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ABSTRACT

Very flarge bone defects sfignfifficantfly dfimfinfish the vascuflar, bflood, and nutrfient suppfly to the finjured sfite, reducfing the bone’s abfiflfity to seflf-regenerate and
compflficatfing treatment. Deflfiverfing nanomedficfines from bfiomaterfiaf] scaffoflds that finduce host ceflfls to produce bone-heaflfing protefins fis emergfing as an appeaflfing
soflutfion for treatfing these chaflflengfing defects. In thfis context, mficroRNA-26a mfimfics (mfiR-26a) are partficuflarfly finterestfing as they target the two most reflevant
processes fin bone regeneratfion-angfiogenesfis and osteogenesfis. However, the mafin flifimfitatfion of mficroRNAs fis thefir poor stabfiflfity and fissues wfith cytosoflfic deflfivery.
Thus, ufiflfifing a coflflagen-nanohydroxyapatfite (coflfl-nHA) scaffofld fin combfinatfion wfith ceflfl-penetratfing peptfide (RALA) nanopartficfles, we afimed to deveflop an
effectfive system to deflfiver mfiR-26a nanopartficfles to regenerate bone defects fin vfivo. The mficroRNA-26a compflexed RALA nanopartficfles, whfich showed the hfighest
transfectfion effficfiency, were fincorporated finto coflflagen-nanohydroxyapatfite scaffoflds and fin vfitro assessment demonstrated the mfiR-26a-actfivated scaffoflds effec-
tfivefly transfected human mesenchymafl stem ceflfls (hMSCs) resufltfing fin enhanced productfion of vascuflar endotheflfiafl growth factor, fincreased aflkaflfine phosphatase
actfivfity, and greater mfineraflfisatfion. After fimpflantatfion fin crfitficafl-sfized rat caflvarfiafl defects, mficro CT and hfistomorphoflogficafl anaflysfis reveafled that the mfiR-26a-
actfivated scaffoflds fimproved bone repafir fin vfivo, producfing new bone of superfior quaflfity, whfich was hfighfly mfineraflfised and vascuflarfised compared to a mfiR-free
scaffofld. Thfis finnovatfive combfinatfion of osteogenfic coflflagen-nanohydroxyapatfite scaffoflds wfith mufltfifunctfionafl mficroRNA-26a compflexed nanopartficfles provfides an
effectfive carrfier deflfiverfing nanopartficfles flocaflfly wfith hfigh effficacy and mfinfimafl off-target effects and demonstrates the potentfiafl of targetfing osteogenfic-
angfiogenfic coupflfing usfing scaffofld-based nanomedficfine deflfivery as a new "off-the-sheflf" product capabfle of heaflfing compflex bone finjurfies.

1. Introduction

Large bone defects fincurred through dfisease and trauma consfider-
abfly dfimfinfish the suppfly of bflood, nutrfients, and vascuflarfisatfion to the
affected area, thereby fimpedfing the bone’s seflf-regeneratfion capacfity
and often fleadfing to deflayed or unsuccessfufl tfissue unfion [1,2]. The
treatment of these defects sfifl remafins a chaflflenge to cflfinficfians. Over
the years, autografts harvested from the patfient’s fiffic crest have
become the gofld standard, as they contafin vfiabfle host ceflfls and bone

matrfix protefins that enhance both osteoconductfive and osteofinductfive

propertfies. Nonethefless, they are assocfiated wfith flfimfited avafiflabfiflfity,
hfigh donor-sfide morbfidfity, and the need for two surgficafl finterventfions,
fincreasfing the rfisk of compflficatfions [3,4]. Thfis, combfined wfith the
growfing demand for bone graftfing, has fled modern bfiomaterfiafls scfience
to focus on desfignfing synthetfic materfiafls that not onfly provfide structurafl
support but aflso actfivefly partficfipate fin the bone heaflfing process by
stfimuflatfing host ceflfls to deposfit bone matrfix [5]. Thfis can be achfieved
by deflfiverfing nanomedficfines and therapeutfics to finduce the host ceflfls to
produce bone-heaflfing protefins by themseflves [6,7].

In current dffinficef] practfice, the deflfivery of growth factors, such as
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recombfinant bone morphogenetfic protefin-2 (BMP-2), fis commonfly
empfloyed for bone repafir. However, growth factors have finherent flfim-
fitatfions, fincfludfing uncontroflfled reflease, short haflfflfife, ectopfic bone
formatfion, and targetfing onfly a sfingfle pathway finthe compflex sfignafififing
cascade of bone heaflfing [8-10]. As a resuflt, there fi growfing finterest fin
the fintraceflfluflar deflfivery of nucflefic acfids, fincfludfing mficroRNAs (mfiR-
NAs), whfich exhfibfit mufltfifunctfionaflfity by targetfing nmuflifipfle genes and
pathways MficroRNAs are smaflfl non-codfing RNA moflecufles that natu-
raflfly occur wfithfin ceflfls and reguflate gene expressfion at the
post-transcrfiptfionafl flevefl [11]. Synthetfic therapeutfic mficroRNAs,
fincfludfing mfiR mfimfics and antagomfiRs, can efither mfimfic or finhfibfit gene
functfion, thereby fleadfing to the overexpressfion or downreguflatfion of
specfiffic targets and protefins [12,13]. The deflfivery of mficroRNAs offers
severafl advantages over other nanotherapeutfics. Unflfike recombfinant
protefins such as BMP-2, mficroRNAs do not requfire supraphysfioflogficafl
dosages, reducfing the rfisk of aberrant effects [14,15]. In addfitfion, the
flower moflecuflar wefight fis easfier to compflex and deflfiver to the cyto-
pflasm compared to pflasmfid DNA whfich requfires nucflear transcrfiptfion
before cytopflasmfic transflatfion.

A range of mficroRNAs have been fidentfiffied as key reguflators of bone
regeneratfion. For exampfle, mfiR-133a [16], mfiR-16 [17] or mfiR-138
[18] have been reported to posfitfivefly finffluence osteogenesfis. At the
same tfime, mfiR-126 [19] or mfiR-210 [20] have been shown to finduce
angfiogenesfis of endotheflfiafl or mesenchymafl stem ceflfls [21] by stfimu-
flatfing the expressfion of vascuflar endotheflfiafl growth factors (VEGF) or
hypoxfiafinducfibfle factors (HIF). Among the numerous mficroRNAs
finvoflved fin essentfiafl processes, mficroRNA-26a (mfiR-26a) stands out as
partficuflarfly fintrfigufing fin the context of bone, as fit pflays a rofle fin both
angfiogenesfis and osteogenesfis, makfing fita promfisfing candfidate for bone
tfissue appflficatfions. Specfifficaflfly, mfiR-26a mfimfics have been found to
stfimuflate mufltfipfle osteogenfic pathways, fleadfing to the overexpressfion
of reflevant protefins such as Runx2 and osteocaflcfin [22-26]. Further-
more, mfiR-26a mfimfics promote osteogenfic dfifferentfiatfion and mfiner-
aflfisatfion of MSCs [27] whfifle finhfibfifing osteocflastogenesfis [28],
underscorfing thefir rofle fin mafintafinfing bone homeostasfis. Notabfly,
mfiR-26a has been shown to finduce the overexpressfion of VEGF [26], a
potent angfiogenfic moflecufle, hfighflfightfing fits potentfiafl finvoflvement fin
the angfiogenfic-osteogenfic coupflfing process fin bone regeneratfion.

Whfifle mficroRNAs potentfiaflfly offer cuttfing-edge soflutfions fin tfissue
engfineerfing and regeneratfive medficfine, the major chaflflenges ffe fin
protectfing mfiRs agafinst enzymatfic degradatfion whfifle aflflowfing for
steady and controflfled reflease of genetfic cargo to the host ceflfl Our
research group has been expflorfing the combfinatfion of scaffoflds and non-
vfirafl vectors for the deflfivery of a mufltfitude of nucflefic acfids to tfissue-
specfiffic appfificatfions for the flast decade [29]. Gene-actfivated scaffofld
systems fleverage the structurafl support and bfioactfive envfironment of
scaffoflds and the safe protectfive rofle of non-vfirafl vectors to deflfiver
therapeutfics flocaflfly at the dffinficefl sfite, reducfing doses and admfinfistra-
tfion frequency, and potentfiaflfly enhancfing effficacy compared to systemfic
admfinfistratfion [29]. Specfifficaflfly fin reflatfion to bone repafir, our
coflflagen-hydroxyapatfite scaffofld pflatforms have demonstrated sfignfiffi-
cant potentfiaf] fin heaflfing bone defects fin smaflfl and flarge anfimafl modefls
[30-32] Moreover, they have proven to be effectfive systems for the
controflfled deflfivery of nucflefic acfids, fincfludfing pflasmfid BMP-2 [33],
pflasmfid VEGF [34] and mficroRNAs [16,17].

In thfis study, we ufiflfise the RALA peptfide as a non-vfirafl deflfivery
vector, known for fits abfiflfity to effectfivefly compflex anfionfic cargoes [35,
36] thus protectfing the cargo from enzymatfic degradatfion and ensurfing
fits deflfivery finto the ceflfluflar cytosofl. Thfis approach was drfiven by the
proven fin vfivo effficacy and safety of the RALA peptfide [37,38]. The
objectfive of the study was thus to deveflop a hfighfly effficfient non-vfirafl
gene-actfivated scaffofld capabfle of sfimufltaneousfly promotfing bflood
vessefl fingrowth and bone formatfion for the repafir of flarge bone defects
by deflfiverfing mfiR-26a mfimfics protected wfith RALA peptfide. To achfieve
thfis, our study encompassed specfiffic afims: 1) optfimfisfing mfiR-26a-RALA
nanopartficfles and assessfing thefir osteogenfic potentfiafl fin 2D ceflf] cufltures
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usfing hMSCs, 2) deveflopfing a mfiR-26a-actfivated scaffofld and evafluatfing
fits floadfing effficfiency, transfectfion effficfiency, reflease capabfiflfity, as weflfl
as fits effects on the angfiogenfic and osteogenfic potentfiafl of MSCs, and 3)
evafluatfing the abfififity of mfiR-26a-actfivated scaffoflds to regenerate
afitficafl-sfized caflvarfiafl defects finvfivo.

2. Materials and methods

2.1. Development of mfiR-26a nanopartficles

The mfiRIDIAN mficroRNA hsa-mfiR-26a-5p mfimfic (mfiR-26a) and
scrambfled mfimfic negatfive controfl (scr mfiR) (Dharmacon, UK) were
combfined wfith RALA peptfide (Bfiomatfik, US) at N:P ratfios rangfing from
1 to 10. Thfis formuflatfion aflflowed for the spontaneous formatfion of
compflexes wfithfin 30 mfin, foflflowfing the methodoflogy outflfined fin
McCarthy et afl, [35]. To enabfle ffluorescent trackfing of the mficroRNA
nanopartficfles, mfiR-26a was flabeflfled wfith Cy5 through covaflent bfindfing,
ufiffifing the Labefl IT® sfiRNA Tracker Intraceflfluflar Locaflfisatfion Kfit
(Cambrfidge Bfioscfience, UK) accordfing to the manufacturer’s fin-
structfions. Subsequentfly, the flabeflfled mfiR-26a (mfiR-26a-Cy5) was
compflexed wfith RALA at an N:P ratfio of 8, as prevfiousfly descrfibed. Affl
nanocompflexes contafinfing genetfic cargoes were then flyophfiflfised fin 2
mL vfiafks usfing a programmabfle AdVantage Pro freeze dryer (SP Scfien-
tfiffic, USA), wfith trehaflose empfloyed as a cryoprotectant.

2.2. Physficochemfical characterfisatfion of mfiR-26 nanopartficles

2.2.1. Sfize, zeta-potentfial and morphology

The optfimafl N:P ratfio of mfiR-26a nanopartficfles was determfined
through varfious characterfisatfion technfiques. The mean hydrodynamfic
sfize of freshfly prepared and reconstfituted nanopartficfles contafinfing 0.5
ug of mficroRNA fin water was measured usfing Dynamfic Lfight Scatterfing
on a Maflvern Nano ZS finstrument (Maflvern Instruments, UK). The zeta
potentfiafl of the nanopartficfles fin each sampfle was determfined usfing
Laser Doppfler Veflocfimetry on the same Maflvern Nano ZS system. Affl
measurements were conducted at room temperature.

The morphoflogy of mfiR-26a nanopartficfles was examfined usfing
transmfissfion eflectron mficroscopy. A 10 uL sampfle was pflaced on a
copper-carbon mesh gifid (TAAB Laboratorfies, UK) and aflflowed to sfitfor 3
mfin. The grfid was then drfied overnfight and stafined wfith UranyLess
(EMS, USA) for 3 mfin at room temperature. Imagfing of the grfids was
performed usfing a JEM-1400 Pflus Transmfissfion Eflectron Mficroscope
(JEOL, USA) operatfing at an accefleratfing vofltage of 80 kV.

2.2.2. Complexatfion effficfiency and stabfilfity
The compflexatfion effficacy of genetfic cargo by the RALA peptfide was

assessed usfing spectrophotometry and fion exchange chromatography.
To evafluate compflexatfion effficfiency, 0.5 pg of mficroRNA was formu-
flated at N:P ratfios rangfing from 0 to 20, and Quant-IT™ mficroRNA re-
agent (Thermo Ffisher Scfientfifficc UK) was empfloyed for quantfifficatfion.
Measurements were conducted on an OmnfiStar pflate reader (BfioTek
Instruments Inc., UK) accordfing to the manufacturer’s finstructfions, wfith
compflexatfion effficfiency caflcuflated reflatfive to a naked mfiR controfl.

Conffirmatfion of mfiRNA compflexatfion by the RALA peptfide was
performed usfing Ion Exchange Chromatography (IEC). A 0.5 g portfion of
SP-Sephadex, an Ion Exchange Medfia (Sfigma-Afldrfich, SPC25120, GER),
was fincubated overnfight at room temperature fin10 mL of 1 M moflecuflar
bfioflogy grade NaCfl (Sfigma-Afldrfich, Germany) to facfiflfitate coflumn
sweflflfing. The supernatant was removed, and the resfin was washed thrfice
wfith 10 mL of Ufltrapure water to eflfimfinate any resfiduaf] fionfic soflvent.
Subsequentfly, 20 pL of naked mfiR-26a or mfiR-26a-RALA nanopartficfles,
wfith a concentratfion of >20 mg/mL, was floaded finto the coflumn and
efluted wfith 3 mL of ufltrapure water. The coflflected fractfions were ana-
flysed usfing UV-Vfis Spectroscopy.

To assess the fimpact of temperature on nanopartficfle stabfiflfity, mfiR-
26a compflexed wfith RALA at an N:P ratfio of 8 was subjected to a
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temperature range of 4-60 ~C. The stabfiflfity over tfime was aflso assessed
by fincubatfing the nanopartficfles at 37 “C up to 28 days. Sfize anaflysfis was

performed usfing the Nano ZS DTS software (Maflvern Instruments, UK).

2.3. Effect of mfiR-26a nanopartficles on human mesenchymal stem cells fin
2D culture

2.3.1. Cell transfectfion

To ensure effectfive deflfivery of mfiR-26a finto hMSCs (Lonza) derfived
from fifffix crest bone marrow aspfirates, ceflfl transfectfion was evafluated.
HMSCs were seeded at a densfity of 20,000 ceflfls per weflfl fin a 24-weflfl
pflate (VWR, UK) and cufltured for 24 h fin flow-gflucose DMEM suppfle-
mented wfith 10 % foetafl bovfine serum and 1 % penficfiflflfin/streptomycfin
(@fIfl from Sfigma-Afldrfich, UK).

For transfectfion, the ceflfls were condfitfioned for 2 h fin Optfi-MEM
serum-free medfium (Gfibco, UK), foflflowed by the addfitfion of 0.5 pg of
mfiR-26a. After 5 h, the transfectfion medfium was repflaced wfith a growth
medfium. On day 3, compflete osteogenfic medfia contafinfing 50 ug/mL
ascorbfic acfid-2-phosphate, 10 nM B-gflycerophosphate, and 100 nM
dexamethasone @l from Sfigma-Afldifich, UK) were added to finduce
osteogenfic dfifferentfiatfion.

The upreguflatfion of mfiR-26a fin hMSCs was assessed usfing quantfi-
tatfive Reafl-Tfime PCR (qQRT-PCR). On days 1, 3, and 7 post-transfectfion,
RNA was extracted from hMSCs usfing RNeasy kfits (Qfiagen, UK), and
reactfions were prepared for each set of probes foflflowfing the manufac-
turer’s protocofls (TagMan Smaflfl RNA assay, Invfitrogen, UK). qRT-PCR
was performed usfing a Lfightcycfler 480 II (Roche, UK), and the AACT
method was used to determfine the fofld change finthe expressfion of genes
of finterest.

2.3.2. Metabolfic actfivfity and Vfiabfilfity
To conffirm that mfiR-26a nanopartficfles do not exhfibfit cytotoxfic ef-

fects on ceflfls, ceflfls were seeded fin24-weflf] pflates (VWR, UK) at a densfity of
15,000 ceflfls per weflfl and transfected wfith the nanopartficfles. The ceflfls
were then fincubated at 37 "C under 5 % CO , for up to 21 days.

To evafluate ceflf] vfiabfiflfity, the metaboflfic actfivfity of the ceflfls was
measured usfing the AflamarBflue G£lfl Viiafiflfity assay (ThermoFfisher, UK)
on days 7, 14, and 21 post-transfectfion. The absorbance was measured at
560/590 nm usfing an OmnfiStar pflate reader (BfioTek Instruments Inc.,
UK).

In addfitfion, the DNA content of the ceflfls was quantfiffied to further
conffirm ceflf] vfiabfiflfity. On days 3, 7, 14, and 21 post-transfectfion, ceflfls
were flysed usfing Trfiton X-100 (Cambrfidge Bfioscfiences, UK). The DNA
content was quantfiffied usfing a Quant-fiT PficoGreen dsDNA kfit (Invfi-
trogen, UK), and ffluorescence was measured at 480/520 nm usfing an
OmnfiStar pflate reader (BfioTek Instruments Inc., UK). Thfis aflflowed for

the assessment of cflf] profififeratfion and vfiabfiflfity over tfime.

2.3.3. Intracellular delfivery and finternalfisatfion of mfiR-26a nanopartficles
To demonstrate the effficfient deflfivery of genetfic cargoes to the

cytosofl of ceflfls, both mficroscopfic and fflow cytometry technfiques were
empfloyed usfing a murfine ffibrobflast cflfl fifine (NCTC-L929) and prfimary
ceflfls (hMSCs). NCTC-L929 ceflfls were seeded at a densfity of 15,000 ceflfls
per weflfl fina 96-weflf] pflate and transfected wfith mfiR-Cy5 as prevfiousfly
descrfibed [39].

Brfieffly, the transfected ceflfls were ffixed and permeabfiflfised usfing a
soflutfion contafinfing 4 % formafldehyde and 0.1 % Trfiton-X (Sfigma, UK)
for 30 mfin. Subsequentfly, the ceflfls were stafined wfith Ffluorescefin
Phaflflofidfin (Invfitrogen, UK) at room temperature for 15 mfin to vfisuaflfise F-
actfin. The stafined ceflfls were mounted onto mficroscope sflfides usfing
Ffluoroshfiefld mountfing medfium contafinfing a DAPI nucflear stafin (Lfife
Technoflogfies, UK). Imagfing of the ceflfls was performed usfing a TSC SP5-
Lefica Mficrosystems confocafl mficroscope (Lefica, UK) and vfisuaflfised
usfing LAS AF Ifite Software (Lefica, UK).

To finvestfigate the fintemnaflfisatfion of nanopartficfles by hMSCs, ceflfls
were transfected wfith mfiR-Cy5 at N:P ratfios of 6, 8, and 10 fina 96-weflfl
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pflate wfith a seedfing densfity of 15,000 ceflfls. After 24 h, the hMSCs were
trypsfinfised, resuspended fin PBS, and anaflysed usfing a ffluorescence-
actfivated ceflfl sortfing (FACS) Caflfibur system (BD Bfioscfiences, UK). The
acqufired data were anaflysed usfing BD CeflflQuest™ Pro software. Ffluo-
rescence fintensfity was evafluated wfith a 0.5 % gatfing strategy to deter-
mfine the effficfiency of nanopartficfle uptake by the ceflfls.

2.3.4. Effect of mfiR-26a nanopartficles on human mesenchymal stem cell-
medfiated osteogenesfis fin 2D

The therapeutfic effects of the seflected cargo on the osteogenesfis of
hMSCs were assessed by quantfifyfing aflkaflfine phosphatase (ALP) actfivfity
and caflcfium content. ALP actfivfity was measured at days 3, 7, and 14
post-transfectfion usfing a SensoLyte® pNPP AL assay kfit foflflowfing the
manufacturer’s finstructfions. The absorbance was recorded at 405 nm
usfing a sufitabfle spectrophotometer.

To determfine the caflcfium content, sampfles were coflflected at days 7,
14, and 21 post-transfectfion. The caflcfium content was quantfiffied usfing a
Caflefium Ifiquficoflor kfit (Stanbfio Inc., USA). The absorbance was
measured at 540 nm usfing the OmnfiStar pflate reader (BfioTek In-

struments Inc., UK).

2.4. mfiR-26a-scaffold fabrficatfion

Coflflagen-nanohydroxyapatfite (coflfl-nHA) scaffoflds (10 mm fin dfiam-
eter, 4 mm fin hefight) were prepared as prevfiousfly descrfibed [16,17,40].
Brfieffly, the coflflagen type I (Southern Lfight Bfiomaterfiafls, New Zeafland)
was dfissoflved fin 0.5 M of acetfic acfid at 5 mg/mL and the fin-house
produced nHA partficfles were homogenousfly added to the sflurry at a
1:1 coflflagen-to-nHA wefight ratfio. The scaffoflds were then flyophfiflfised fin
an Advantage Pro Benchtop Freeze Dryer (SP Industrfies) at a 40 “C
ffinafl freezfing temperature. The coflfl-nHA scaffoflds were sterfiflfised usfing a
dehydrothermafl (DHT) treatment, cross-flfinked for 2 h fin 6 mM N-
(3-Dfimethyflamfinopropyf])-N -ethyfl carbodfifimfide ~ hydrochflorfide
(EDAC, Sfigma-Afldrfich, Irefland) and 5.5 mM N-hydroxysuccfinfimfide
(NHS, Sfigma Afldrfich) fin dH_O and rfinsed trfice wfith Duflbecco’s Phos-
phate Buffered Saflfine. CoflflnHA scaffoflds were then soak-floaded wfith
efither 1 or 3 pg of mfiR-26a nanopartficfles. Thfis soak-floadfing approach
fimproves the reflease kfinetfic, afiflowfing ceflfks easfier access to the nano-

partficfles, as they are not covaflentfly attached to the surface.

2.5. Mficrostructure of mfiR-26a actfivated-scaffold and release proffiles

To conffirm that the fincorporatfion of mfiR-26a nanopartficfles does not
affect scaffofld mficrostructure and archfitecture prevfiousfly optfimfised for
bone regeneratfion, the scaffoflds were assessed under a scannfing eflectron
mficroscope. MfiR-free scaffoflds and mfiR-26-actfivated scaffoflds at 1 and 3
pg dosage were mounted onto metaflflfic studs and sputtered usfing a
gofld/paflfladfium aflfloy, a Cressfington 108 auto sputter coater (Cressfing-
ton Scfientfiffic Instruments, UK). The mficrostructure of the scaffoflds was
assessed usfing a Zefiss Ufltra Pflus scannfing eflectron mficroscope (Zefiss,
Germany) at 5 kV. To conffirm the equafl dfistrfibutfion of mfiR-26a nano-
partficfles wfithfin the structure, the cross-sectfions (4 mm of hefight) con-
tafinfing ffluorescentfly flabeflfled mfiR-Cy5 were vfisuaflfised usfing a Carfl Zefiss
LSM 710. Images were prepared fin FIJI.

To assess floadfing effficfiency and reflease proffifles of mfiR-26a, the
scaffoflds were pflaced fin 24-weflf] pflates, and 30 pL of mfiR-26a NPs were
added per scaffofld sfide and fincubated for 1 h at 37 "C to ensure proper
penetratfion. Then, the scaffoflds were transferred to the new wefl] pflate,
and the reflease study was performed at 37 ' C finstatfic condfitfions usfing 2
mL of Optfimem. The reflease study was performed at 37 "C fin statfic
condfitfions. The 200 UL of medfia was recovered at specfiffic tfime pofints,
and fresh 200 pL was added per weflfl The 200 pL were fincubated wfith 50
UL of Protefinase K (1 mg/mL) for 90 mfin at 37 “C to dfissocfiate NPs and
reflease mficroRNA. The amount of the mficroRNA was quantfiffied usfing
the Rfibogreen assay (Thermoffisher, Irefland) foflflowfing the man-
ufacturer’s finstructfions.
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2.6. Effect of scaffold-medfiated mfiR-26a transfectfion on human MSC-
medfiated angfiogenesfis and osteogenesfis fin vfitro

Bone marrow aspfirates were purchased fin Lonza to obtafin hMSCs
foflflowfing stern phenotype anaflysfis. The hMSCs were expanded fin flow-
gflucose DMEM. The cflfls up to passage 5 were used for the experfi-
ments. For transfectfions, the coflflnHA scaffoflds were floaded wfith efither
1 or 3 pg of mfiR-26a nanopartficfles fin 50 pL and fincubated wfith 3 x 105
human mesenchymafl stem ceflfls (hMSCs) for 4 h fin Optfimem. After that
tfime, the medfium was repflaced wfith flow-gflucose DMEM. The osteogenfic
medfia was admfinfistered on day 1 post-transfectfion.

Expressfion of mfiR-26a was determfined at day 3 post-transfectfion
usfing Reafl-Tfime Poflymerase Chafin Reactfion (QRT-PCR) and foflflowfing
the procedures descrfibed fin sectfion 2.3.1.

2.6.1. Analysfis of mfiR-26a-actfivated scaffolds on hMSCs-medfiated
osteogenesfis

To determfine fif mfiR-26a-actfivated scaffoflds stfimuflate osteogenesfis
finhMSCs, aflkaflfine phosphatase (ALP), an earfly osteogenfic marker, and
caflcfium were measured on days 14 and 28, respectfivefly. The osteogenfic
markers were measured at day 7 and detected through qRT-PCR. The
detafifled protocofls can be found fin Sectfions 2.3.1 and 2.3.4.

Addfitfionaflfly, scaffofld mfineraflfisatfion was assessed hfistoflogficaflfly and
usfing eflementaf] anaflysfis after 28 days fin el cuflture. For hfistoflogficafl
stafinfing, the scaffoflds were ffixed wfith 10 % of formaflfin, processed at 7
um serfiafl sectfions and stafined wfith 2 % Aflfizarfin red to determfine cafl-
cfium deposfits. The eflementafl anaflysfis was performed usfing the EDX
system wfithfin the Zefiss LS 15. The scaffoflds were dehydrated usfing
ascendfing aflcohof] serfies, sputter coated wfith gofld partficfles (Scancoat
Sfix, BOC Edwards, Unfited Kfingdom) and fimaged at an accefleratfing

vofltage of 5 kV.

2.6.2. Analysfis of mfiR-26a-actfivated scaffolds on hMSCs-medfiated
angfiogenesfis

The angfiogenfic effects of mfiR-26a-scaffoflds on hMSCs were evaflu-
ated through quantfifficatfion of Vascuflar Endotheflfiafl Growth Factor
(VEGF), a target of mfiR-26a, by qRT-PCR and Enzyme-Lfinked Immu-
nosorbent Assay (ELISA). The angfiogenfic markers were measured at day 7
and detected through qRT-PCR as descrfibed fin Sectfion 2.3.1. The
flevefls of VEGF protefin fin hMSCs transfected wfith mfiR-26a were ana-
flysed on day 14 foflflowfing the manufacturer’s finstructfions (R&D Sys-
tems, UK). The absorbance of each sampfle was read at 450 nm usfing a
Varfioskan Fflash mufltfimode pflate reader (Ffisher Scfientfiffic, Irefland).

2.7. Effect of cell culture on mechanfical propertfies of mfiR-actfivated
scaffolds

The mechanficafl propertfies of the mfiR-free and mfiR-scaffoflds were
evafluated through unconffined compressfion testfing after day 28 fin ceflfl
cuflture. A totafl of sfix sampfles per group were tested. In order to estabflfish
reference vaflues, three controfl groups were fincfluded: ceflfl-free scaffofld at
day 0, ceflfl-free scaffofld at day 28, and ceflfl-seeded scaffofld at day 28.

Unconffined compressfion testfing was performed usfing the Z050
Zwfick/Roeflfl mechanficaf] testfing machfine (Zwfick GmbH & Co., Uflm,
Germany) equfipped wfith a 5 N fload ceflfl. To mafintafin scaffofld hydratfion
durfing testfing, a custom water bath hefld at 37 "C was uffiflfised. The
testfing protocofl finvoflved appflyfing a constant deformatfion rate of 10 %
strafin per mfin. The eflastfic moduflus, a measure of the scaffofld’s stfiffness,
was caflcuflated by determfinfing the sflope of the stress/strafin curve wfithfin
the flfinear 2-5% deformatfion range. Thfis regfion was seflected as fit rep-
resents the flfinear portfion of the curve where the scaffofld exhfibfits eflastfic
behavfiour.
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2.8. Andlysfis of the effficacy of mfiR-26a-actfivated scaffolds to accelerate
bone hedlfing fina calvarfial defect finrats

2.8.1. Surgfical procedure

Aflhousfing and fin vfivo experfimentafl procedures were performed fin
accordance wfith protocofl #2466, approved by the Instfitutfionafl Anfimafl
Care and Use Commfittee (IACUC) of the Unfiversfity of Massachusetts
Ambherst. Sfixteen Mafle Wfistar Rats (11 weeks ofld, 340-400 g) were used
fin thfis experfiment. The anfimafls were kept finthe temperature-controflfled
Unfiversfity of Massachusetts Amherst anfimafl care facfiflfity and had ad
Ifibfitum access to food and water, as weflfl as a standard day/nfight cycfle.
The anfimafls were randomfly dfivfided evenfly finto 2 treatment groups.
Each group recefived a coflflagen-hydroxyapatfite scaffofld soak-floaded
wfith efither pure water (mfiR-free scaffofld) or 1 pg of mfiR-26a nano-
partficfles. The anfimafls were admfinfistered 0.05 mg/kg of buprenorphfine
hydrochflorfide as a pre-emptfive anaflgesfic at fleast 30 mfin prfior to sur-
gery. The rats were anaesthetfised vfia fisofflurane finhaflatfion (2.5%-3.5 %)
and then admfinfistered cefazoflfin (20 mg/kg) as a prophyflactfic antfibfiotfic
and stetfifle saflfine (5 mL/kg) to account for ffufid flosses durfing surgery.
After anaesthesfia, the caflvarfia was exposed vfia a mfidflfine fincfisfion and
flaterafl contractfion of the skfin and perfiosteum. A dentafl dfi¥l fin combfi-
natfion wfith a 7-mm trephfine operatfing at 1500 rpm was used to create a
7-mm unfiflateraf] cfircuflar trans osseous defect. Precfisfion was used so as to
not damage the underflyfing dura matter, whfich can fimpede the heaflfing
process. A surgficafl eflevator and forceps were used to eflevate the excfised
dfisk of bone, creatfing the defect regfion. The soak-floaded coflflagen-hy-
droxyapatfite scaffofld was then gentfly finserted finto the defect. Foflflowfing
treatment admfinfistratfion, the perfiosteum and skfin were refflected over
the defect sfite and cflosed wfith 4-0 monoffiflament absorbabfle sutures and
wound dflfips. Post-surgery, the anfimafls were aflflowed to recover and
recefived post-hoc doses of buprenorphfine hydrochflorfide (0.05 mg/kg)
at tfimepofints of 12-, 24-, and 36 h. Anfimafls were wefighed and monfi-
tored for dfistress for 8 days foflflowfing the procedure. Due to compflfica-
tfions, one anfimafl was flost from the experfimentafl group. Al survfivfing
anfimafls experfienced no sfigns of fimpflant rejectfions or finfflammatory

reactfions.

2.8.2. Mficro-computed tomography

Mficro-Computed Tomography (UCT) was performed finvfivo 4- and 8
weeks post-surgery. Anfimafls were anaesthetfised usfing fisofflurane finha-
flatfion (2.5%-3.5 %) and pflaced wfithfin a cyflfindficaf] cassette finsfide the
UCT scanner (Bruker Skyscan 1276). Anaesthesfia was mafintafined vfia a
nose cone throughout the entfire scan. Anfimafls were scanned wfith a
voxefl sfize of 40 ym and a 1 mm aflumfinfium ffiflter. The x-ray tube vofltage
was 60 kV, the current was 125 pA, and the exposure tfime was 539 ms.
Images were coflflected every 0.8" usfing a 360" rotatfion around the
sampfle. Three-dfimensfionafl fimage reconstructfions were performed usfing
NRecon (Bruker). Afflreconstructfions were done wfith the same dynamfic
range of 0-0.052639. A unfiversafl beam hardenfing of 30 %, a Gaussfian
smoothfing of 2, and a rfing artefact correctfion of 10 were used on each
set of fimages. To ensure that the regfion of finterest (ROI) fis kept fin the
same flocatfion, the scans from weeks 4 and 8 were aflfigned usfing Data-
Vfiewer’s 3D regfistratfion. A threshofld of 137-255 on a scafle of 0-255
was used to determfine mfineraflfised bone tfissue (>0.644 g HA/cm3). The
sampfles percent ffiflfled (%), Bone Voflume (BV) (mm3), Bone Mfinerafl
Densfity (BMD) (g/cm3), and Tfissue Mfinerafl Densfity (TMD) (g/cm3)
were quantfiffied. Per cent ffiflfled fis deffined as the bone area over the totafl
area of a 2D projectfion of a top-down vfiew of the defect. BV fis the
voflume of bone that was successfuflfly regenerated fin the defect regfion.
BMD fisthe average mfinerafl densfity of the entfire voflume, whfifle the TMD
fisthe average mfineraf]l densfity excfludfing soft tfissue.

2.8.3. Hfistomorphometry

Hfistomorphometrfic anaflyses were used to further determfine bone
growth and structure wfithfin the defect regfion. Foflflowfing week 8 pCT
scans, the rats were anaesthetfised usfing 2.5 %-3.5 % fisofflurane and
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euthanatfised vfia fintracardfiac exsangufinatfion. Skuflfls were removed
usfing a hfigh speed bflade, and the caflvarfiafl expflants were ffixed fin 10 %
formaflfin for 72 h, stored fin70 % ethanofl, decaflcfiffied overnfight fin rapfid-
actfing formfic acfid and embedded fin parafffin wax bflocks. Sectfions (5 pm
thfick) were cut from the mfidfifine of the defect, deparafffinfised, and
mounted on sflfides. Sectfions were stafined usfing an H&E method and
fimaged wfith a Zefiss Stereo Dfiscovery.V20. Severafl sampfles were flost
durfing processfing resufltfing finn = 7 for the controfl, and n = 5 for the
experfimentafl group. Bfioquant fimage anaflysfis software was used to
quantfify the defect wfidth and bone area. The defect wfidth was deffined as
the shortest dfistance between the bone from the medfiafl sfide of the
defect to the flateraf] sfide. Onfly wfidths greater than 25 pm were quantfi-
ffied to avofid mfisfidentfifyfing artefacts or soft tfissue gaps as defects. The
bone area was quantfiffied usfing a regfion of finterest that was 6 mm fin
wfidth and the hefight of the natfive skuflfl. To evafluate the effect of scaf-
foflds on angfiogenesfis, the hfistoflogficafl sampfles were graded from 1 to 3
wfith regard to the presence of bflood vessefls fin the defect space. Bflood
vessefls were recognfised as erythrocytes encapsuflated by a thfin flayer of
connectfive tfissue. A score of 1 findficates a flow popuflatfion of bflood
vessefls, and a score of 3 findficates a hfigh and dense popuflatfion of bflood
vessefls throughout the defect space. Afflsampfles were graded reflatfive to
each other.

2.9. Statfistfical analysfis

AfY] statfistficafl anaflyses were conducted usfing GraphPad Prfism soft-
ware. The data presented fin the graphs are expressed as mean * stan-
dard error of the mean (SEM) (n = 3 and n = 8 for the finfitro and finvfivo
data, respectfivefly) unfless stated otherwfise fin the ffigure captfions.
Normaflfity was assessed usfing the ShapfiroWfiflk test, and any outflfiers
were fidentfiffied and excfluded usfing Grubbs anaflysfis. Statfistficafl dfiffer-
ences between groups were assessed usfing efither the Student’s t-test or
one-way anaflysfis of varfiance (ANOVA) foflflowed by Tukey’s post hoc test
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for mufltfipfle comparfisons. The sfignfifficance flevefl for dFltests was set at p
< 0.05.

3. Results

3.1. The complexatfion wfith RALA peptfide led to the development of
mficroRNA-26a nanopartficles wfith superfior transfectfion effficfiencfies

The mean hydrodynamfic sfize and zeta potentfiafl of mfiR-26a nano-
partficfles compflexed wfith RALA peptfide were evafluated at varfious N:P
ratfios, both before and after flyophfiflfisatfion, to determfine the optfimafl N:P
ratfio for fintracefIfluflar deflfivery and to assess the fimpact of flyophfiflfisatfion
on the nanopartficfles’ physficochemficafl propertfies. N:P ratfios exceedfing 2
resuflted fin partficfles smaflfler than 100 nm wfith a posfitfive charge
(Ffig. 1A). The flyophfififisatfion process had no adverse effect on the
nanopartficfles’ characterfistfics, as they mafintafined sufitabfle propertfies.
Among the tested ratfios, N:P 8 was fidentfiffied as the optfimafl N:P ratfio for
subsequent osteogenfic studfies. Before flyophfiflfisatfion, the partficflesat N:P 8
exhfibfited a z-average sfize of 133.9 nm, whfich decreased to 84.77 nm
after flyophfififisatfion, wfith poflydfispersfity findfices (PdIs) of 0.33 and 0.276,
respectfivefly (Ffig. 1B). Transmfissfion eflectron mficroscopy (TEM) fimagfing
conffirmed the unfiformfity and morphoflogy of the nanopartficfles
(Ffig. 1C).

The compflexatfion effficfiency of RALA was assessed usfing a Quant-
fiT™ PficoGreen™ assay, whfich measured the remafinfing concentratfion of
nucflefic acfid fin the soflutfion after addfing the RALA peptfide. Compflexa-
tfion effficfiencfies exceedfing 80 % were achfieved at N:P ratfios hfigher than
6. At the optfimafl N:P ratfio of 8, the compflexatfion effficfiency was 81.8 %
for fresh partficfles and 83.1 % for flyophfiflfised partficfles. Furthermore, fion
exchange chromatography (IEC) anaflysfis conffirmed nucflefic acfid reten-
tfion by RALA at a rate of over 99 % (Ffig. 1E).

The stabfiflfity of mfiR-26a nanopartficfles compflexed wfith RALA was
assessed over a temperature range of 4-60 "C. The nanopartficfles
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Fig. 1. Physfiochemficafl characterfisatfion of fresh (top) and flyophfiflfised (bottom) mfiR-26a-RALA showed that propertfies depend on N:P ratfio. A) Zeta potentfiafl of mfiR-26a
nanopartficfles fincreased wfith N:P ratfio. Hydrodynamfic sfize showed sfimfiflar vaflues for nanopartficfles wfith N:P ratfio >2. B) The mfiR-26a nanopartficfles showed
monomodafl sfize dfistrfibutfion wfith Z-Average and Poflydfispersfity Index (PdI) smaflfler for flyophfiflfised nanopartficfles. C) The transmfissfion eflectron mficroscopy (TEM)
conffirmed the effectfive formatfion of compflexes showfing that nanopartficfles were spherficafl fin shape. D) Both fresh and flyophfiflfised mfiR-26a nanopartficfles were
compflexed effectfivefly wfith RALA peptfide for N:P ratfios equafl or hfigher than 4. E) Thfis was conffirmed through Ion Exchange Chromatography (IEC), where no free
mfiR-26a was observed when mfiR-26a-RALA nanopartficfles were run through the coflumn. F) The flyophfiflfised mfiR-26a-RALA nanopartficfles at N:P 8 exhfibfited stabfle Z-
Average and PdI at the reflevant range of temperatures (4-37 “C) and G) over 28 days at 37 “C.
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exhfibfited stabfiflfity under varfious temperatures, mafintafinfing a z-average
sfize of fless than 200 nm up to 40 "C (Ffig. 1F). The nanopartficfles were
aflso stabfle over 28 days when fincubated at 37 "C (Ffig. 1G). These
ffindfings findficate that the nanopartficfles are capabfle of retafinfing thefir

physficochemficaf] characterfistfics under physfioflogficafl temperatures.

3.2. The effectfive transfectfion of human mesenchymal stem cells (hMSCs)
fin 2D wfith mfiR-26a NPs led to enhanced osteogenesfis

The cytotoxficfity of mfiR-26a nanopartficfles on hMSCs was evafluated
over 21 days usfing the aflamarBflue assay. The metaboflfic actfivfity of ceflfls
was measured at days 7, 14, and 21 post-transfectfion, and no cytotoxfic
effects were observed wfith efither mfiR-26a nanopartficfles or scrambfle
(scr) controfl mfimfics (Ffig. 2A). Thfis ffindfing was further supported by
measurfing the DNA content of ceflfls from day 3-21 post-transfectfion,
whfich demonstrated a steady fincrease over the 21-day perfiod wfith no
sfignfifficant dfifference between the untreated controfl and mfiR-26a
groups (Ffig. 2B).

To finvestfigate the abfiflfity of mfiR-26a nanopartficfles to traverse the
&l membrane and be fintermnaflfised, confocafl mficroscopy usfing Cy5-
flabeflfled nanopartficfles was empfloyed. At 4 h post-transfectfion, nano-
partficfles fin the cytosofl and nucfleus of NCTC-929 cflfls were cflearfly
observed (Ffig. 2C, whfite arrows). Orthogonafl sectfionfing further
conffirmed the flocaflfisatfion of nanopartficfles wfithfin the cytoskefleton.
Fflow cytometrfic anaflysfis reveafled hfigh percentages of fintemaflfisatfion
for d¥l tested N:P ratfios (Ffig. 2D), wfith N:P 8 exhfibfitfing the hfighest
finteraflfisatfion percentage (87.4 %), thus supportfing fits seflectfion as the
optfimafl N:P ratfio. Moreover, &l N:P ratfios demonstrated sfignfifficantfly
fincreased ffluorescence fintensfity, wfith N:P 8 dfispflayfing the hfighest
ffluorescence.

To assess the functfionaflfity of the nanopartficfles, hMSCs were trans-
fected wfith 0.5 pg of mfiRNA, foflflowed by qRT-PCR anaflysfis of mfiR-26a
mRNA flevefls. Sfignfifficant upreguflatfion of mfiR-26a was observed from
day 1 post-transfectfion, and thfis upreguflatfion was sustafined unfifl day 7

A) [ hMSCs EZ Mimic scr. ll miR-26a
150+
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(Ffig. 2F). Notabfly, N:P 8 resuflted fin the hfighest flevefls of mfiR-26a,
exhfibfitfing over a 2500-fofld fincrease on day 1, 1495-fofld fincrease on
day 2, and a 558-fofld fincrease on day 7. Coflflectfivefly, these resuflts
demonstrate the afiflfity of mfiR-26a nanopartficfles to sfignfifficantfly upre-
guflate mfiR-26a fin hMSCs wfith mfinfimaf] cytotoxfic effects over 7 days.

To evafluate the osteogenfic potentfiafl of mfiR-26a nanopartficfles,
hMSCs were cufltured fin osteogenfic medfia, provfidfing the necessary nu-
trfients and growth factors for osteodfifferentfiatfion. Caflcfium deposfitfion,
an findficator of matrfix maturatfion, was quantfiffied on day 7, 14, and 21
post-transfectfion (Ffig. 3A, Supp Ffig. 1A). Notabfly, hMSCs transfected
wfith mfiR-26a exhfibfited sfignfifficantfly fincreased caflcfium deposfitfion at
both day 14 and 21, wfith a 27 % fincrease compared to the controfl group.
The actfivfity of ALP, an earfly marker of bone mfineraflfisatfion, was
measured at days 3, 7, and 14 foflflowfing transfectfion. Transfectfion wfith
mfiR-26a resuflted fina sfignfifficant enhancement of ALP actfivfity at days 3
and 7 compared to the untransfected controfl. Furthermore, there was a
sustafined fincrease fin ALP actfivfity at day 14 (Ffig. 3B, Supp Ffig. 1B).
These ffindfings are consfistent wfith ALP’s rofle as an earfly findficator of
bone formatfion, promotfing the reductfion of extraceflfluflar pyrophosphate
and facfiflfitatfing matrfix formatfion and mfineraflfisatfion.

3.3. Collagen-nanohydroxyapatfite scaffolds present hfigh loadfing
effficfiency and controlled release of mfiR-26a nanopartficles

The mfiR-26a NPs were effectfivefly fincorporated finto coflflagen nano-
hydroxyapatfite (coflfl-nHA) scaffoflds at two dfifferent concentratfions — 1
pg and 3 ug. The effectfive fincorporatfion of mfiR-26a NPs was demon-
strated by hfigh floadfing effficfiency of over 96 % (Ffig. 4A). Furthermore,
the SEM fimages showed that coflflnHA scaffoflds were functfionaflfised
wfith mfiR-26a NPs and that soak-floaded NPs were unfiformfly retafined on
the scaffofld structure (Ffig. 4B, whfite arrows). Importantfly, the mfiR-26a-
actfivated scaffoflds showed dfimfiflar archfitecture and mficrostructure
compared to mfiR-free scaffoflds, and thus, they retafined optfimafl for bone

repafir physficochemficafl features. The CLSM fimages wfith mfiR-26a tagged
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Fig. 2. mfiR-26a and RALA compflexes showed no toxfic effects fin 2D hMSCs cuflture A) The hMSCs mafintafined vfiabfiflfity and B) fincreased DNA content, showfing
proflfiferatfive potentfiafl, whfifle fincubated wfith compflexes. C) The confocafl fimages of NCTC L-929 ffibrobflast ceflfls demonstrated the effectfive fintegratfion of mfiR-26a-Cy5-
RALA nanopartficfles wfith the ceflfluflar membrane (whfite arrows). D) The effectfive fintemaflfisatfion of mfiR-26a nanopartficfles was aflso conffirmed usfing FACS and E) by
quantfifyfing mean ffluorescent fintensfity wfithfin hMSCs transfected wfith varfious N:P ratfios. F) The PCR data conffirmed effectfive transfectfion wfith cargoes showfing
fincreased expressfion of mfiR-26a finhMSCs up to 7 d of the study. *, *** and ****p < 0.05, p < 0.001, and p < 0.0001, respectfivefly. The dashed bflack fifireon graph A

findficates a threshofld of 80 % of vfiabfifIfity.
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Fig. 3. mfiR-26a nanopartficfles enhanced osteogenesfis of hMSCs fin vfitro. A) hMSCs fincreased flevefls of ALP, an earfly osteogenfic marker, and B) showed greater

mfineraflfisatfion by fincreasfing caflcfium productfion. *p < 0.05.

wfith ffluorescent Cy5 present the cross-sectfion of the scaffoflds (Ffig. 4B),
demonstratfing that the genetfic cargo was fincorporated effectfivefly
wfithfin the entfire thfickness of the scaffoflds (4 mm).

The controflfled and sustafined reflease of genetfic cargo fisa key factor
for effectfive transfectfion. Thus, we evafluated the reflease proffifles of mfiR-
26a NPs wfithfin 28 days finvfitro. The scaffoflds refleased 211 ng + 32 and
257 ng + 22 durfing the ffirst 24 h for 1 ug mfiR-26a and 3 pg mfiR con-
dfitfions, respectfivefly (Ffig. 4C-E). Thfis corresponds to 21 % + 3 and 8 %
+ 1 of the totafl fincorporated cargo, respectfivefly (Ffig. 4E). The fififif]
reflease was foflflowed by the pflateau phase for up to 28 days. Overaflf], the 1
pg mfiR-26a-scaffofld retafined 711 ng + 34 whfiflst the 3 ug mfiR-26a-
scaffofld retafined 2651 ng + 56 (Ffig. 4F—G), whfich corresponds to 73 %
+ 3 and 91 % + 4 (Ffig. 4H) of a totafl of fincorporated cargo, respec-
tfivefly. Overaflfl, the resuflts show that the scaffoflds effectfivefly fincorpo-

rated mfiR-26a NPs, retafinfing most of the cargo for up to 28 days.

3.4. Scaffold-facfilfitated transfectfion of hMSCs wfith mfiR-26a enhances
osteogenfic dfifferentfiatfion and stfimulates the release of angfiogenfic factors

Havfing conffirmed the effectfive fincorporatfion of and reflease of mfiR-
26a NPs from the scaffoflds, we next sought to determfine fif mfiR-26a-
actfivated scaffoflds are capabfle of effectfivefly transfectfing human
mesenchymafl stem ceflfls (hMSCs) and finducfing thefir osteogenfic and
angfiogenfic response. The expressfion of mfiR-26a was determfined at day 3
post-transfectfion, reachfing 64-fofld and 84-fofld for 1 pg mfiR-26a and 3 ug
mfiR condfitfions, respectfivefly (Ffig. 5A). These vaflues were staffistficaflfly
hfigher compared to a mfiR-free scaffofld or scaffofld contafinfing negatfive
controfl (scrambfled mfiR, scr mfiR). Thfis resuflted fin an fincreased pro-
ductfion of aflkaflfine phosphatase ALP, an earfly osteogenfic marker, at day
14, befing statfistficaflfly sfignfifficant onfly for scaffoflds contafinfing 3 pg of
mfiR-26a (Ffig. 5B). Addfitfionaflfly, the mfiR-26a-actfivated scaffoflds that
were brought forward for fin vfivo evafluatfion were screened fin terms of
enhancement of osteogenfic genes, showfing statfistficaflfly hfigher vaflues for
SPP1, SMAD4, and POSTN compared to the mfiR-free scaffofld. The
scaffoflds contafinfing genetfic cargoes showed sfignfifficantfly hfigher vaflues
of caflcfium at day 28 (Ffig. 5D), demonstratfing hfigher flevefls of mfinerafl-
fisatfion. Thfis was aflso conffirmed through Aflfizarfin red stafinfing of caflcfium
deposfits (Ffig. 5E) and eflementafl mappfing by Energy Dfispersfive X-Ray
Anaflysfis (Ffig. 5F).

The fincreased mfineraflfisatfion on scaffoflds contafinfing genetfic cargoes
fled to hfigher compressfion moduflus compared to aceflfluflar and mfiR-free
scaffoflds (Ffig. 6A, Supp Ffig. 1). The angfiogenfic potentfiafl of the scaffoflds
was then assessed by quantfifyfing the vascuflar endotheflfiafl growth factor

(VEGF) through rt-qPCR and ELISA. The hMSCs cufltured on the 3 pg

mfiR-26a-scaffoflds showed sfignfifficantfly hfigher expressfion of VEGF at
day 3 compared to the cflfls cufltured on mfiR-free scaffoflds (Ffig. 6B).
Sfimfiflarfly, the ceflfls showed greater secretfion of VEGF protefin at day 14
compared to the controfl (Ffig. 6C). The mfiR-26a-actfivated scaffoflds,
whfich were further fimpflanted fin vfivo, aflso enhanced the expressfion of
genes finvoflved fin angfiogenesfis, fincfludfing PDGFA, PGF, TIMP1, and TAZ

(Ffig. 6D).

3.5. mfiR-26a-scaffolds stfimulate the formatfion of hfighly-mfineralfised and
vascularfised bone tfissue resultfing finrepafir of a crfitfical-sfized defect finvfivo

The ffinafl goafl of the study was to determfine the abfiflfity of mfiR-26a-
actfivated scaffoflds to heafl crfitficafl-sfized bone defects fin vfivo. Thus, the
constructs were fimpflanted finto weflfl-estabflfished 7 mm caflvarfiaf]l defect fin
mafle rats [40-42], and the bone growth was assessed over the tfime of 8
weeks. The UCT anaflysfis showed flfimfited bone repafir fin the mfiR-free
scaffofld (Ffig. 7A). The mfiR-26a-scaffofld finduced the formatfion of new
bone, reachfing the vaflues of 50.0 % + 13.41 and 56.70 % + 1 8.23 at
weeks 4 and 8, respectfivefly; thfis represented a 1.7-fofld and 1.6-fofld
fincrease over mfiR-free scaffofld (Ffig. 7B). These resuflts were conffirmed
through bone voflume quantfifficatfion (Ffig. 7C). The fimpflantatfion of the
mfiR-26a scaffofld resuflted fin a greater fincrease fin bone voflume
compared to the mfiR-free scaffofld reachfing 1.8-fofld and 1.9-fofld hfigher
vaflues at week 4 and week 8, respectfivefly. Importantfly, the
mfiR-26a-scaffofld stfimuflated the formatfion of hfigh-quaflfity tfissue,
enhancfing bone mfineraf] densfity (0.30 g/cm3 + 0.08) compared to the
mfiR-free scaffofld (0.19 g/cm3 + 0.05) wfith thfis vaflue over 55 % hfigher
(Ffig. 7D). Overaflfl, the pCT data showed that the fimpflantatfion of the
mfiR-26a scaffofld resuflted fin sfignfifficantfly hfigher flevefls of heaflfing at the
8-week tfime pofint compared to the mfiR-free scaffofld. The tfissue mfinerafl
densfity remafined unchanged (Ffig. 7E).

Thfis data was addfitfionaflfly vaflfidated through the hfistoflogficafl evafl-
uatfion of H&E expflants (Ffig. 7F). A newfly formed bone matrfix was
fidentfiffied by the dark pfink stafinfing. Both condfitfions presented wefkl
fintegratfion of the scaffoflds wfithfin a defect sfite and hfigh ceflfluflar finffifl-
tratfion. Hfistomorphometry was used to quantfify the area of new bone
wfithfin each defect of the H&E-stafined sectfions (Ffig. 7G and H).
Aflthough the resuflts are not sfignfifficant, the tendencfies observed
corroborate wfith the resuflts shown by uCT. The mfiR-26a-actfivated
scaffoflds enhanced bone brfidgfing, reducfing the defect wfidth to 28.62
mm + 14.52, whfich fis 0.3-fofld flower compared to the mfiR-free scaffofld
(37.43 mm * 14.64). Consequentfly, thfis resuflted fin the greater bone
area wfithfin the defect sfite reachfing the 1.9-fofld hfigher vaflue for mfiR-
26a-scaffofld (1.82 mm?2 + 0.66) compared to mfiR-free condfitfion
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Fig. 4. The mfiR-26a-actfivated scaffoflds effectfivefly showed a hfigh retentfion rate of mfiR-26a nanopartficfles A) The scaffoflds showed hfigh floadfing effficacy. B) The mfiR-26a
nanopartficfles were homogenousfly dfistrfibuted wfithfin the coflflnHA scaffoflds wfithout affectfing thefir porous archfitecture (whfite arrows). The ffluorescent stafinfing of mfiR-
26a nanopartficfles wfith Cy5 showed that the nanopartficfles penetrated the coflfl-nHA scaffofld wfithfin the thfickness. The dashed flfine findficates the top (T) and bottom (B)
edges of the scaffofld. C) and D) The mfiR-26a-actfivated scaffoflds showed an fifififl partfiafl reflease of the cargo of approxfimatefly 250 ng. E) Consequentfly, the coflflnHA
scaffoflds retafined 760 ng and 2740 ng for 1 pg mfiR coflfl-nHA scaffofld and 3 pg mfiR coflfl-nHA scaffofld, respectfivefly. F) and G) The scaffofld refleased up to 21 % and 8 % of
the finfififlfloaded cargo wfithfin the ffirst 24 h for 1 ug mfiR coflfl-nHA scaffofld and 3 pg mfiR coflfl-nHA scaffofld, respectfivefly. H) The 1 ug mfiR coflfl-nHA scaffofld retafined up to
73 % of the cargo whfiflst 3 ug mfiR coflfl-nHA scaffofld retafined up to 91 % wfithfin the duratfion of the study (28 days). Ns — non-sfignfifficant, * and

***%p < 0.05 and p < 0.0001, respectfivefly.

(0.95 mm? + 0.71).

Quaflfitatfive anaflysfis was then performed to anaflyse the abfiflfity of
scaffoflds to finduce vascuflarfisatfion wfithfin the defect (Ffig. 7I). The hfis-
toflogficafl expflants were graded from 1 to 3 regardfing the presence of
bflood vessefls, where 1 findficates a flow popuflatfion of bflood vessefls whfifle
score of 3 findficates a hfigh and dense bflood vessefl popuflatfion. Al the
hfistoflogficaf] sampfles from the mfiR-26a-scaffofld condfitfion scored 2 (50 %
of the sampfles) and 3 (50 % of the sampfles), findficatfing the abfiflfity of the
scaffofld to enhance vascuflogenesfis compared to mfiR-free scaffoflds (p =
0.095). The mfiR-free scaffofld showed fless devefloped bflood vessefl finffifl-
tratfion scorfing 1 for 20 %, 2 for 65 % and 3 for 15 % of the sampfles.
Coflflectfivefly, the data findficated that mfiR-26 scaffofld enhanced bone
repafir resufltfing fin hfighfly mfineraflfised and vascuflarfised tfissue.

4. Discussion

The prfimary afim of thfis study was to deveflop a coflflagen-

nanohydroxyapatfite (coflflnHA) scaffofld capabfle of deflfiverfing mfiRNA-

26a-compflexed RALA nanopartficfles, wfith the goafl of promotfing both
angfiogenesfis and osteogenesfis for the acceflerated repafir of flarge bone

defects. Infifiaflfly, varfious formuflatfions of mfiRNA-26a-RALA nano-
partficfles were screened usfing physficochemficafl methods to determfine
the optfimafl N:P ratfio of 8, consfiderfing sfize, cargo, morphoflogy, and
stabfiflfity. In 2D cuflture, hMSCs effectfivefly finternafifised mfiRNA-26a
nanopartficfles, fleadfing to enhanced productfion of ALP, an earfly osteo-
genfic marker at day 7, and caflcfium deposfitfion at day 14. Encouraged by
the osteogenfic potentfiafl of therapeutfic mfiRNA-26a, the nanopartficfles
were successfuflfly fincorporated finto osteogenfic coflflnHA scaffoflds. The
mfiRNA-26a scaffoflds demonstrated sustafined reflease, retafinfing 70-90
% of the cargo for up to day 28 under statfic condfitfions and effectfivefly
transfected hMSCs fin vfitro. Consequentfly, there was an upreguflated
productfion of osteogenfic (e.g., ALP) and angfiogenfic (e.g., VEGF)
markers, findficatfive of the finvoflvement of mfiRNA-26a fin angfiogenfic-
osteogenfic coupflfing. Movfing forward, the potentfiafl of the mfiRNA-26a
scaffofld was evafluated fin cfitficafl-sfized defects fin vfivo usfing mafle Wfis-
tar rats. The mfiRNA-26a actfivated scaffofld exhfibfited superfior bone tfis-
sue productfion wfithfin the defect sfite compared to mfiRNA-free scaffoflds
wfith known regeneratfive capacfity. Addfitfionaflfly, hfistoflogficafl and uCT
data demonstrated enhanced mfineraflfisatfion and vascuflarfisatfion of

newfly formed tfissue fin the mfiRNA-26a scaffofld group. In summary,
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Fig. 5. mfiR-26a-actfivated scaffoflds enhanced hMSC-medfiated osteogenesfis A) qPCR demonstrated sfignfifficantfly fincreased mfiR-26a flevefls fin the mfiR-26a-actfivated
scaffofld at Day 3, findficatfing functfionafl effficfiency. B) mfiR-26a-actfivated scaffoflds enhanced the secretfion of ALP, an earfly marker of osteogenesfis, C) enhanced
expressfion of osteogenfic markers and D) they stfimuflated caflcfium productfion. E) Aflfizarfin red stafinfing showed flarger aggregates of caflcfium deposfits fin mfiR-actfivated
scaffoflds compared to mfiR-free scaffoflds. F) The EDX data, performed on scaffoflds subjected to 28 days of cflfl cuflture, presented caflcfium precfipfitates. *, **, and
*xxxp < 0.05, p< 0.01, and p < 0.0001, respectfivefly. The dashed bflack flfine on graph C findficates a threshofld of 1. Prfistfine scaffoflds refer to the scaffofld whfich has not
been exposed to ] cuflture medfia. (For finterpretatfion of the references to coflor fin thfis ffigure flegend, the reader fisreferred to the Web versfion of thfis artficfle.)

these resuflts hfighflfight that mfiRNA-26a-actfivated scaffoflds can finduce
both angfiogenfic and osteogenfic pathways fin vfitro and fin vfivo, show-
casfing the potentfiafl of thfis system as a novefl therapy for heaflfing flarge
traumatfic bone defects.

To ensure effectfive deflfivery to the ceflfls, we determfined the optfimafl
amounts of mfiRNA-26a nanopartficfles for hMSCs: 0.5 ug fin monoflayer
2D Tfl cuflture and 1 pug and 3 pg fin coflflnHA scaffoflds. Gfiven the sfig-
nfifficance of spatfiotemporafl reflease fin achfievfing controflfled flocaflfised
deflfivery at the fimpflantatfion sfite, we finvestfigated the reflease proffifles of
mfiRNA-26a from coflflnHA scaffoflds. The scaffoflds exhfibfited an firfififl
burst reflease, refleasfing approxfimatefly 200-250 ng of genetfic cargo
wfithfin the ffirst 24 h, foflflowed by a sflower dfiffusfion-medfiated reflease.
Overaflf], the coflfl-nHA scaffoflds retafined 70-90 % of the cargo durfing the
28-day study perfiod. These ffindfings aflfign wfith our prevfious observa-
tfions, where we demonstrated that coflflnHA scaffoflds retafined approx-
fimatefly 80 % of recombfinant bone morphogenetfic protefin [43]. Whfifle
reflease proffifles are finffluenced by mufltfipfle factors such as drug moflec-
uflar wefight, scaffofld-cargo afffinfity, vector type, and scaffofld floadfing
capacfity [44-46], among others, we hypothesfise that the hfigh retentfion
observed may be attrfibuted to the presence of hydroxyapatfite fin the
scaffofld. The presence of HA flfikefly enhances the scaffofld’s capacfity to
adsorb and retafin cargoes, ensurfing proflonged retentfion beyond the

fififef] reflease [47]. The fifififl burst reflease of mfiR-26a nanopartficfles fis
assocfiated wfith the fact that nanopartficfles are not covaflentfly attached to
the surface, fleadfing to the fififif] dfiffusfion of mfiR-26a nanopartficfles finto
the medfia wfithfin the ffirst hours [48].

It fis fimportant to note that the concentratfions of therapeutfic mfiRNA
used fin thfis study dfid not exhfibfit cytotoxfic effects on ceflfls, as they #fifl
wfithfin the optfimaf]l range (0.1-3 pg) reported fin prevfious flfiterature [49,
50]. Notabfly, the ceflfls showed an fincrease fin endogenous mfiR-26a
flevefls, reachfing over 2500-fofld, 64-fofld, and 84-fofld for 2D cuflture, 1
ug floaded scaffofld, and 3 pg floaded scaffofld, respectfivefly. The observed
dfifferences between 2D and 3D coflfl cufltures coufld potentfiaflfly be
attrfibuted to varfiatfions fin the amount of mfiRNA deflfivered to the ceflfls
due to dfifferent mfiRNA-to-ceflf] ratfios. However, fit fis worth mentfionfing
that there fis consfiderabfle dfisparfity fin the flfiterature regardfing the cor-
reflatfion between the amount of mfiRNA deflfivered and fits functfionaflfity.
Prevfious studfies finvestfigatfing the deflfivery of mfiR-26a have reported
finconsfistent outcomes. For exampfle, the deflfivery of 50 nmofl of mfiR-26a
combfined wfith seflf-assembfled poflypflexes finto osteobflastfic ceflfls resuflted
fina 3-fofld fincrease [51]. In contrast, Zou et afl. achfieved over a 2500-fofld
fincrease fin mfiR-26a flevefls fin bone marrow-derfived BMSCs when
transfected wfith iflfia nanopartficfles [52]. Yan et afl reported a
>2500-fofld expressfion of mfiR-26a fin rat MSCs 24 h post-transfectfion
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Fig. 6. mfiR-26a-actfivated scaffoflds enhanced hMSC-medfiated angfiogenesfis A) The scaffoflds exposed to cflfl cuflture condfitfions showed greater compressfive moduflus
compared to the prfistfine, mfiR-free scaffofld. The hMSCs fincubated wfith mfiR-26a-actfivated scaffofld presented greater B) expressfion and C) secretfion of vascuflar
endotheflfiafl growth factor (VEGF), an findficator of angfiogenesfis. D) The cuflture of hMSCs on the mfiR-26-actfivated scaffofld aflso enhanced the expressfion of genes
finvoflved fin angfiogenesfis. *, **, ***, and **** correspond to p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectfivefly. The dashed bflue flfines on graph A findficate
aceflfluflar groups and groups whfich were cufltured wfith ceflfls. ‘The prfistfine scaffofld’ on graph A refers to the scaffofld whfich wasn’t subjected to ceflfl cuflture condfitfions. The
dashed bflack flfine on graph D findficates a threshofld of 1. (For finterpretatfion of the references to coflor fin thfis ffigure flegend, the reader fis referred to the Web

versfion of thfis artficfle.)

wfith a non-vfirafl system combfinfing mesoporous iflficon nanopartficfles
and KALA peptfide, whfich deflfivered 20 pg of the cargo [24]. Taken
together, our resuflts demonstrate the effectfiveness of both 2D and 3D
systems fin transfectfing hMSC, whfich are known to be chaflflengfing prfi-
mary oflfl types to transfect [53].

The successfufl transfectfion of hMSCs was refflected fin enhanced
osteogenesfis fin vfitro, fleadfing to fincreased productfion of ALP and mfin-
eraflfisatfion fin both 2D and 3D systems. Addfitfionaflfly, mfiR-26a-actfivated
scaffoflds enhanced the expressfion of reflevant osteogenfic markers such
as SPP1, SMAD4, and POSTN. These ffindfings are consfistent wfith pre-
vfious studfies. The enhanced expressfion of ALP and SPP1 was aflso re-
ported by Yan et afl, after transfectfing rat MSCs wfith 20 pg of mfiR-26a
nanopartficfles [24]. The enhanced flevefls of SMAD4 and TAZ, an osteo-
genfic and angfiogenfic factor, findficate that one of the possfibfle mecha-
nfisms of mfiR-26a fin stfimuflatfing osteogenesfis fis through affectfing the
SMAD4-TAZ axfis. TAZ pflays a pfivotafl rofle fin osteogenesfis by bfindfing to
SMAD4, co-actfivatfing transcrfiptfion factors, whfich drfive the osteo-
bflastfic dfifferentfiatfion programme of perfichondrfiafl mesenchymafl stem
ceflfls (MSC) and suppress adfipogenfic dfifferentfiatfion [54,55]. The de-
flfivery of mfiR-26a aflso fincreased the flevefls of JNK3, whfich has been
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assocfiated wfith bone repafir. Our prevfious ffindfings showed that scaffoflds
actfivated wfith JNK3 promote osteogenesfis and angfiogenesfis, resufltfing
finenhanced bone regeneratfion wfithfin just 4 weeks when fimpflanted finto
rat caflvarfiafl defects [42]. Overaflfl, the deflfivery of mfiR-26a posfitfivefly
finffluences osteogenesfis by finffluencfing a serfies of osteogenfic pathways.
For finstance, Lfiu et afl. demonstrated that the deflfivery of mfiR-26a finto
MSCs usfing a flentfivfirus vector doubfled the number of ALP-posfitfive ceflfls
at day 14 compared to the untransfected group [25]. Sfimfiflafly, Ifi et afl
showed that fivfitro transfectfion of mouse and human BMSCs wfith 50 nM
of mfiR-26a mfimfics resuflted fin a 2.4-fofld and 10-fofld fincrease fin the
expressfion of earfly-stage markers Runx2 and BMP2, respectfivefly.
Moreover, thfis transflated to an 8.5-fofld enhancement of the flate-stage
marker OCN fin BMSCs, fleadfing to fincreased ALP productfion and cflfl
mfineraflfisatfion [26]. Zou et afl. demonstrated that mfiR-26a stfimuflates the
vfiebfififity and proflfiferatfion of osteobflasts and promotes osteogenesfis
[52]. Sfimfiflarfly, the osteogenfic dfifferentfiatfion of BMSCs and transfected
wfith mfiR-26a mfimfics was sfignfifficantfly augmented, as evfidenced by
fincreased caflefium deposfitfion and the expressfion flevefls of ALP and
osteocaflcfin [56]. The present study finvestfigates the pathways finvoflved

fin mfiR-26a-finduced osteogenesfis fin MSCs and fits effects on
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Fig. 7. Acceflerated bone repafir of mfiR-26a-actfivated scaffoflds fin crfitficafl-sfized caflvarfiafl defects at week 4 and 8 post-fimpflantatfion A) Representatfive mficro CT
reconstructfions (fleft) of bone expflants at weeks 4 and 8 for mfiR-free scaffofld and mfiR-26a-actfivated scaffofld. The bflue cfircfle represents the regfion of finterest (ROI). The
whfite area wfithfin the ROI findficates newfly formed bone. B) Percentage ffiffled C) Bone voflume, D) Apparent mfinerafl densfity E) Tfissue mfinerafl densfity, F)
Representatfive H&E scans at week 8 wfith marked scaffofld, defect wfidth, ffibrous tfissue and bone showed that mfiR-26a-actfivated scaffoflds reduced G) defect wfidth and
fincreased H) bone area resufltfing finI) fincreased presence of bflood vessefls. *p < 0.05. (For finterpretatfion of the references to coflor fin thfis ffigure flegend, the reader

fisreferred to the Web versfion of thfis artficfle.)

angfiogenesfis. We demonstrate that mfiR-26a promotes osteogenfic dfif-
ferentfiatfion fin bone-derfived MSCs prfimarfifly through the Wnt and BMP
sfignaflfifing pathways, whfifle fin adfipose-derfived MSCs, the SMADI1
pathway pflays a predomfinant rofle [57-59]. Addfitfionaflfly, mfiR-26a tar-
gets CDK6 and HDAC4 protefins [60], further contrfibutfing to the oste-
ogenfic dfifferentfiatfion process. The fintrficate finterpflay between mfiR-26a
and these sfignaflfing pathways hfighflfights fits potentfiafl as a therapeutfic
agent for promotfing osteogenesfis fin MSCs.

We further finvestfigated the effect of mfiR-26a on angfiogenesfis fin
MSCs and observed a context-dependent reguflatfion. In our scaffofld
system, the deflfivery of mfiR-26a fleads to enhanced productfion of VEGF,
PDGFA, PGF, and TAZ fin hMSCs, findficatfing the stfimuflatfion of angfio-
genesfis. mfiR-26a has been prevfiousfly shown to finffluence PDGFA as
reported by Yang et afl. [61]. The upreguflatfion of PDGFA fi partficuflarfly
reflevant fin the context of bone regeneratfion as fit posfitfivefly finffluences
angfiogenesfis and osteogenesfis. Thfis was prevfiousfly reported by Zhang et
afl, demonstratfing that MSCs transduced wfith PDGF fisoforms actfi-
vated the ERK1/2 sfignaflfifing pathway, enhancfing the mfigratfion and
angfiogenesfis of vascuflar endotheflfiafl ceflfls fin vfitro and promotfing vas-
cuflarfisatfion fin a cfitficafl-sfized rat caflvarfiafl defect modefl [62]. The de-
fifivery of mfiR-26a aflso stfimuflated PGF, a member of the vascuflar
endotheflfiafl growth factor (VEGF) famfifly, whfich fis a mechanosensfitfive
gene wfith pro-angfiogenfic and pro-osteogenfic rofles [63]. Our prevfious
research showed that the functfionaflfisatfion of bfiomaterfiafl scaffoflds wfith
PGF resuflted fin enhanced caflcfium deposfitfion by human MSCs fin vfitro,
whfich transflated finto enhanced caflvarfiafl defect heaflfing fin vfivo [64].
Sfimfiflafly, the actfivatfion of the YAP/TAZ pathway aflso promotes the
formatfion of new bflood vessefls, and fits upreguflatfion through mfiR-26a
findficates the strong finvoflvement of thfis genetfic cargo fin angfiogenesfis
[65]. Ifiu et afl. showed that transfectfion of mouse and human bone
marrow MSCs wfith mfiR-26a mfimfics resuflted fin fincreased expressfion of
angfiogenfic markers, fincfludfing VEGF and angfiopofietfin-1 (ANGP1) [26].
Moreover, Zuo et afl. demonstrate the angfiogenfic potentfiaf] of mfiR-26a by
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transfectfing human umbfififiafl vefin endotheflfiafl ceflfls wfith CD34"
ceflfl-derfived exosomes contafinfing mfiR-26a, whfich finduces mfigratfion of
endotheflfiafl ceflfls and tube formatfion [66]. Muflfipfle pathways have been
fimpflficated fin mfiR-26a-finduced angfiogenesfis, such as the hepatocyte
growth factor-cMet pathway and the bone morphogenetfic protefin/-
Smadl pathway fin condfitfions flfie hepatoceflfluflar carcfinoma, acute
myocardfiafl finfarctfion, and dfiabetes meflflfiis [67-69]. Furthermore,
mfiR-26a has been shown to enhance angfiogenesfis fin osseous defects or
gfifioma by fincreasfing the expressfion flevefls of hypoxfia-finducfibfle
factor-la (HIF-1a), VEGF, and Angl [26,70]. Our ffindfings underscore
the potentfiafl of mfiR-26a to enhance angfiogenesfis fin bone regeneratfion,
posfitfionfing fit as a promfisfing therapeutfic candfidate for the treatment of
bone defects and dfisorders.

Angfiogenfic-osteogenfic coupflfing fi essentfiafl for bone repafir, ensurfing
that newfly formed bone fis vascuflarfised, thereby provfidfing necessary
nutrfients for bone ceflflsand facfiflfitatfing further bone formatfion. Our mfiR-
26a-actfivated scaffoflds stfimuflated a myrfiad of genes whfich pflay duafl
rofles fin both angfiogenesfis and osteogenesfis, fincfludfing PDGFA, PGF, and
TAZ. PDGFA fis known to be secreted by preosteocflasts, and fits pfivotafl
rofle fin angfiogenfic-osteogenfic coupflfing consfists of finducfing mfigratfion of
endotheflfiafl ceflfls, stabfiflfisfing newfly formed vessefls, and gufidfing ceflfhuflar
components for osteobflast dfifferentfiatfion [2]. Sfimfiflafly, PGF contrfib-
utes to the formatfion and maturatfion of bflood vessefls provfidfing nutrfi-
ents and osteoprogenfitor ceflfls to the bone formatfion sfites, facfiflfitatfing
the process of osteogenesfis [2,64]. TAZ and fits paraflog YAP (Yes-asso-
cfiated protefin) are transcrfiptfionafl co-actfivators fin the Hfippo sfignaflfifing
pathway that pflay sfignfifficant rofles fin mechanotransductfion, angfiogen-
esfis and stem ceflf] dfifferentfiatfion. For exampfle, Lee et afl. showed that
adfipose stem ceflfls (ASCs), transfected wfith BMP2-/VEGF, produce
hfigher flevefls of TAZ, resuflfing fin hfigher caflcfium deposfitfion and
fincreased angfiogenesfis fin vfitro [71]. Overaflf], our resuflts underflfine the
capacfity of the mfiR-26a-actfivated scaffoflds to finduce bone formatfion
through angfiogenfic-osteogenfic coupflfing fin vfitro. However, one of the
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fifimfitatfions of thfis work fis that the data comes from fin Vfitro evafluatfion.
These resuflts shoufld be contrasted wfith a thorough finvfivo evafluatfion to
conffirm specfiffic pathways and genes fimpacted by mfiR-26a.

Havfing demonstrated the duafl rofle of mfiR-26a finvfitro, we proceeded
to the ffinafl and most fimportant afim of thfis study whfich focused on
determfinfing the abfiflfity of mfiR-26a-actfivated scaffoflds to promote bone
regeneratfion finvfivo, specfifficafifly fina cfitficafl-sfized caflvarfiafl defect modefl
finrats. After 8 weeks, pCT anaflysfis and hfistoflogficafl evafluatfion reveafled
that the mfiR-26a-actfivated scaffoflds sfignfifficantfly enhanced new bone
formatfion, bone voflume, and bone mfinerafl densfity compared to the
mfiR-free scaffoflds. Addfitfionaflfly, hfistoflogficafl anaflysfis demonstrated a
trend towards fincreased vascuflarfisatfion wfithfin the defect sfite, findficatfing
the abfiflfity of mfiR-26a-actfivated scaffoflds to foster angfiogenesfis. These
ffindfings aflfign wfith prevfious studfies demonstratfing the posfitfive effects of
mfiR-26a on bone regeneratfion finvarfious anfimafl modefls, fincfludfing mfice
and rats. Researchers have reported fincreased bone voflume, eflevated
expressfion of osteogenfic markers (e.g., Runx2 and OC), and enhanced
vascuflarfisatfion as a resuflt of mficroRNA-26a deflfivery usfing dfifferent
scaffofld systems [25,26,51]. The potentfiafl mechanfism underflyfing the
posfitfive finffluence of mfiR-26a on angfiogenfic-osteogenfic coupflfing may be
attrfibuted to fits eflevated expressfion fin newfly formed bones, whfich en-
hances vascuflar endotheflfiafl growth factor (VEGF) secretfion. Bone, as a
hfighfly vascuflarfised tfissue, depends on weflfl-coordfinated angfiogenfic-os-
teogenfic coupflfing for regeneratfion [26]. For finstance, Zuo et afl, evafl-
uated the osteogenfic capacfity of mficroRNA-26a fin an osteonecrotfic
femorafl head modefl fin femafle Sprague-Dawfley (SD) rats demonstratfing
that the deflfivery of the cargo usfing exosomes enhances bone voflume and
trabecuflae number. Moreover, the authors showed that the cargoes
foster the vessefl network and enhance the number of VEGF-stafined ceflfls
Furthermore, fit has been reported that mfiR-26a fis finvoflved fin
VEGF-medfiated angfiogenesfis vfia the reguflatfion of endotheflfiafl nfitrfic
oxfide synthase actfivfity. Thfis reguflatfion fis moduflated by the effect of
mfiR-26a on the expressfion of NUS1 dehydrodofIfichyfl dfiphosphate syn-
thase subunfit (NgBR) by dfirectfly targetfing the NgBR 3+UTR. Overaflf], the
resuflts suggest that mfiR-26a-actfivated scaffoflds possess sfignfifficant po-
tentfiafl fin enhancfing bone repafir, fleadfing to the formatfion of hfighfly
mfineraflfised and vascuflarfised tfissue, whfich fis crucfiafl for effectfive bone
regeneratfion fin vfivo, makfing thfis system extremefly advantageous for
bone.

5. Conclusions

Our study fintroduces an approach for treatfing cfitficafl-sfized bone
defects usfing ceflfl-free mfiR-26a actfivated scaffoflds, whfich have the po-
tentfiafl to become a new ‘off-the-sheflf product capabfle of stfimuflatfing
bone heaflfing through osteogenfic-angfiogenfic coupflfing. The finnovatfive
combfinatfion of osteogenfic coflflnHA scaffoflds wfith a mficroRNA thera-
peutfic that finduces duafl pathways targetfing the two most reflevant
processes fin bone regeneratfion fisa sfignfifficant advancement fin the ffiefld
tfissue engfineerfing and regeneratfive medficfine. The mficroRNA-actfivated
scaffofld system acts as a carrfier system that enabfles flocaflfised deflfivery,
ensurfing flower doses and admfinfistratfion frequency whfifle enhancfing
effficacy and reducfing aberrant effects. Furthermore, the effectfive de-
flfivery of mfiRNAs from bfiomaterfiafl scaffoflds aflso demonstrates thefir
feasfibfiflfity as a pflatform to carry therapeutfic nucflefic acfids and smaflfl
moflecufles, openfing the door to a myrfiad of tfissue engfineerfing appflfica-
tfions beyond bone repafir.
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