N-
fisopropyflacryflamfide) (Cs-g- PNIPAAm) hydrogefl used to deflfiver
RALA/mfiR-26a NPs finvfivo was synthesfised as prevfiousfly descrfibed [49].
Brfieffly, the Cs-g- PNIPAAm hydrogefl was synthesfised through free
radficafl poflymerfisatfion by addfing NIPAAm to 1% wefight/voflume Cs fin
acetfic acfid. The soflutfion was purged for 1 h usfing dry nfitrogen and
poflymerfised by addfing an finfitfiator (ammonfium persuflfate, APS) and an
acceflerator  (N,N,N'!N ftetramethyflethyflenedfiamfine, TEMED). The
copoflymer was dfiaflysed for 5 days fin doubfledfistfiflfled water at ambfient
temperature to remove any unreacted monomers and recovered by
freeze-dryfing. To mfinfimfise the chances of pDNA fintegratfion finto the
genome [53], a mfiR-26a mfimfic was deflfivered finstead of pmfiR-26a for
the fin vfivo vaflfidatfion. The flyophfiflfised Cs-g-PNIPAAm copoflymer was
soflubfiflfised to 5% w/v concentratfion wfith RALA/mfiR-26a NPs for 18 h at 4
C. The ffinafl mfiR-26a concentratfion fin the hydrogefl used for fin vfivo
appflficatfion was equfivaflent to 50 pg/mL. Therefore, 100 uL of each
hydrogefl contafinfing 5 pg of mfiR-26a was finjected finto the caflvarfiafl

defect.

2.2.13. Scannfing eflectron mficroscopy (SEM)

The flyophfiflfised hydrogefl was soflubfiflfised fin ufltrapure water +/
RALA/mfiR-26a NPs to achfieve a concentratfion of 50 pg/mL under
agfitatfion at 4 'C for 18 h. SEM fimagfing was conducted usfing a Hfitachfi

TM3030 wfith a vofltage of 15 kV.

2.2.14. Rheoflogy

Rheoflogficafl propertfies of the hydrogefl were tested usfing a stress-
controflfled rheometer (modefl AR-2000ex) (TA Instruments, New
Castfle, DE, USA) wfith paraflflefl pflate geometry (40 mm dfiameter). The
reconstfituted hydrogef]l wfith a voflume of 1.5 mL was used for the rheo-
flogficaf] anaflysfis. G’ and G" vaflues were obtafined by performfing a tem-
perature sweep at a frequency of 1 Hz over a range from 20 to 45 -C ata

rate of 3 "C/mfin.

2.2.15. Hydrogefi reflease

To determfine RALA/mfiR-26a reflease, a voflume of 100 pL hydrogefl
(correspondfing to the 5 pg dose used finvfivo) was fincubated fin the weflfls
of a 24-weflf] pflate at 37 "'C for 1 h to soflfidfify. Foflflowfing thfis, 1.4 mL of
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ufltrapure water was added to each of the weflfls, and the pflate was
fincubated at 37 "C. At predetermfined tfimepofints, 50 pL of water was
removed from each of the weflfls and stored at ambfient temperature.
RALA/mfiR-26a NPs were dfissocfiated by addfing 50 pL of 0.2 mg/mL
Protefinase K (Sfigma Afldrfich, UK) and fincubatfing for 1 h at 37 "'C. mfiRNA
concentratfion was determfined usfing a Quant-fit™ RfiboGreen RNA Assay
Kfit by comparfing to a standard curve produced wfith mfiR-26a at con-
centratfion range of 0.1-10 ng/pL (Thermo, USA). The percentage
reflease of the 5 pg mfiRNA fineach wefflwas caflcuflated at each tfimepofint.
mfiRNA-26a was detected from hydrogefl reflease sampfles by RT-PCR.
Sampfles were coflflected and dfigested as above and 5 pL was used for
reverse transcrfiptfion usfing the TagMan™ MficroRNA Reverse Tran-
scrfiptfion Kfit (Thermo Ffisher, UK) foflflowed by PCR usfing TagMan™
MficroRNA Assays and TaqgMan™ Unfiversafl Master Mfix II, no UNG
(Thermo Ffisher, UK). PCR was conducted fin a LfightCycfler 96 (Roche,
UK) and anaflysed usfing the correspondfing software.

2.2.16. Hydrogefl degradatfion

To determfine the fin vfivo degradatfion rate, 100 pL hydrogefl wfith or
wfithout the fincorporatfion of RALA NPs was wefighed and finjected sub-
cutaneousfly finto the fflanks of C57BL/6 mfice (N = 3 per group). Mfice
were sacrfifficed at varfious tfimepofints and the hydrogefl was excfised to
determfine the remafinfing mass. To sfimuflate fin vfivo degradatfion condfi-
tfions, 100 pL hydrogefl was fincubated fin the weflfls of a 24-weflf] pflate fin
PBS aflone or PBS contafinfing 3 mg/mL flysozyme. The pflates were
fincubated for 8 weeks at 37 “C. The remafinfing mass of hydrogef] wfithfin

the weflfls was determfined at varfious tfimepofints.

2.2.17. Cafbafiafl defect surgery
Cofitficafl-sfized caflvarfiafl defect surgery was performed foflflowfing a

pubflfished protocofl [54]. Wfistar rats at 12 weeks were anesthetfised vfia
fisofflurane finhaflatfion (2.5%—-3.5%). Usfing a sterfifle technfique, a 2-3 cm
fincfisfion was made from the brfidge of the nose to the back of the head.
The skfin and underflyfing perfiosteum were contracted flateraflfly usfing an
eflevator to expose the caflvarfia. Usfing a surgficafl dfiffl and trephfine
operatfing at 1500 RPM, a 6.8 mm dfiameter cfircuflar defect was made and
removed finthe parfietafl bone between the temporafl flfine and the sagfittafl
suture flfine Aflthough 8 mm defects are commonfly used for cfitficafl-sfize
cranfiafl defects fin rodents, dfiameters as flow as 5 mm have been used
when fintroducfing two defects per anfimafl, whfich reduces the number of
anfimafls needed and reduces the chance of finteractfion between adjacent
defects [55-57]. Rats were randomfised finto treatment groups. For those
recefivfing treatment, 100 pL voflume of hydrogefl was admfinfistered finto
the defect space dfirectfly after the defect was made. After treatment, the
perfiosteum was stretched back over the saflfl finto fits orfigfinaf] pflacement
and sutured cflosed usfing 4/0 Maxon bfiodegradabfle sutures (Medtronfic,
USA). The skfin over the perfiosteum was then sutured. The procedure
ended wfith 3-6 BD autocflfips (Ffisher Scfientfiffic, USA) over the wound.
Saflfine was used throughout the procedure.

Anfimafls were monfitored for sfigns of dfistress dafifly post-surgery. No
fimpflant rejectfions or finfflammatory reactfions were observed fin any of

the survfivfing anfimafls.

2.2.18. Mficro-computed tomography anaflysfis

Mficro-Computed Tomography (uCT) anaflysfis was performed finvfivo
at 4 and 8 weeks post-surgery. Anfimafls were fimaged usfing pCT (Bruker
Skyscan 1276, USA) foflflowfing anesthetfisatfion wfith fisofflurane finhafla-
tfion. Anfimafls were scanned usfing a voxefl sfize of 40 um and a 1 mm
aflumfinfium ffiflter. The X-ray tube vofltage was 60 kV, the current was 125
HA, and the exposure tfime was 490 ms. The 3D reconstructfions were
performed usfing NRecon v 2.0 (Bruker, USA). To assess bone regener-
atfion findefects, a 6.8 mm dfiameter cyflfindificafl voflume of finterest (VOI)
overflafid the defect regfion to quantfify bone voflume (mm3) and bone

mfineraf] densfity (g/cm?) of new tfissues.
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2.2.19. Hfisoflogficafl anaflysfis
Foflflowfing euthanasfia fia fintracardfiac exsangufinatfion at 8 weeks

post-surgery, caflvarfia bones contafinfing the defect regfion were harvested
(n = 3 per group), ffixed fin 10% formaflfin for 72 h, and decaflcfiffied fin
formfic acfid overnfight prfior to hfistoflogficafl examfinatfion. Each tfissue
sectfion was embedded fin parafffin, and 5 um sectfions were cut from the
approxfimate mfidflfine of the defect and posfitfioned onto a gflass mficro-
scope sflfide. Sectfions were stafined wfith hematoxyflfin and eosfin (H&E),
and fimaged at 400x magnfifficatfion usfing a Keyence BZ-X800 flfight mfi-
croscope (Keyscence, Japan) ffitted wfith a Nfikon 40 x 0.6NA objectfive.
Each fimaged sampfle was scored on a 0-3 gradfing scafle for presence of
bone, bflood vessefls, and floose connectfive tfissue. A score of 0 findficated
no tfissue finthe defect, and a score of 3 findficated extensfive tfissue fin the
defect. Afflsampfles were graded findependentfly reflatfive to each other by

two separate researchers.

2.2.20. Mechanficafl characterfisatfion
Mechanficafl characterfisatfion was compfleted to determfine the

maxfimum force, compressfive strength, and the Young’s moduflus, for
four representatfive caflvarfiafl bone sampfles at both the defect and the
naturafl bone sfites on the opposfite sfide of the parfietafl bone. Testfing was
performed usfing the Zwfick Z005 testfing machfine (Zwfick/Roeflfl, Zwfick
Roeflfl Ltd., UK), ffitted wfith a 500 N fload ceflfl. Before mechanficafl char-
acterfisatfion, sampfles were precondfitfioned at 37 £ 0.5 “C for 1 + 0.1 h.
Testfing was repeated at three dfifferent flocatfions on the defect and the
naturafl bone sfites. Mechanficafl testfing was performed fin a hydrated
envfironment, usfing a PBSAfiflfled water bath mafintafined at 37 + 0.5 “C. A
pre-fload of 0.2 N was ffirst reached before the fflat-faced cyflfindificafl
findenter (@1.1 mm) was used to appfly the compressfive floadfing at a rate
of 2 mm/mfin, to efither a maxfimum force of 20 N or fracture. The
maxfimum force (FMax) was recorded for each sampfle, and the
compressfive strength was caflcuflated as the quotfient of F, and the
cross-sectfionaf]l area of the bone defect sfite. The Young’s moduflus was
caflcuflated from the sflope of the flfinear regfion of resufltfing stress vs. strafin

curves.

2.2.21. Staffisficafl anaflysfis

Unfless otherwfise stated, three findependent experfiments were
compfleted for each anaflysfis, and the resuflts are presented as mean *
SEM, n = 3 (where n fi equafl to the number of findependent batches
prepared). Statfistficafl anaflysfis was performed usfing Prfism 6.0 (GraphPad
Software, USA). Statfistficaflfly sfignfifficant dfifferences were then caflcuflated
usfing the two-way anaflysfis of varfiance (2-way ANOVA), wfith a p-vaflue
of <0.05 consfidered sfignfifficant (*) p < 0.05; (**) p < 0.01; (***) p <
0.001.

3. Results

3.1. Identfifficatfion of mfiR-26a as a potentfiafl therapeutfic target for

osteogenesfis

Muofltfipfle aflgorfithms have been devefloped to computatfionaflfly predfict
the human mfiR- mRNA finteractfions whfich heflp to fidentfify the thera-
peutfic targets of mfiRs. Four pubflficfly avafiflabfle bfiofinformatfic databases
of mfiRs target genes have been used to fidentfify overflappfing targets of
mfiR-26a (Ffig. 1a) [50,51,58,59]. A four-way Venn dfiagram was con-
structed to determfine the overflappfing gene targets (Ffig. 1a). The sub-
sequent 26 predficted genes from the anaflysfis, flfisted aflongsfide wfith gene
targets finred, were seflected for further anaflysfis, based on finformatfion

avafiflabfle fin the flfiterature wfith regards to bone regeneratfion fin hMSCs.

3.2. Characterfisatfion of mfiR-26a NPs

RALA/pmfiR-26a NPs were formuflated wfith a N:P (representfing
moflar ratfio of posfitfivefly-charged nfitrogen atoms fin the amfino acfid
backbone to the negatfivefly-charged phosphates fin the nucflefic acfid
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Fig. 1. Identfifficatfion of gene targets of mfiR-26a wfith therapeutfic potentfiafl and nanocompflex characterfisatfion. A (iifD) In fifffio bfiofinformatfic predfictfions for the gene
targets of mfiR-26a wfith genes of finterest hfighflfighted fin red. B) RALA compflexes wfith pmfiR-26a vfia eflectrostatfic finteractfions to form catfionfic nanosfized partficfles
(<100 nm). C) mean hydrodynamfic sfize (d,) and zeta potentfiafl (ZP) of pmfiR-26a NPs at varfious RALA: pmfiR-26a mass ratfios 0-15. Aflmeasurements are reported as
mean + SEM, (n= 3). D) Number-wefighted sfize (d) dfistrfibutfion for pmfiR-26a NPs at N:P 6. E) Correspondfing representatfive sfize dfistrfibutfion by fintensfity of pmfiR-26a
NPs at N:P 6. F) TEM fimages reveaflfing monodfispersed, spherficafl RALA/pmfiR-26a NPs at N:P 6. G) Encapsuflatfion effficfiency was quantfiffied usfing Quant-fiT™
PficoGreen reagent and measurfing ffluorescent output (n = 3). H) Ion Exchange Chromatography showfing no free mfiRNA when pmfiR-26a NPs are run through the
coflumn (n = 3). (For finterpretatfion of the references to coflour fin thfis ffigure flegend, the reader fis referred to the web versfion of thfis artficfle.)

backbone) from 0 to 15. The mean hydrodynamfic sfize (dh) and zeta
potentfiafl (ZP) of RALA/pmfiR-26a NPs were determfined to conffirm the
successfufl compflexatfion and charge neutraflfisatfion of nucflefic acfid by the
RALA peptfide, and to create stabfle nanosfized (<100 nm) partficfles. Sfize
and charge of NPs are fimportant factors for endocytosfis, wfith onfly
catfionfic partficfles wfith sfizes <200 nm enterfing ceflfls vfia cflathrfin-
medfiated endocytosfis [60]. Stabfle NPs [61] were formuflated from N:P 6
upwards (Ffig. 1c), whereas ratfios beflow 6 showed efither a negatfive, or a
weak posfitfive surface ZP, findficatfing unsuccessfufl compflexatfion of the
anfionfic nucflefic acfid. In addfitfion to sfize and charge, the shape of nano-
compflexes fis an fimportant factor that can determfine the flevefl of finter-
naflfisatfion, as the flfiterature suggests that spherficafl NPs can be
fintemaflfised at a rate as much as ffive-fofld hfigher than rod-shaped
nanocompflexes [62]. The spherficafl morphoflogy of NPs at N:P 6 was
conffirmed on TEM mficrographs (Ffig. 1f) and wfith mean dh = 74 £ 9 nm
and ZP = +21.1 £ 1.6 mV (Ffig. 1d and e). N:P 6 was seflected for further
anaflysfis of the nanocompflexes.

To determfine whether any free nucflefic acfid remafined fin soflutfion
foflflowfing the addfitfion of RALA, the compflexatfion effficfiency was
assessed by Quant-fiT™ PficoGreen™ assay and verfiffied by IEC (N:P ratfio
6). Resuflts findficated that >85% of mfiR-26a was encapsuflated at N:P
ratfio 3 and above (Ffig. 1g), wfith N:P 6 demonstratfing an encapsuflatfion
effficfiency of 88.7 + 1.5%. Riflfl compflexatfion of nucflefic acfid by RALA

peptfide was conffirmed by IEC whfich showed no free pPDNA when RALA/
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pmfiR-26a NPs were passed through the coflumn (Ffig. 1h).

3.3. Transfectfion of hBMSCs wfith mfiR-26a NPs

Foflflowfing conffirmatfion that RALA can effectfivefly compflex pmfiR-26a
finto nanocompflexes, the maxfimum permfissfibfle dose of pmfiR-26a that
coufld be deflfivered to the ceflfls wfithout a sfignfifficant cytotoxfic effect was
assessed (Ffig. 2a). The maxfimum dose at N:P 6 was 1 ug, equfivaflent to
3.3 pg of pmfiR-26a per cn® wfith 70% conffluent hBMSCs. The trans-
fectfion effficacy was subsequentfly assessed finvfitro usfing pEGFP-N1 as a
reporter pflasmfid. GFP expressfion of transfected hBMSCs was found to be
27.9 + 2.2% (Ffig. 2b and c). To conffirm that endogenous flevefls of mfiR-
26a fincrease durfing osteogenesfis, hBMSCs were subjected to osteo-
dfifferentfiatfion by addfitfion of the osteogenfic medfia, wfith the flevefls of
mfiR-26a quantfiffied vfia QRT-PCR anaflysfis (Ffig. 2d). mfiR-26a expressfion
contfinued to rfise, reachfing a 10.4 + 1.5-fofld change by day 14. When
the undfifferentfiated hBMSCs were transfected wfith RALA/pmfiR26a, the
expressfion of mfiR-26a fincreased 13.2 + 2.4-fofld fin reflatfion to the un-
treated controfl at 48 h post-transfectfion (Ffig. 2e). Taken together, these
resuflts coupfled wfith the NP characterfisatfion data, findficate that com-
pflexes at N:P 6 demonstrated a transfectfion effficfiency that fincreased

mfiR26a flevefls wfithout any sfignfifficant compromfise to the ceflf] vfiabfiflfity.
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Fig. 2. Vfiafiflfity and transfectfion effficfiency of RALA/nucflefic acfid nanocompflexes and anaflysfis of mfiR-26a target gene protefin flevefls post-transfectfion. A) hBMSCs
were transfected wfith mfiR-26a NPs at a range of mfiRNA concentratfions (0.1-5 pg/weflf). GfIfl vfiafiflfity was assessed usfing MTS assay at 24 h, 48 h and 72 h post-
transfectfion. Gl vfiabfiflfity was caflcuflated as a measure of ffluorescence reflatfive to untreated ceflfls. B) Ffluorescent mficrographs of GFP expressfion finhBMSCs 48 h post-
transfectfion wfith RALA/pEGFP NPs. Reported fimages are representatfive of three findependent repeats. C) Transfectfion effficfiency was assessed 48 h flater by fflow
cytometry for GFP posfitfive ceflfls (n = 3, £ SEM). D) qRT-PCR anaflysfis of mfiR-26a basafl flevefls finhBMSCs at Day 3, 7 and 14 post-osteofinductfion. E) qRT-PCR anaflysfis
of mfiR-26a expressfion 48 h post-transfectfion wfith RALA/pEGFP-N1 NPs and RALA/pmfiR-26a NPs fin hBMSCs.

3.4. Determfinatfion of therapeutfic effect fofiflowfing overexpressfion of mfiR-
26a fin hBMSCs

Transfectfion of hBMSCs wfith RALA/pmfiR-26a NPs subjected to
osteodfifferentfiatfion finduced the upreguflatfion of osteogenfic genes
(Ffig. 3a-c). COL1, RUNX2, OCN and VEGF-A were upreguflated by Day 3.
VEGF-A, an fimportant growth factor for the osteogenfic/angfiogenfic
coupflfing of heaflthy bone regeneratfion, was sfignfifficantfly fincreased by
Day 3, exhfibfitfing a 1.7 + 0.1-fofld change compared to untreated ceflfls
(Ffig. 3d). OPN and OCN are osteogenfic markers for the maturatfion stage
of osteoprogenfitor dfifferentfiatfion and flate maturatfion/earfly mfineraflfi-
satfion stage of osteoprogenfitor dfifferentfiatfion, respectfivefly. The prote-
omfic flevefls of OPN and OCN fin hBMSCs were examfined at Day 21 and
Day 28 wfith IF stafinfing and conffirmed wfith an In-Ceflfl Western (ICW)
assay. Intense posfitfive stafinfing of findfivfiduaf] ceflfls for OPN and OCN and a
hfighfly sfignfifficant fincrease fin normafIfised ffluorescence were observed for
mfiR-26a NPs transfected ceflfls, exhfibfitfing 17.0 + 2.5 tfimes more
posfitfive stafinfing for OPN and 5.6 + 1.4 tfimes for OCN compared to the
untreated controfl (Ffig. 3e and g). ICW assay supported these ffindfings,
wfith the pmfiR-26a NPs treatment group exhfibfitfing a sfignfifficant fincrease
compared to controfl groups at day 21: an fincrease fin OPN and OCN
flevefls was reported as 50 + 10% (Ffig. 3f) and 40 £ 9% tfimes greater
than efither of the controfl groups, respectfivefly.

Deflfivery of pmfiR-26a at a concentratfion of 3.3 pg/cm? fincreased
caflefium deposfitfion fin hBMSCs by Day 7, as extensfive stafinfing was
Vfifibfle on both a macro- and mficro-scafle fin the cflfks transfected wfith
RALA/pmfiR-26a NPs (Ffig. 3fi). The dfissoflved Aflfizarfin Red S extracted
from the ceflfluflar monoflayer provfided a quantfitatfive conffirmatfion of the
observed stafinfing, exhfibfitfing a 248 + 37% fincrease fin mfineraflfisatfion fin
the RALA/pmfiR-26a group compared to the untreated group of hBMSCs
cufltured fin osteofinductfion medfia (Ffig. 3j). Ceflfls cufltured fin growth
medfia showed a sfimfiflartrend, wfith an fincrease fin Aflfizaifin Red S stafinfing
fin the RALA/pmfiR-26a NPs treated ceflfls (37 £ 17%).

3.5. Hydrogefl characterfisatfion

The mficrostructure of the hydrogefl wfith or wfithout the addfitfion of
RALA/mfiR-26a NPs as determfined by SEM fimagfing fis presented fin
Ffig. 4a. The hydrogefl formed a meshed network wfith pores vfifibfle fin the
X1500 magnfifficatfion fimage. Pore sfize ranged from 2 to 10 pm. The
addfitfion of RALA NPs afltered the structure of the hydrogefl by reducfing
the number of pores vfifibfle fin the structure. Thfis fs attrfibuted to the
presence of nanopartficfles occupyfing the pores wfithfin the hydrogefl.

The thermosensfitfive nature of the hydrogefl wfith and wfithout RALA/
mfiR-26a NPs was conffirmed through rheoflogficafl anaflysfis (Ffig. 4b). For
both hydrogefl aflone and hydrogefl floaded wfith mfiR-26a NPs, at
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Fig. 3. Impact of mfiR-26a deflfivery on hBMSCs functfionaflfity. A-D) mRNA flevefls of target genes fin hBMSCs post-transfectfion wfith pmfiR-26a NPs. To quantfify COL1,
RUNX2, OCN and VEGF-A expressfion at Day 3, 7 and 14. Totafl RNA was reverse transcrfibed, and gene expressfion quantfiffied reflatfive to GAPDH as an endogenous
controfl usfing QRT-PCR. Resuflts are presented as reflatfive fofld change and reported as mean + SEM, n = 3. E) OPN IF quantfifficatfion anaflysed at Day 21 and 28 post-
transfectfion. Inserts represent ffluorescent mficrographs wfith stafinfing of osteopontfin productfion (green) of untreated, RALA/pEGFP-N1 NPs-transfected, and RALA/
pmfiR-26a NPs-transfected hBMSCs foflflowfing 21 days fin cuflture (scafle bars = 100 pm). F) ICW assay to determfine expressfion of OPN by hBMSCs at Day 21 and 28 post-
transfectfion. G) OCN IF quantfifficatfion as anaflysed at Day 21 and 28 post-transfectfion. Inserts represent ffluorescent mficrographs wfith stafinfing of osteopontfin
productfion (green) of untreated, RALA/pEGFP-N1 NPs transfected, and RALA/pmfiR-26a NPs transfected hBMSCs foflflowfing 21 days fincuflture (scafle bars = 100 um). H)
ICW assay to determfine expressfion of OCN by hBMSCs at Day 21 and 28 post-transfectfion wfith RALA/pEGFP-N1 NPs and RALA/pmfiR-26a NPs. I) Aflfizarfin Red S-stafined
untreated hBMSCs, post-transfectfion wfith RALA/pEGFP-N1 NPs and RALA/pmfiR-26a NPs, foflflowfing 7 days fin standard hMSC growth or osteofinductfion medfia.
Images are 4 x mficroscopy fimages of a representatfive weflfl from a 24-weflfl mficropflate (scafle bar = 500 pm). J) Degree of aflfizafinred S stafinfing, quantfiffied vfia

CPC extractfion (n = 3, + SEM). (For finterpretatfion of the references to coflour fin thfis ffigure flegend, the reader fis referred to the web versfion of thfis artficfle.)

temperatures >37 ''C, the storage moduflus (G’) exceeds the floss moduflus
(G"), findficatfing a transfitfion from a flfiqufid to a soflfid state. The sofl-gefl
transfitfion temperature of the hydrogefl was 32 ''C whfich was unaf-
fected by the addfitfion of nanopartficfles. At 37 "'C, the G’ of the hydrogefl
floaded wfith nanopartficfles was hfigher (70.3 Pa) than the hydrogefl aflone
(45.1 Pa), suggestfing that the nanopartficfles are supportfing the structure
of the hydrogefl to form a poflymer-partficfle network.

The reflease proffifle of the thermoresponsfive hydrogef] floaded wfith 50
pg/mL RALA/mfiR-26a NPs was measured over the perfiod of 1 week to
conffirm controflfled reflease. In the ffirst 8 h, there was an fifififl reflease of
1201.4 ng £ 256 ng, whfich was mafintafined to 1243 ng + 197 ngat 24 h
correspondfing to 24% reflease (Ffig. 4c). The consfistent reflease observed
between 8 and 24 h demonstrates that the hydrogefl does controfl the
reflease of mfiRNA. Thfis fififif] reflease fis attrfibuted to sweflflfing of the
hydrogefl and outward dfiffusfion of the floaded nanopartficfles. Further
reflease beyond thfis pofint woufld be controflfled finvfivo through enzymatfic
degradatfion of the outer surface of the hydrogefl, facfiflfitatfing dfiffusfion of
nanopartficfles flocated deeper fin the hydrogefl Beyond 24 h, the
measured mfiRNA concentratfion fin soflutfion appears to decrease,
possfibfly due to the degradatfion of mfiRNA through hydroflysfis. However,
finvfivo, the refleased NPs woufld be rapfidfly endocytosed and processed by
ceflfls, whfich shoufld facfiflfitate a sustafined effect of the mfiR-26a as the
hydrogefl degrades over tfime.

The fin vfivo degradatfion study demonstrated that the hydrogefl
exhfibfited a steady degradatfion proffifle over 8 weeks (Ffig. 4d). By 8 weeks
post-finjectfion, the proportfion of hydrogefl that had degraded was
84.83% and 86.08% for hydrogefl aflone and hydrogefl floaded wfith RALA
NPs respectfivefly. In vfitro, the hydrogefl showed flfimfited degradatfion fin
PBS onfly, wfith 13.28% degradatfion at 8 weeks. The addfitfion of 3 mg/mL
flysozyme fincreased the degradatfion at 8 weeks to 60.22% and 83.31%
for hydrogefl onfly and hydrogefl floaded wfith RALA NPs respectfivefly,
cflosefly matchfing the finvfivo degradatfion finthe NP group. Thfis provfided
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an accurate finvfitro modefl for modeflflfing fin vfivo degradatfion, where the
reflease of NPs fis controflfled by passfive dfiffusfion mechanfisms, coupfled

wfith ongofing enzymatfic degradatfion vfia the flysozyme of the hydrogefl.
To assess whether the mfiRNA refleased from the finvfitro fincubatfion of
the hydrogefl fis fintact, sampfles contafinfing refleased NPs were dfigested
usfing protefinase K to reflease the encapsuflated cargo. RT-PCR was used
to detect mfiR-26a finthe sampfles, reveaflfing a fofld change of 3398 finthe
presence of mfiR-26a fin hydrogefl sampfles floaded wfith the RALA/mfiR-
26a NPs (Ffig. 4e). Thfis proved that the NPs refleased from the hydro-
gefl contafined fintact and detectabfle mfiR-26a.

3.6. In vfivo evaftuatfion of RALA/mfiR-26a NPs fin afificafl sfize caftvarfia
defect finrats

ATl experfimentaf] anfimafls recovered from the caflvarfiafl defect sur-
gery, and no adverse events were reported. Each rat was sactfifficed 8
weeks post-surgery, and the caflvarfiafl bone wfith the defect was harvested
for anaflysfis. H&E stafinfing and assessment of the mechanficafl propertfies
were conducted 8 weeks post-treatment, whereas UCT anaflysfis was
performed at 4 and 8 weeks to study the quantfity and quaflfity of the
regenerated bone. The flocatfion of the defect fis shown fin Ffig. 5a, and
representatfive fimages of the rat’s saflfl wfith the defect treated wfith
thermosensfitfive hydrogefl contafinfing mfiR-26a NPs fin Ffig. 5b.

UCT scans demonstrated flfimfited bone regeneratfion finthe defect area
fin both groups after 4 weeks, whfich fincreased 8 weeks post-surgery
(Ffig. 5¢). Bone formatfion finfitfiated from the defect margfins and pro-
gressed towards the centre as seen fin the defect fiflfled wfith hydrogefl
floaded wfith RALA/mfiR-26a NPs at week 8; bone formatfion was present
aflong the defect margfin and as connected fisflands of new bone fin the
centre of the defect. Aflthough a trend for greater bone formatfion was
observed fin the defect ffiflfld wfith hydrogefl floaded wfith mfiR-26a NPs
compared to empty defect, no sfignfifficant dfifferences were observed
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Fig. 4. A) SEM fimage of hydrogefl at x400 and x1500 magnfifficatfion as findficated. (fi) Thermoresponsfive hydrogefl onfly (if) Thermoresponsfive hydrogefl floaded wfith
RALA/mfiR-26a NPs at a concentratfion of 50 ng/pL. B) Dynamfic temperature sweep of the thermoresponsfive hydrogefl wfith or wfithout the fincorporatfion of RALA/
mfiRNA NPs. C) Reflease of RALA/mfiRNA NPs from the thermoresponsfive hydrogefl fincubated fin ufltrapure water at 37 “C over 7 days. D) In vfivo degradatfion of the
hydrogefl measured by subcutaneous finjectfion fin C57BL/6 mfice correflated wfith fin vfitro degradatfion determfined by measurfing mass of hydrogefl over 8 weeks
foflflowfing fincubatfion fin PBS at 37 'C wfith or wfithout 3 mg/mL flysozyme. E) RT-PCR showfing fofld change fin mfiR-26a detected foflflowfing fincubatfion of hydrogefl
sampfles fin ddH2O for 3 days at 37 "'C. Afflresuflts are reported as mean + SEM, n= 3.

between the groups at 4 and 8 weeks. However, sagfittafl vfiew pCT fim-
ages (bottom row, Ffig. 5¢) reveafled bone formatfion throughout the

entfire thfickness of the caflvarfia defect, showfing compflete brfidgfing at 8
weeks fin 28.6% of empty defect and 71.4% of hydrogefl floaded wfith
RALA/mfiR-26a NPs group. Efight weeks post-surgery, bone voflume and
bone mfineraflfised densfity, a major findficator of the quaflfity and strength
of the regenerated bone, [63] had fincreased fin the RALA/mfiR-26a NPs
treated defect compared to the empty defect by an average of 2.08 mm 3
and 0.064 g/cm3, respectfivefly (Ffig. 5d and e). Furthermore, defects
treated wfith RALA/mfiR-26a showed a statfistficaflfly sfignfifficant fincrease fin
bone voflume and bone mfineraflfised densfity at 8 weeks compared to 4
weeks. Aflthough there was no statfistficafl sfignfifficance fin bone formatfion
and bone mfineraflfised densfity between empty defect and hydrogefl
floaded wfith RALA/mfiR-26a NPs groups, the RALA/mfiR-26a NPs group

showed consfiderabfly hfigher heaflfing responses compared to untreated
defect and smaflfler standard devfiatfion of heaflfing responses compared to
the untreated controfl.

There was a non-sfignfifficant fincrease fin bone and vessefl presence
foflflowfing treatment wfith hydrogefl floaded wfith RALA/mfiR-26a NPs
compared to the untreated controfl (Ffig. 5f). In addfitfion, the presence of
floose connectfive tfissue was fless pronounced fin mfiR-26a NPs-treated
defects compared to the controfl. H&E sflfices reveafled a sfinfiflar trend to
the puCT anaflysfis, as the presence of normafl bone formatfion was found
wfithfin the defect area fin both groups (Ffig. 5h), wfith the defect wfidth
befing smaflfler fin the mfiR-26a group (1.26 + 0.41 mm) compared to
untreated controfl (3.09 + 0.44 mm).

To determfine the mechanficafl propertfies of the regenerated caflvarfiafl
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bone, mficrofindentatfion was used to measure the maxfimum fload appflfied
(force at bone defect fracture), compressfive strength and Young’s
Moduflus (Ffig. 5g fifff) [64]. Young’'s moduflfi compressfive strength and
maxfimum force vaflues recorded for the mfiR-26a-treated defect were
hfigher fin the mfiRNA-treated defects compared to the empty defect.
Aflthough these resuflts were not sfignfifficant, thfis findficates a trend to-
wards fimproved mechanficafl performance of the regenerated bone

regfion.
4. Discussion

mfiR-26a has emerged as a promfisfing candfidate for osteogenfic gene
therapy. However, the therapeutfic use of mfiRNAs has been hampered by
stabfiflfity, hfigh sensfitfivfity for degradatfion fin physfioflogficafl condfitfions,
and flow ceflfluflar entry [65,66]. Successfufl use of mfiRNAs as therapeutfics
depends on the capabfifIfitfies of vectors to protect the cargo and facfiflfitate
fintraceflfluflar deflfivery. As weflfl as havfing bone-regeneratfive effects, mfiR-
26a has aflso been shown to be have an antfi-tumour effect [67-69]. Due to
the breadth of effects that mfiRNAs can have on both pathophysfio-
flogficafl and therapeutfic pathways, strategfies for safe and effficfient de-
flfivery to the sfite of actfion are essentfiafl. Use of the RALA peptfide, as weflfl
as formuflatfion finto a thermoresponsfive hydrogefl, can protect the sen-
sfitfive nucflefic acfid cargo and ensure fits retentfion and graduafl reflease to
the fintended sfite of actfion, avofidfing off-target effects and uncontroflfled
mfiRNA reflease.

The data outflfined fin thfis study show for the ffirst tfime how the mfiR-
264, deflfivered as nanopartficfles usfing the 30-amfino acfid ceflfl-penetratfing
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Fig. 5. In vfivo deflfivery of RALA/mfiR-26a NPs vfia thermoresponsfive and bfiodegradabfle hydrogefl fina rat caflvarfiafl bone defect. A) Schematfic representatfion of the

flocatfion of the caflvarfiafl bone defect finrat. B) Representatfive fimage of 100 pL of thermoresponsfive hydrogefl floaded wfith RALA/mfiR-26a NPs admfinfistered finto the
defect space. C) Representatfive coronafl and sagfittafl vfiew pCT scan fimages of bone wfithfin the defect regfion; whfite represents bone. D) Voflume of bone wfithfin the
regfion of finterest at 8 weeks. E) Bone mfinerafl densfity (g/cm®) shown as an average densfity of a¥ltfissues wfithfin the regfion of finterest at 8 weeks (n= 5, Mean + SEM).
F) Presence of bone, floose connectfive tfissue and bflood vessefl fin caflvarfia cross-sectfion sflfides stafined wfith H&E from untreated controfl and RALA/mfiR-26a NPs group (n
= 3) presented as score on a 0-3 gradfing scafle. G) Mechanficafl propertfies: (fi) Maxfimum Force, ({if)) Young’'s Moduflus, and (ifif) Maxfimum compressfive strength of empty
defect area and defect fiflfled wfith hydrogefl floaded wfith RALA/mfiR-26a NPs (n > 7, Mean + SEM). H) Representatfive fimages of the caflvarfia cut on the transverse
pflane and stafined wfith H&E. Bflack flfines represent the dfistance between bone formatfion 8 weeks post-surgery fin (fi) empty defect and (ifi) defect treated

wfith mfiR-26a NPs deflfivered from a hydrogefl. Magnfifficatfion at 400x.

peptfide RALA, can successfuflfly fincrease bone regeneratfion. The deflfivery
of mfiR-26a NPs exhfibfited sfignfifficant fincreases fin functfionaflfity fivfitro fin
hBMSCs, demonstrated by osteogenfic gene upreguflatfion, fincreased
productfion of OCN and OPN protefins, and deposfitfion of mfineraflfised
tfissue. Incorporatfion of mfiR-26a NPs finto the thermoresponsfive Cs-g-
PNIPAAm hydrogefl was aflso found to be an encouragfing pflatform for a
treatment of cfitficafl-sfized caflvarfiafl defects fin Wristar rats.

In agreement wfith the flfiterature, the bfiofinformatfic anaflysfis of mfiR-
26a gene targets reveafled that the BMP/SMAD, [70] GSK3B and Wnt/ B-
catenfin [71] pathways are among those reguflated by mfiR26a. It was
demonstrated that the RALA/mfiR-26a formuflatfion at a N:P ratfio of 6
produced NPs wfith hydrodynamfic sfize of ~74 nm, catfionfic fin nature
(exhfibfitfing a net ZP of +21 mV), and wfith compflete encapsuflatfion. The
phystiochemficafl characterfistfics findficated that RALA/mfiR-26a nano-
compflexes woufld be fidedf] for fintraceflfluflar deflfivery vfia endocytfic path-
ways [60], facfiflfitatfing the subsequent nucflear transport of the pDNA to
aflflow transcrfiptfionaf] processfing for the fintended fincrease fin mfiR-26a fin
vfitro and finvfivo. The maxfimum toflerated dose of mfiR-26a was found to
be 1 pg, and fithas prevfiousfly been shown that thfis quantfity fis capabfle of
dlficfifing an upreguflatfion of the encoded gene fin a range of cf¥l fifines
[46,72].

Usfing RALA/mfiR-26a NPs, a transfectfion effficfiency of 27.9 + 2.2%
was obtafined finhBMSCs. Thfis was deemed as reflatfivefly hfigh for prfimary
hBMSCs, as prfimary cufltured ceflfls are known to be dfiffficuflt to transfect.
In fact, Madefira et afl. showed a transfectfion effficfiency of onfly 7% fin
fisoflated hBMSCs foflflowfing flfipofectfion wfith pflasmfid GFP [73]. The re-
suflts presented fin thfis study are comparabfle to a transfectfion effficfiency
of 24-36% reported by Cheung, et afl who used sfix commercfiaflfly
avafiflabfle catfionfic ffifidand poflymer reagents and GFP as a reporter gene
to transfect hBMSCs [74]. In the present study, mfiR-26a expressfion was
fincreased 13-fofld, findficatfing successfufl deflfivery to the nucfleus and

subsequent transcrfiptfion finto functfionafl endogenous mfiR-26a. Other
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studfies desfigned to deflfiver mfiR-26a finto ceflfls have shown mfixed resuflts.
Transfectfion of fimmortaflfised ceflf] flfines typficaflfly yfieflds hfigh mfiR-26a
upreguflatfion of up to 1000-fofld [75]. Zou et afl used a commercfiaflfly
avafiflabfle transfectfion reagent (X-tremeGENE) to deflfiver 50 nmofl of
mfiR-26a mfimfic finto cufltured osteobflast ceflfls efffifitfing fless than three-
fofld upreguflatfion [22]. Zhang et afl reported 20-40-fofld upreguflatfion
fin mfiR-26a fin prfimary mouse osteobflasts usfing seflf-assembfled pofly-
pflexes wfith 60 pmofl [66]. Yan et afl. used mesoporous fiflfia NPs to
deflfiver a dose of 20 pg/mL to produce a 2500-fofld fincrease finmfiR26a at
fin BMSCs at 24 h [24]. There have been other finnovatfive strategfies,
fincfludfing the deflfivery of genetfic cargo usfing exosomes to treat muscu-
floskefletafl dfisorders, whfich have wffivaflfled commercfiafl transfectfion re-
agents fineffficacy [76,77]. Despfite the varfied transfectfion effficfiencfies, fit
fis the anaflysfis of the downstream osteogenfic effects fin BMSCs that fis
ofitficafl. Al of these studfies reported simfiflar flevefls of osteogenfic gene
expressfion, notabfly two-three-fofld upreguflatfion of COL1, RUNX2 and
OCN. In the present study, sfimfiflar downstream effects were achfieved
wfith a flower concentratfion of cargo (5 pg/mL), findficatfing that RALA NP
technoflogy fis more effficfient fin mfiR-26a deflfivery to BMSCs.

Increasfing endogenous mfiR-26a flevefls fin vfitro fled to a sfignfifficant
fincrease fin COL1 mRNA as earfly as Day 3, findficatfing an fincrease fin
osteodfifferentfiatfion. Increased COL1 deposfitfion by osteobflast ceflfls has
been shown to contrfibute to a feedback floop producfing an fincrease fin
bone formatfion due to the cooperatfive nature of COL1 and non-
coflflagenous protefins such as OCN, OPN, and bone sfiafloprotefin. COL1
constfitutes the basfic framework of the extraceflfluflar matrfix upon whfich
these protefins are orfiented prfior to caflcfifficatfion [78,79]. Therefore, the
fincrease fin COL1 mRNA expressfion by Day 3, may aflso have a contrfib-
utory effect on the apprecfiabfle fincrease finOCN mRNA observed at Day 7
and Day 14. Indeed, sfignfifficant fincreases fin RUNX2 and OCN mRNA
flevefls were observed by Day 7, and remafined sfignfifficantfly hfigher than

untreated ceflfls up to matrfix maturatfion stage (Day 14). Thfis fis fin
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agreement wfith resuflts reported by Ifi et afl. who demonstrated that
hBMSCs transfected wfith mfiR-26a mfimfics, had eflevated mRNA flevefls
for BMP2, OCN, COL1 and RUNX2 by Day 2, remafinfing up to 14 days
[80]. Addfitfionaflfly, both Wang et afl and Su et afl. showed sfignfifficant
fincreases fin OCN and RUNX2 mRNA flevefls after 48 h by fincreasfing the
endogenous flevefl of mfiR-26a fin murfine BMSCs [26,81].

The downstream effect of mfiR-26a NPs on the expressfion of angfio-
genfic growth factor VEGF was finvestfigated wfith respect to osteodfiffer-
entfiatfion. Bone angfiogenesfis fis necessary for transport of oxygen and
nutrfients, recrufitment of MSCs and osteobflasts finthe earfly stage durfing
osteogenesfis, and fin the flater stage, for trabecuflar bone formatfion and
maturatfion [82]. Foflflowfing transfectfion wfith mfiR-26a NPs, a short-term
upreguflatfion of VEGF-A mRNA expressfion was observed, as human
BMSCs exhfibfited a two-fofld fincrease fin VEGF-A at Day 3 wfith expressfion
flevefls returnfing to controfl fleveflsbefore Day 7. Increased flevefls of VEGF-A
are present fin the haematoma that forms post-fracture findficatfing fits
fimportance fin fracture repafir. [83] Thfis earfly finffix of VEGF-A medfiates
the progressfion of the bone heaflfing process and has been shown to be
expressed hfighfly durfing the earfly stages of osteodfifferentfiatfion (< 7
day) finhMSCs. [84]

NP deflfivery of mfiR-26a had a posfitfive effect on the productfion of
OPN and OCN - fimportant osteobflastfic phenotype protefin markers, and
on mfinerafifisatfion. Protefin productfion of both OPN and OCN was
sfignfifficantfly fincreased 21 days post-transfectfion. Deposfitfion of caflcfium
phosphate by MSCs undergofing osteogenfic dfifferentfiatfion fis findficatfive
of matrfix maturatfion and fis routfinefly used as an fimportant marker for
successfufl bone regeneratfion [85]. Enhanced mfineraf] deposfitfion fin the
transfected hBMSCs was determfined through the presence of Aflfizarfin
red stafinfing, and semfi-quantfitatfivefly measured vfia extractfion. The dfif-
ference between the treatments was most enhanced when the ceflfls were
under the finffluence of forced osteodfifferentfiatfion, where posfitfive
stafinfing for mfineraflfisatfion was enhanced by 248% fin mfiR-26a NPs
transfected ceflfls. Thfis ffindfing cflearfly findficates that by “prfimfing”
hBMSCs vfia mfiR-26a NPs transfectfion, the rate and extent of osteo-
dfifferentfiatfion can be sfignfifficantfly enhanced. Interestfingfly, an fincrease
of 31% fin mfineraflfisatfion was observed finthe GFP NPs transfected ceflfls.
RALA/pEGFP-N1 appears to exhfibfit a moderate amount of bfioactfivfity
wfith respect to fincreasfing osteogenesfis, most apparent when used fin
conjunctfion wfith osteofinductfive medfia. The finffluence of ceflfl-
penetratfing peptfides on stress ffibre formatfion and focafl adhesfions of
MSCs are potentfiaflfly responsfibfle for thfis moderate therapeutfic outcome
[86,87].

The therapeutfic potentfiafl of the RALA/mfiR-26a NPs floaded finto a
thermoresponsfive hydrogefl was evafluated fin vfivo fin a rat cfitficafl-sfized
caflvarfiafl defect modefl. Thfis hydrogefl has been extensfivefly charac-
terfised fina prevfious study, where fit was shown that the hydrogefl coufld
be formuflated through free radficfle poflymerfisatfion and showed ther-
moresponsfive and degradatfion capabfiflfitfies whfich coufld be tafiflored by
aflterfing the formuflatfion [49]. The mficrostructure and degradatfion of
the hydrogefl, as weflfl as protectfion of mfiRNA by RALA NPs foflflowfing
reflease was conffirmed fin the current study. The deflfivery system was
capabfle of refleasfing nanopartficfles contafinfing fintact mfiRNA fin a
controflfled manner, whfifle exhfibfitfing a degradatfion proffifle sufitabfle for
the tfimeframe requfired for the heaflfing of flarge bone defects.

The mfiR-26a NPs contafinfing a totafl of 5 pg of mfiR from a thermor-
esponsfive hydrogefl acceflerated the repafir of the cfitficaflsfize caflvarfiafl
defect fin Wfistar rats. The bfiodegradabfle Cs-g-PNIPAAm hydrogefl
devefloped by our group was uffiflfised here as an finjectabfle bfiomaterfiafl for
the mfiR-26a NPs [49]. The hydrogefl fis weflfl characterfised and was
formuflated to degrade graduaflfly over a perfiod of 8 weeks, deflfiverfing
functfionafl RALA/mfiR NPs to the surroundfing ceflfls. In thfis study, bone
voflume fin the mfiR-26a-treated groups fincreased on average by 39.8%
and 41.5% at 4 and 8 weeks respectfivefly, compared to the empty defect.
Bone-mfineraflfised densfity fincreased by 17.2% and 31.6% at 4 and 8
weeks respectfivefly. The mfiR-26a NP group aflso demonstrated fimproved
mechanficafl propertfies when compared to the untreated defect at Week
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8, whfich was findficatfive of newfly regenerated bone wfithfin the defect
sfite. Morphoflogy of the new bone was evafluated through H&E-stafined
transverse sectfions cut fin the approxfimate centre of defects. Sflfices
showed compact bone matrfix, and the brfidgfing was observed fin3 out of 5
anfimafls wfith the 6.8 mm dfiameter cfircuflar defect. The angfiogenfic
effect of mfiR-26a through VEGF moduflatfion observed fin vfitro was
conffirmed fin vfivo, as findficated by a 40% fincrease fin new vessefl forma-
tfion fin the mfiR-26a group. These resuflts findficate that mfiR-26a fis suc-
cessfuflfly deflfivered to the MSCs present wfithfin the defect whfich then
stfimuflates osteogenfic and angfiogenfic sfignaflfifing and bone heaflfing.

The majorfity of fin vfivo studfies expflorfing mfiR-26a therapy for bone
regeneratfion are based on transfected stem ceflfls [80,88,89]. Down-
stream dffinficaf] transflatfion of such approaches mfight be unfeasfibfle due to
recognfised flfimfitatfions assocfiated wfith stem ceffl therapfies (finvasfive
harvestfing technfiques, fimmunogenficfity, and flfimfited survfivafl fin vfivo)
[90]. Dfirect mfiR-26a deflfivery has been shown to fimprove bone regen-
eratfion fin fin vfivo mouse modefls [66]. Ifi et afl reported approxfimatefly
30% fincrease fin bone voflume foflflowfing treatment wfith mfiR-26a
compared to negatfive controfl [91]. Sun et afl. reported new bone for-
matfion observed fina non-unfion rat femur modefl when 15 pg of mfiR-26a
mfimfic was deflfivered weekfly for 8 weeks (totafl of 120 pg of mfiR per
anfimafl) [37]. The present study demonstrates a notficeabfle fimprovement
fin osteogenfic and angfiogenfic potentfiafl fin yfivo wfith a RALA/mfiR-26a
floaded hydrogefl contafinfing a totafl of 5 ug of the nucflefic acfid. Thfis
approach protects the mfiRNA and facfiflfitates ceflfluflar deflfivery, thus
effficfitfing Simfiflar therapeutfic effects at a consfiderabfly flower dose. Future
studfies Wt focus on assessment of bone regeneratfion fin cfitficafl-sfized
bone defect modefls when a hfigher dose of up to 20 pg fis deflfivered.
The osteogenfic potentfiafl of mfiR-26a deflfivered vfia a NP-floaded scaffofld
has aflso been shown fin vfivo, wfith a 62.2% fincrease fin bone voflume
observed 4 weeks after fimpflantatfion [92]. However, one of the major
drawbacks of current bone-regeneratfive technfiques fis the finvasfive na-
ture of the finterventfion. Whifle scaffoflds can be usefufl carrfiers of gene
therapy vectors, finjectabfle therapfies such as the hydrogefl presented fin
thfis study present a safe and non-finvasfive method of deflfivery for the
therapeutfic.

In summary, mfiR-26a has been fidentfiffied as an fimportant mfiRNA,
reguflatfing osteodfifferentfiatfion of hBMSCs. mfiR-26a flevefls fincreased
stignfifficantfly fin hBMSCs undergofing the phenotypfic change to mature
osteobflasts. The amphfipathfic peptfide RALA was capabfle of condensfing
mfiR-26a nucflefic acfid finto catfionfic nanosfized (<150 nm) partficfles for
fincreased transfectfion of hBMSCs, fleadfing to a sfignfifficant over-
expressfion of mfiR-26a fin vfitro. Such flevefls of mfiR-26a sfignfifficantfly
fincreased osteogenfic markers on both a genomfic and proteomfic flevef,
fleadfing to acceflerated mfineraflfisatfion of hBMSCs and a short-term fin-
crease finthe mRNA flevefls of the angfiogenfic factor VEGF. Furthermore, fin
vfivo resuflts demonstrated that a hydrogefl floaded wfith 5 pug of mfiR-26a
can effectfivefly enhance bone heaflfing.
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