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A B S T R A C T

Bone-related injuries and diseases are among the most common causes of morbidity worldwide. Current bone-
regenerative strategies such as auto- and allografts are invasive by nature, with adverse effects such as pain,
infection and donor site morbidity. MicroRNA (miRNA) gene therapy has emerged as a promising area of
research, with miRNAs capable of regulating multiple gene pathways simultaneously through the repression of
post-transcriptional mRNAs. miR-26a is a key regulator of osteogenesis and has been found to be upregulated
following bone injury, where it induces osteodifferentiation of mesenchymal stem cells (MSCs) and facilitates
bone formation. This study demonstrates, for the first time, that the amphipathic, cell-penetrating peptide RALA
can efficiently deliver miR-26a to MSCs in vitro to regulate osteogenic signalling. Transfection with miR-26a
significantly increased expression of osteogenic and angiogenic markers at both gene and protein level. Using a
rat calvarial defect model with a critical size defect, RALA/miR-26a NPs were delivered via an injectable,
thermo-responsive Cs-g-PNIPAAm hydrogel to assess the impact on both rate and quality of bone healing. Critical
defects treated with the RALA/miR-26a nanoparticles (NPs) had significantly increased bone volume and bone
mineral density at 8 weeks, with increased blood vessel formation and mechanical properties. This study
highlights the utility of RALA to deliver miR-26a for the purpose of bone healing within an injectable bioma-
terial, warranting further investigation of dose-related efficacy of the therapeutic across a range of in vivo models.

1. Introduction

Bone osteogenesis is a complex process that is closely regulated by
signalling pathways of both committed and non-committed osteopro-
genitor cells, resulting from the chemical stimuli of growth factors, cy-
tokines and transcription factors [1]. MicroRNAs (miRNAs) regulate
gene expression on a post-transcriptional level by binding to the target
sequences in the 3 untranslated region (UTR) of one or more messenger
RNA (mRNA) molecules [2]. This interaction results in translational

arrest or degradation by the RNA-induced silencing complex, leading to
repressed production of cellular proteins. Inhibition of mRNA trans-
lation by miRNAs has emerged as an important regulator of develop-
mental osteogenic signalling pathways, osteoblast growth and
differentiation, osteoclast-mediated bone resorption activity, and bone
homeostasis in the adult skeleton. Although miRNAs have a relatively
fast decay, the regulation of existing mRNA and subsequent proteins can
have longer-term effects [3]. Consequently, miRNAs can provide tem-
porary, rapid tuning of gene expression. They are also involved in
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osteoblast differentiation of mesenchymal stem cells (MSCs) through the
regulation of Notch, transforming growth factor-β (TGF-β), bone
morphogenetic protein (BMP), tumour necrosis factor alpha (TNF-α),
and Wnt/β-catenin signalling pathways. This miRNA can either enhance
or inhibit differentiation by binding to osteogenic transcription factors
that include glycogen synthase kinase-3 beta (GSK3β), Notch2, runt-
Related transcription factor 2 (RUNX2), and transforming growth fac-
tor beta (TGF-β) [4–6]. Furthermore, miRNAs have been identified as
regulators of osteoblast and osteoclast behaviour, and are involved in
the process of bone remodelling and multiple bone metabolic diseases
such as osteoporosis [7].

Some miRNAs are downregulated during normal osteogenesis and,
as a result, are considered as osteogenic inhibitors (miR-138, [8] 141,
[9] 338 [10]); others are upregulated and are considered osteogenic
promoters (miR-29b, [11] 196a, [12] 378 [13]). The literature on a
selection of these miRNAs has revealed contradictory results, which
suggests that a adeeper understanding of the biological cues is required.
For example, miR-29a can either inhibit or promote osteogenesis
depending on the experimental conditions [14,15]. This exemplifies the
inherent complexity of controlling several gene regulatory networks
simultaneously, where there can be extensive crosstalk of the molecular
mechanisms involved in osteogenic differentiation. Therefore, it is
critical that all unintended biological consequences are considered when
a miR therapy is selected for use in human patients.

The regulatory role of miR-26a in osteogenesis has been an area of
much debate. Conflicting reports have been published on whether
overexpression of miR-26a induces osteogenesis-inhibiting or
osteogenesis-promoting effects. For example, Luzi, et al. concluded that
the presence of miR-26a had an inhibitory effect on the osteogenic dif-
ferentiation of human adipose-derived stem cells (hADSCs). Conversely,
inhibition of miR-26a by 2’-O-methyl-antisense RNA increased protein
levels of SMAD1 transcription factor with enhanced osteodifferentiation
[16]. Likewise, Li, et al. reported that overexpression of miR-26a
inhibited osteodifferentiation of mouse ADSCs via direct targeting of
the 3’UTR of Wnt5a, and subsequently downregulated the Wnt/Ca
signalling pathway [17].

However, miR-26a has also been reported to target GSK3β to activate
the Wnt/β-catenin-signalling pathway which translocates β-catenin
from the cytoplasm to the nucleus, thus enhancing its transcription.
[18,19]. GSK3β is a negative regulator of osteogenesis via the attenua-
tion of RUNX2 signalling [20]. MiR-26a binds to, and inhibits, GSK3β to
enhance osteogenesis through upregulation of RUNX2, the master
regulator of osteoblastogenesis [21]. MiR-26a has also been shown to
downregulate PTEN, which can lead to osteogenesis and improved
vascularisation [22,23]. Specifically, when delivered in vitro, miR-26a
regulates osteoblast function and promotes differentiation of MSCs
into osteoblasts, supporting the use of this miRNA as a gene therapeutic
for bone regeneration [22,24].

Reported target genes of miR-26a include SMAD1, GSK3β and
transducer of ERBB2 1 (Tob1); these modulate the expression of SMADs
which are intracellular proteins responsible for the signal transduction
of the extracellular, transforming growth factor, beta (TGF-β) super-
family of ligands [25–27]. The TGF-β family of cytokines includes BMPs
and growth differentiation factors (GDFs) such as GDF-2 and TGF-βs
protein (TGF-β1, TGF-β2, and TGF-β3). These have a fundamental role in
coupling bone resorption and bone formation during post-natal bone
homeostasis by binding to a cell-membrane bound type-II receptor, and
by the subsequent recruitment and phosphorylation of a type-I receptor,
which in turn phosphorylates receptor-regulated SMADS (R-SMADS)
[28–30]. Therefore, miR-26a contributes to supporting osteogenesis and
bone formation by targeting SMAD1-BMP signalling in bone-forming
cells. miR-26a also plays a key role in vascular endothelial growth fac-
tor (VEGF)-mediated neovascularisation through direct targeting of
Nogo-B receptor [31]. In vivo delivery of human bone MSCs (hBMSCs),
transfected with 50 nM miR-26a mimic from a biodegradable heparin-
hyaluronan-poly(ethylene glycol) diacrylate hydrogel, facilitated bone
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regeneration along with increased vascularisation in a 5 mm calvarial
mouse defect through osteogenesis-angiogenesis coupling [32]. Stimu-
lation of the invasive network of blood vessels via angiogenesis is
necessary for the conversion of hypertrophic cartilage template to bone
during endochondral bone formation [33]. Additionally, sufficient
angiogenesis, often controlled through VEGF signalling, is essential for
adequate healing of fractures [34]. Osteogenic-angiogenic coupling is a
commonly used approach for bone regeneration, and overcoming in-
adequacies in these signalling pathways through delivery of miR-26a
may be an effective approach to improving bone healing [35].

MiR-26a is also significantly downregulated in fractures. Zou, et al.
reported levels of miR-26a to be five times lower in patients with frac-
tures compared to healthy volunteers [22]. Overexpression of miR-26a
leads to: inhibition of osteoblast apoptosis and decrease of cell death;
promotion of osteoblastic activity; formation of mineralised nodules
through an increase in BMP-2 and WNT3a; and suppression of osteoclast
formation by targeting connective tissue growth factor (CTGF) [22,36].
Weekly delivery of 15 μg of miR-26a mimic, injected into the fracture
site of femur periosteum for 8 weeks, promoted healing of a non-union
fracture in a rat model by targeting SOSTDC1 and Wnt/β-catenin sig-
nalling pathways [37]. This further supports claims that over-expression
of miR-26a could promote osteogenesis.

Since the efficiency of any nucleic acid therapy is dependent on
intracellular transport, a delivery system is required that protects the
cargo from degradation, crosses the cell membrane, and escapes the
endosome without evoking an immune response [38]. The amphipathic
fusogenic peptide RALA has been shown to complex anionic cargoes
irrespective of size, protect the cargo from degradation, and escape
endosomal environments ensuring release of the cargo into the cyto-
plasm [39–48]. This study reports for the first time on the use of RALA to
deliver miR26a, in both DNA and miR mimic forms, from a thermores-
ponsive hydrogel for bone regeneration [49]. Studies were specifically
designed to examine the physiochemical characteristics of the RALA/
miR-26a nanoparticles, the osteogenic potential and gene targets in
hBMSCs, the degradation profile of the hydrogel and the osteogenic and
angiogenic potential in a rat critical-sized calvarial defect model.

2. Materials and methods

2.1. Materials

2.1.1. The RALA peptide
The RALA peptide was produced by solid state synthesis (fluo-

renylmethoxycarbonyl chemistry) (Biomatik, Canada) and supplied as a
lyophilised powder that required reconstitution before use. Peptides
were supplied in the acetate salt form and >  95% purity. Following
cleavage from the resin, the desired products were purified and
confirmed by Reverse Phase High Performance Liquid Chromatography
(HPLC) using a 1260 Infinity II LC System (Agilent, USA).

2.1.2. Nucleic acids
pEGFP-N1 (Clontech, USA) and pcDNA3-miR26a2 (Addgene, UK)

plasmids were purchased and subsequently propagated using MAX Ef-
ficiency® DH5α™ Competent Cells (Life Technologies, UK). Purification
was completed using a PureLink® HiPure Plasmid Filter Maxiprep Kit
(Life Technologies, UK) and quantified by UV absorption at 260 nm
using a Nanodrop (Thermo Fisher Scientific, UK). For the in vivo studies,
a double-stranded miR-26a-5p mimic was delivered (Dharmacon, UK).

2.1.3. Cell lines
Human bone marrow-derived mesenchymal stem cells (hBMSC)

(Promocell, Germany) were used. Profiling of the cell line was
completed by the suppliers and was confirmed as Mycoplasma-free by
monthly testing using the MycoAlert® Mycoplasma Detection Kit
(Lonza, Switzerland).

490



2

3

2 2

3

P. Chambers et al.

2.1.4. Animals
Nine C57/BL6 mice used in the in vivo degradation study were

housed in an open facility in Queen’s University Belfast and experi-
mental protocols were compliant with the UK Scientific Act 1986.
Twenty-eight Wistar male rats used in the calvarial defect study were
housed in the temperature-controlled animal care facility at the Uni-
versity of Massachusetts Amherst (USA). All housing and in vivo exper-
imental procedures were performed in accordance with protocol #1815
approved by the Institutional Animal Care and Use Committee (IACUC)
of the University of Massachusetts Amherst. Animals had ad libitum ac-
cess to food and water during the experiment and were kept under
standard day/night cycle.

2.2. Methods

2.2.1. miR-26a gene target prediction
In silico analysis of four publicly available bioinformatics algorithms

– miRDB, TargetScan, miRTarBase and microcosm, [50,51] – were
completed to identify the gene targets in which miR-26a is predicted to
bind to the 3’ UTR. The data were collated and arranged into a four-way
Venn diagram. Target genes selected for further analysis, i.e. collagen
Type 1 (COL1), RUNX2, osteocalcin (OCN), and vascular endothelial
growth factor A (VEGF-A), were based on information available in the
literature with regards to bone regeneration in hMSCs.

2.2.2. Synthesis of NPs
RALA/pmiR-26a and pDNA nanoparticles (NPs) self-assemble via

electrostatic interactions under ambient temperatures. RALA/pDNA NPs
were prepared at N:P ratios 1–15 by adding appropriate volumes of
RALA peptide solution to 1 μg pDNA as previously described [39]. The
NPs were incubated at ambient temperature for 30 min to allow the
formation of the complexes. RALA/miR26a mimic NPs at N:P ratio of 8
were chosen for in vivo analysis (optimisation data not shown).

2.2.3. NPs size and zeta potential analysis
The mean hydrodynamic size of nanocomplexes synthesised using 1

μg of pmiR-26a dispersed in 50 μL of H O was determined using Dy-
namic Light Scattering at 20 �C with a Malvern Nano ZS (Malvern In-
struments, UK). Mean surface charge (zeta potential) of the complexes
was also measured by using Laser Doppler Velocimetry on the Malvern
Nano ZS system.

2.2.4. Encapsulation efficiency of miR-26a with the RALA peptide
miR-26a NPs (1 μg of pmiR-26a) were formulated at various N:P

ratios and added in triplicate to a black 96-well microplate (Thermo
Fisher Scientific, UK). 50 μL of Quant-iT™PicoGreen® Reagent (Life
Technologies, UK) diluted 1:200 in TAE 1´ buffer was subsequently
added to each well and incubated for 30 min at RT. Sample fluorescence
was measured at 480/520 nm using a FLUOstar Omega microplate
reader (BMG Labtech, Germany). Encapsulation efficiency was reported
relative to a pmiR-26a-only control. Data are reported as the mean of
three independent repeats (n =  3, ±  SEM).

The complexation of pDNA by the RALA peptide was confirmed
using Ion Exchange Chromatography (IEC). 0.5 g of the Ion Exchange
Media, SP-Sephadex (Sigma-Aldrich, SPC25120, GER), was incubated in
10 mL of 1 M molecular biology grade NaCl (Sigma-Aldrich, Germany)
overnight at room temperature to facilitate swelling of the column.
Following supernatant removal, the resin was washed three times using
10 mL Ultrapure water to ensure no ionic solvent was present. 2 mL of
washed resin was loaded into a frit column and packed under pressure.
20 μL of pmiR-26a or RALA/pmiR-26a NPs at ³20 mg/mL concentration
was loaded into the column and eluted with 3 mL of Ultrapure water.
Finally, fractions were collected in 0.5 mL centrifuge tubes and analysed
using a Nanodrop 2000 (Thermo Scientific, UK).
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2.2.5. Transfection studies in human BMSCs
hBMSCs were seeded at a density of 30 ́  10 cells into 24-well plates

(Thermo Scientific, USA) 24 h prior to treatment. Once confluent, cells
were conditioned for 2 h in Opti-MEM reduced serum media (Gibco,
UK). Wells of the multi-dish were then supplemented with a treatment of
RALA/pmiR-26a NPs, such that the total pmiR-26a in the well was 3.3
μg/cm , and RALA was 26.1 μg/cm . The following treatments were
added to wells for comparative studies: i) untreated control, ii) RALA
control (RALA/pEGFP-N1), with equivalent RALA used and iii) RALA/
pmiR-26a NPs. Following incubation for 4 h under standard culture
conditions, the media was removed and replaced with serum-
supplemented (10% FBS, 1% Pen/Strep) standard hMSC expansion
media (XPAN). Cellular response was verified following post-
transfection at weekly intervals. Osteogenic markers and predicted
miR-26a targets were analysed by reverse transcription polymerase
chain reaction (RT-PCR), hBMSCs were supplemented with osteoin-
duction media (Promocell, Germany) 72 h post-transfection, and a
further negative control group of cells added that was cultured in
standard growth media (no osteogenic induction) to determine primer
specificity.

2.2.6. Quantitative Real-Time PCR (qRT-PCR) for miR-26a expression
from human BMSCs

RNA was extracted from hBMSCs via phase separation using a mir-
Vana isolation kit (Thermo Fisher Scientific, UK). Reverse transcription
reactions for miR-26a and the endogenous control U6 spliceosomal RNA
(U6) were completed according to the manufacturer’s protocol (TaqMan
Small RNA assay, Invitrogen, UK). Quantitative reverse transcription
polymerase chain reaction (qRT-PCR) of miR-26a levels was performed
using a Lightcycler 480 II (Roche, UK) according to the following pa-
rameters: 95 �C for 10 min (pre-incubation), then amplification via 40
cycles of 95 �C for 15 s, and 60 �C for 60 s. miR-26a expression was
determined from the recorded Ct values using the ΔΔCT method, with
gene expression reported as fold change compared to an untreated
control, with U6 as the endogenous control.

2.2.7. Flow cytometric analysis for GFP expression
48 h post-transfection, hBMSCs transfected with RALA/pEGFP-N1

NPs were analysed for the presence of green fluorescent protein (GFP).
GFP-expressing hBMSCs were detected using the fluorescence-activated
cell sorting (FACS) calibur system (BD Biosciences, UK), and data were
analysed using BD CellQuest™ Pro software. Results are reported as the
mean of three independent repeats (n =  3, ±  SEM).

2.2.8. qRT-PCR analysis of miR-26a target genes
For each of the target genes – COL1, RUNX2, OCN and VEGF-A – a

specific primer set (forward and reverse, Table 1) was obtained from
Integrated DNA Technologies, UK. qRT-PCR analysis was performed
using a Lightcycler 480 II (Roche, UK) with the following light cycling
parameters: 95 �C for 5 min (pre-incubation), then amplification via 45
cycles of 95 �C for 10 s, 60 �C for 10 s, and 72 �C for 10 s. Gene
expression was determined from the recorded Ct values using the ΔΔCT
method, with gene expression reported as fold change compared to an
untreated control, with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as an endogenous control.

2.2.9. Immunofluorescence microscopy for late stage osteogenic markers in
hBMSCs

hBMSCs were plated on 13 mm coverslips (Agar Scientific, UK) and
placed in a 24-well plate at a density of 30 ´  10 cells per well.
Following transfection with miR-26a NPs and culture in standard hMSC
growth media (Promocell, Germany), cells were fixed using 4% para-
formaldehyde (Sigma-Aldrich, UK) for 30 min at RT, washed with PBS,
and blocked for 1 h using PBS containing 1% bovine serum albumin
(Sigma-Aldrich, UK) and 0.01% Tween 20 (Sigma-Aldrich, UK). Cells
were next incubated for 1 h at 37 �C with anti-osteocalcin (1:100, sc-
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Table 1
Gene specific primer sets (Forward and Reverse).

Gene Target Description
(NCBI Reference)

COL1A1 Homo sapiens collagen type I
(NM_000088.3) alpha 1 chain

Homo sapiens bone gamma-

(NM_199173) carboxyglutamate protein

R 
(NM_001024630.3) Homo sapiens RUNX2

V 
(NM_001025366.2) Homo sapiens VEGF-A

Primer Sequence

5′ AAG AAC
FWD CCC AAG GAC

AAG AG 3
5′ GTA GGT

REV GAT GTT CTG
GGA GG 3′
5′ GGC AGC

FWD GAG GTA GTG
AAG AG 3
5′ CTC ACA

REV CAC CTC CCT
CCT G 3′
5′ GCG GTG

FWD CAA ACT TTC
TCC AG 3′
5′ GAC TCT

REV GTT GGT CTC
GGT GG 3
5′ GAG CCT

FWD TGC CTT GCT
GCT CTA 3
5′ CAC CAG

REV GGT CTC GAT
TGG ATG 3
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horse anti-mouse IgG secondary antibody (1:10,000, BA-2000, Vector
Labs, UK), washed, and incubated for 30 min with fluorescein strepta-
vidin (1:200, SA- 5001, Vector Labs, UK) as a fluorescent probe for the
proteins of interest. The cells were washed, and antibody targets were
detected in the 800-channel (green pseudo-colour), and normalised for
cell number to the antibody signals from the 700-channel (red pseudo-
colour) using an Odyssey Classic Infrared In-Cell Western (ICW) Assay
Imaging System (LI-COR Biosciences, UK).

2.2.11. Mineralisation of hBMSCs: Alizarin red staining
To evaluate mineral deposition in hBMSCs transfected with miR-26a

NPs, cells were washed with PBS and fixed for 30 min with 300 μL of
10% neutral buffered formalin (Sigma-Aldrich, UK). The cells were
washed with distilled water and 300 μL of 40 mM, and pH 4.2 Alizarin
red S (Sigma-Aldrich, UK) was added to the cell monolayer. Alizarin
staining solution was removed, and the cells were washed with distilled
water to remove any unbound stain. Stained samples were air-dried, and
microscopy images were captured using an EVOS XL inverted digital
microscope (Thermo Fisher Scientific, UK). To quantify the degree of
ARS staining, semi-quantitative analysis of the ARS was performed
through extraction of the ARS dye using 100 mM cetylpyridinium
chloride (CPC) (Sigma-Aldrich, UK) under gentle rocking for 30 min at
ambient temperature. Finally, the absorbance of the CPC solution was
read at 540 nm using a FLUOstar Omega microplate reader (BMG Lab-
tech, Germany).

21,742, Santa Cruz, USA) or anti-osteopontin (1:100, sc-73,464, Santa
Cruz, USA) antibodies. Following washing in PBS, the primary antibody
was incubated for 1 h at 37 �C with biotinylated horse anti-mouse
Immunoglobulin G (IgG) secondary antibody (1:200, BA-2000, Vector
Labs, UK). Membranes were washed three x 5 min with PBS, and incu-
bated for 30 min at 4 �C with fluorescein streptavidin (1:200, SA-5001,
Vector Labs, UK) as a fluorescent probe. Finally, coverslips were
mounted on microscope slides (Agar Scientific, UK) with the use of
DAPI-containing mounting media (ab104139, Abcam, UK) to visualise
cell nuclei. Fluorescently stained cells were observed by Immunofluo-
rescence (IF) microscopy using a TSC SP5-Leica Microsystems confocal
microscope (Leica, UK).

Images were analysed for normalised fluorescence using the imaging
software Fiji v 2.10.0 (an open-source extension of ImageJ) [52]. For cell
counting, the ‘Analyse Particles’ macro was used on the images of DAPI-
stained nuclei of cells, with a size-limiting parameter of 200 pixels. For
OCN and osteopontin (OPN) fluorescence intensity, the level of back-
ground fluorescence was set as a threshold parameter, and the mean
fluorescence intensity of the image was determined. Each sample was
imaged in three random locations per well, and reported values are the
result of three independent experiments.

2.2.10. In-cell western assay for RALA/pmiR-26a effect on hBMSCs late-
stage osteogenic markers

hBMSCs were plated in a 24-well plate at a density of 30 ´  10 cells
per well. Following transfection with RALA/pmiR-26a NPs and culture
in standard hMSC growth media (Promocell, Germany), treated and
control cells were fixed using 4% paraformaldehyde (Sigma-Aldrich,
UK) for 30 min. Cells were then permeabilised at 4 �C for 4 min by
addition of 0.1% Triton X-100 (Sigma-Aldrich, UK) in PBS. For blocking,
PBS/1% Marvel milk powder (Asda, UK) was added to the cells and left
for 90 min on a shaker at 37 �C. After blocking, the cells were washed
twice in 1% milk/PBS, and cells were next incubated for 2 h at 37 �C
with anti-osteocalcin (1:100, sc-21,742, Santa Cruz, USA) or anti-
osteopontin (1:100, sc-73,464, Santa Cruz, USA) primary antibodies,
alongside CellTag 700 (LI-COR Biosciences, UK) in a 1/500 dilution in
PBS, for later analysis of the normalisation to cell number. After primary
antibody incubation, cells were washed five times for 5 min on a shaker
with wash buffer (PBS and 0.1% Tween 20). Following washing in PBS,
the primary antibody was incubated for 1 h at 37 �C with biotinylated

2.2.12. Fabrication of Cs-g-PNIPAAm hydrogel containing RALA/miR-26a
NPs

The biodegradable and thermosensitive chitosan-grafted-poly(N-
isopropylacrylamide) (Cs-g- PNIPAAm) hydrogel used to deliver
RALA/miR-26a NPs in vivo was synthesised as previously described [49].
Briefly, the Cs-g- PNIPAAm hydrogel was synthesised through free
radical polymerisation by adding NIPAAm to 1% weight/volume Cs in
acetic acid. The solution was purged for 1 h using dry nitrogen and
polymerised by adding an initiator (ammonium persulfate, APS) and an
accelerator (N,N,N ,N -tetramethylethylenediamine, TEMED). The
copolymer was dialysed for 5 days in double-distilled water at ambient
temperature to remove any unreacted monomers and recovered by
freeze-drying. To minimise the chances of pDNA integration into the
genome [53], a miR-26a mimic was delivered instead of pmiR-26a for
the in vivo validation. The lyophilised Cs-g-PNIPAAm copolymer was
solubilised to 5% w/v concentration with RALA/miR-26a NPs for 18 h at 4
�C. The final miR-26a concentration in the hydrogel used for in vivo
application was equivalent to 50 μg/mL. Therefore, 100 μL of each
hydrogel containing 5 μg of miR-26a was injected into the calvarial
defect.

2.2.13. Scanning electron microscopy (SEM)
The lyophilised hydrogel was solubilised in ultrapure water +/

RALA/miR-26a NPs to achieve a concentration of 50 μg/mL under
agitation at 4 �C for 18 h. SEM imaging was conducted using a Hitachi
TM3030 with a voltage of 15 kV.

2.2.14. Rheology
Rheological properties of the hydrogel were tested using a stress-

controlled rheometer (model AR-2000ex) (TA Instruments, New
Castle, DE, USA) with parallel plate geometry (40 mm diameter). The
reconstituted hydrogel with a volume of 1.5 mL was used for the rheo-
logical analysis. G’ and G" values were obtained by performing a tem-
perature sweep at a frequency of 1 Hz over a range from 20 to 45 �C at a
rate of 3 �C/min.

2.2.15. Hydrogel release
To determine RALA/miR-26a release, a volume of 100 μL hydrogel

(corresponding to the 5 μg dose used in vivo) was incubated in the wells
of a 24-well plate at 37 �C for 1 h to solidify. Following this, 1.4 mL of
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ultrapure water was added to each of the wells, and the plate was
incubated at 37 �C. At predetermined timepoints, 50 μL of water was
removed from each of the wells and stored at ambient temperature.
RALA/miR-26a NPs were dissociated by adding 50 μL of 0.2 mg/mL
Proteinase K (Sigma Aldrich, UK) and incubating for 1 h at 37 �C. miRNA
concentration was determined using a Quant-it™ RiboGreen RNA Assay
Kit by comparing to a standard curve produced with miR-26a at con-
centration range of 0.1–10 ng/μL (Thermo, USA). The percentage
release of the 5 μg miRNA in each well was calculated at each timepoint.

miRNA-26a was detected from hydrogel release samples by RT-PCR.
Samples were collected and digested as above and 5 μL was used for
reverse transcription using the TaqMan™ MicroRNA Reverse Tran-

scription Kit (Thermo Fisher, UK) followed by PCR using TaqMan™
MicroRNA Assays and TaqMan™ Universal Master Mix II, no UNG
(Thermo Fisher, UK). PCR was conducted in a LightCycler 96 (Roche,
UK) and analysed using the corresponding software.

2.2.16. Hydrogel degradation
To determine the in vivo degradation rate, 100 μL hydrogel with or

without the incorporation of RALA NPs was weighed and injected sub-
cutaneously into the flanks of C57BL/6 mice (N =  3 per group). Mice
were sacrificed at various timepoints and the hydrogel was excised to
determine the remaining mass. To simulate in vivo degradation condi-
tions, 100 μL hydrogel was incubated in the wells of a 24-well plate in
PBS alone or PBS containing 3 mg/mL lysozyme. The plates were
incubated for 8 weeks at 37 �C. The remaining mass of hydrogel within
the wells was determined at various timepoints.

2.2.17. Calvarial defect surgery
Critical-sized calvarial defect surgery was performed following a

published protocol [54]. Wistar rats at 12 weeks were anesthetised via
isoflurane inhalation (2.5%–3.5%). Using a sterile technique, a 2–3 cm
incision was made from the bridge of the nose to the back of the head.
The skin and underlying periosteum were contracted laterally using an
elevator to expose the calvaria. Using a surgical drill and trephine
operating at 1500 RPM, a 6.8 mm diameter circular defect was made and
removed in the parietal bone between the temporal line and the sagittal
suture line. Although 8 mm defects are commonly used for critical-size
cranial defects in rodents, diameters as low as 5 mm have been used
when introducing two defects per animal, which reduces the number of
animals needed and reduces the chance of interaction between adjacent
defects [55–57]. Rats were randomised into treatment groups. For those
receiving treatment, 100 μL volume of hydrogel was administered into
the defect space directly after the defect was made. After treatment, the
periosteum was stretched back over the skull into its original placement
and sutured closed using 4/0 Maxon biodegradable sutures (Medtronic,
USA). The skin over the periosteum was then sutured. The procedure
ended with 3–6 BD autoclips (Fisher Scientific, USA) over the wound.
Saline was used throughout the procedure.

Animals were monitored for signs of distress daily post-surgery. No
implant rejections or inflammatory reactions were observed in any of
the surviving animals.

2.2.18. Micro-computed tomography analysis
Micro-Computed Tomography (μCT) analysis was performed in vivo

at 4 and 8 weeks post-surgery. Animals were imaged using μCT (Bruker
Skyscan 1276, USA) following anesthetisation with isoflurane inhala-
tion. Animals were scanned using a voxel size of 40 μm and a 1 mm
aluminium filter. The X-ray tube voltage was 60 kV, the current was 125
μA, and the exposure time was 490 ms. The 3D reconstructions were
performed using NRecon v 2.0 (Bruker, USA). To assess bone regener-
ation in defects, a 6.8 mm diameter cylindrical volume of interest (VOI)
overlaid the defect region to quantify bone volume (mm ) and bone
mineral density (g/cm ) of new tissues.
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2.2.19. Histological analysis
Following euthanasia via intracardiac exsanguination at 8 weeks

post-surgery, calvaria bones containing the defect region were harvested
(n =  3 per group), fixed in 10% formalin for 72 h, and decalcified in
formic acid overnight prior to histological examination. Each tissue
section was embedded in paraffin, and 5 μm sections were cut from the
approximate midline of the defect and positioned onto a glass micro-
scope slide. Sections were stained with hematoxylin and eosin (H&E),
and imaged at 400´ magnification using a Keyence BZ-X800 light mi-
croscope (Keyscence, Japan) fitted with a Nikon 40 ´  0.6NA objective.
Each imaged sample was scored on a 0–3 grading scale for presence of
bone, blood vessels, and loose connective tissue. A score of 0 indicated
no tissue in the defect, and a score of 3 indicated extensive tissue in the
defect. All samples were graded independently relative to each other by
two separate researchers.

2.2.20. Mechanical characterisation
Mechanical characterisation was completed to determine the

maximum force, compressive strength, and the Young’s modulus, for
four representative calvarial bone samples at both the defect and the
natural bone sites on the opposite side of the parietal bone. Testing was
performed using the Zwick Z005 testing machine (Zwick/Roell, Zwick
Roell Ltd., UK), fitted with a 500 N load cell. Before mechanical char-
acterisation, samples were preconditioned at 37 ±  0.5 �C for 1 ±  0.1 h.
Testing was repeated at three different locations on the defect and the
natural bone sites. Mechanical testing was performed in a hydrated
environment, using a PBS-filled water bath maintained at 37 ±  0.5 �C. A
pre-load of 0.2 N was first reached before the flat-faced cylindrical
indenter (Ø1.1 mm) was used to apply the compressive loading at a rate
of 2 mm/min, to either a maximum force of 20 N or fracture. The
maximum force (F ) was recorded for each sample, and the
compressive strength was calculated as the quotient of F and the
cross-sectional area of the bone defect site. The Young’s modulus was
calculated from the slope of the linear region of resulting stress vs. strain
curves.

2.2.21. Statistical analysis
Unless otherwise stated, three independent experiments were

completed for each analysis, and the results are presented as mean ±
SEM, n =  3 (where n is equal to the number of independent batches
prepared). Statistical analysis was performed using Prism 6.0 (GraphPad
Software, USA). Statistically significant differences were then calculated
using the two-way analysis of variance (2-way ANOVA), with a p-value
of £0.05 considered significant: (*) p £  0.05; (**) p £  0.01; (***) p £
0.001.

3. Results

3.1. Identification of miR-26a as a potential therapeutic target for
osteogenesis

Multiple algorithms have been developed to computationally predict
the human miR- mRNA interactions which help to identify the thera-
peutic targets of miRs. Four publicly available bioinformatic databases
of miRs target genes have been used to identify overlapping targets of
miR-26a (Fig. 1a) [50,51,58,59]. A four-way Venn diagram was con-
structed to determine the overlapping gene targets (Fig. 1a). The sub-
sequent 26 predicted genes from the analysis, listed alongside with gene
targets in red, were selected for further analysis, based on information
available in the literature with regards to bone regeneration in hMSCs.

3.2. Characterisation of miR-26a NPs

RALA/pmiR-26a NPs were formulated with a N:P (representing
molar ratio of positively-charged nitrogen atoms in the amino acid
backbone to the negatively-charged phosphates in the nucleic acid
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Fig. 1. Identification of gene targets of miR-26a with therapeutic potential and nanocomplex characterisation. A (i-ii)) In silico bioinformatic predictions for the gene
targets of miR-26a with genes of interest highlighted in red. B) RALA complexes with pmiR-26a via electrostatic interactions to form cationic nanosized particles
(<100 nm). C) mean hydrodynamic size (dh) and zeta potential (ZP) of pmiR-26a NPs at various RALA: pmiR-26a mass ratios 0–15. All measurements are reported as
mean ±  SEM, (n =  3). D) Number-weighted size (dh) distribution for pmiR-26a NPs at N:P 6. E) Corresponding representative size distribution by intensity of pmiR-26a
NPs at N:P 6. F) TEM images revealing monodispersed, spherical RALA/pmiR-26a NPs at N:P 6. G) Encapsulation efficiency was quantified using Quant-iT™
PicoGreen reagent and measuring fluorescent output (n =  3). H) Ion Exchange Chromatography showing no free miRNA when pmiR-26a NPs are run through the
column (n =  3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

backbone) from 0 to 15. The mean hydrodynamic size (dh) and zeta
potential (ZP) of RALA/pmiR-26a NPs were determined to confirm the
successful complexation and charge neutralisation of nucleic acid by the
RALA peptide, and to create stable nanosized (<100 nm) particles. Size
and charge of NPs are important factors for endocytosis, with only
cationic particles with sizes <200 nm entering cells via clathrin-
mediated endocytosis [60]. Stable NPs [61] were formulated from N:P 6
upwards (Fig. 1c), whereas ratios below 6 showed either a negative, or a
weak positive surface ZP, indicating unsuccessful complexation of the
anionic nucleic acid. In addition to size and charge, the shape of nano-
complexes is an important factor that can determine the level of inter-
nalisation, as the literature suggests that spherical NPs can be
internalised at a rate as much as five-fold higher than rod-shaped
nanocomplexes [62]. The spherical morphology of NPs at N:P 6 was
confirmed on TEM micrographs (Fig. 1f) and with mean dh =  74 ±  9 nm
and ZP =  +21.1 ±  1.6 mV (Fig. 1d and e). N:P 6 was selected for further
analysis of the nanocomplexes.

To determine whether any free nucleic acid remained in solution
following the addition of RALA, the complexation efficiency was
assessed by Quant-iT™ PicoGreen™ assay and verified by IEC (N:P ratio
6). Results indicated that >85% of miR-26a was encapsulated at N:P
ratio 3 and above (Fig. 1g), with N:P 6 demonstrating an encapsulation
efficiency of 88.7 ±  1.5%. Full complexation of nucleic acid by RALA
peptide was confirmed by IEC which showed no free pDNA when RALA/

pmiR-26a NPs were passed through the column (Fig. 1h).

3.3. Transfection of hBMSCs with miR-26a NPs

Following confirmation that RALA can effectively complex pmiR-26a
into nanocomplexes, the maximum permissible dose of pmiR-26a that
could be delivered to the cells without a significant cytotoxic effect was
assessed (Fig. 2a). The maximum dose at N:P 6 was 1 μg, equivalent to
3.3 μg of pmiR-26a per cm with 70% confluent hBMSCs. The trans-
fection efficacy was subsequently assessed in vitro using pEGFP-N1 as a
reporter plasmid. GFP expression of transfected hBMSCs was found to be
27.9 ±  2.2% (Fig. 2b and c). To confirm that endogenous levels of miR-
26a increase during osteogenesis, hBMSCs were subjected to osteo-
differentiation by addition of the osteogenic media, with the levels of
miR-26a quantified via qRT-PCR analysis (Fig. 2d). miR-26a expression
continued to rise, reaching a 10.4 ±  1.5-fold change by day 14. When
the undifferentiated hBMSCs were transfected with RALA/pmiR26a, the
expression of miR-26a increased 13.2 ±  2.4-fold in relation to the un-
treated control at 48 h post-transfection (Fig. 2e). Taken together, these
results coupled with the NP characterisation data, indicate that com-
plexes at N:P 6 demonstrated a transfection efficiency that increased
miR26a levels without any significant compromise to the cell viability.
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Fig. 2. Viability and transfection efficiency of RALA/nucleic acid nanocomplexes and analysis of miR-26a target gene protein levels post-transfection. A) hBMSCs
were transfected with miR-26a NPs at a range of miRNA concentrations (0.1–5 μg/well). Cell viability was assessed using MTS assay at 24 h, 48 h and 72 h post-
transfection. Cell viability was calculated as a measure of fluorescence relative to untreated cells. B) Fluorescent micrographs of GFP expression in hBMSCs 48 h post-
transfection with RALA/pEGFP NPs. Reported images are representative of three independent repeats. C) Transfection efficiency was assessed 48 h later by flow
cytometry for GFP positive cells (n =  3, ±  SEM). D) qRT-PCR analysis of miR-26a basal levels in hBMSCs at Day 3, 7 and 14 post-osteoinduction. E) qRT-PCR analysis
of miR-26a expression 48 h post-transfection with RALA/pEGFP-N1 NPs and RALA/pmiR-26a NPs in hBMSCs.

3.4. Determination of therapeutic effect following overexpression of miR-
26a in hBMSCs

Transfection of hBMSCs with RALA/pmiR-26a NPs subjected to
osteodifferentiation induced the upregulation of osteogenic genes
(Fig. 3a-c). COL1, RUNX2, OCN and VEGF-A were upregulated by Day 3.
VEGF-A, an important growth factor for the osteogenic/angiogenic
coupling of healthy bone regeneration, was significantly increased by
Day 3, exhibiting a 1.7 ±  0.1-fold change compared to untreated cells
(Fig. 3d). OPN and OCN are osteogenic markers for the maturation stage
of osteoprogenitor differentiation and late maturation/early minerali-
sation stage of osteoprogenitor differentiation, respectively. The prote-
omic levels of OPN and OCN in hBMSCs were examined at Day 21 and
Day 28 with IF staining and confirmed with an In-Cell Western (ICW)
assay. Intense positive staining of individual cells for OPN and OCN and a
highly significant increase in normalised fluorescence were observed for
miR-26a NPs transfected cells, exhibiting 17.0 ±  2.5 times more
positive staining for OPN and 5.6 ±  1.4 times for OCN compared to the
untreated control (Fig. 3e and g). ICW assay supported these findings,
with the pmiR-26a NPs treatment group exhibiting a significant increase
compared to control groups at day 21: an increase in OPN and OCN
levels was reported as 50 ±  10% (Fig. 3f) and 40 ±  9% times greater
than either of the control groups, respectively.

Delivery of pmiR-26a at a concentration of 3.3 μg/cm2 increased
calcium deposition in hBMSCs by Day 7, as extensive staining was
visible on both a macro- and micro-scale in the cells transfected with
RALA/pmiR-26a NPs (Fig. 3i). The dissolved Alizarin Red S extracted
from the cellular monolayer provided a quantitative confirmation of the
observed staining, exhibiting a 248 ±  37% increase in mineralisation in
the RALA/pmiR-26a group compared to the untreated group of hBMSCs
cultured in osteoinduction media (Fig. 3j). Cells cultured in growth
media showed a similar trend, with an increase in Alizarin Red S staining
in the RALA/pmiR-26a NPs treated cells (37 ±  17%).

3.5. Hydrogel characterisation

The microstructure of the hydrogel with or without the addition of
RALA/miR-26a NPs as determined by SEM imaging is presented in
Fig. 4a. The hydrogel formed a meshed network with pores visible in the
X1500 magnification image. Pore size ranged from 2 to 10 μm. The
addition of RALA NPs altered the structure of the hydrogel by reducing
the number of pores visible in the structure. This is attributed to the
presence of nanoparticles occupying the pores within the hydrogel.

The thermosensitive nature of the hydrogel with and without RALA/
miR-26a NPs was confirmed through rheological analysis (Fig. 4b). For
both hydrogel alone and hydrogel loaded with miR-26a NPs, at
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Fig. 3. Impact of miR-26a delivery on hBMSCs functionality. A-D) mRNA levels of target genes in hBMSCs post-transfection with pmiR-26a NPs. To quantify COL1,
RUNX2, OCN and VEGF-A expression at Day 3, 7 and 14. Total RNA was reverse transcribed, and gene expression quantified relative to GAPDH as an endogenous
control using qRT-PCR. Results are presented as relative fold change and reported as mean ±  SEM, n =  3. E) OPN IF quantification analysed at Day 21 and 28 post-
transfection. Inserts represent fluorescent micrographs with staining of osteopontin production (green) of untreated, RALA/pEGFP-N1 NPs-transfected, and RALA/
pmiR-26a NPs-transfected hBMSCs following 21 days in culture (scale bars =  100 μm). F) ICW assay to determine expression of OPN by hBMSCs at Day 21 and 28 post-
transfection. G) OCN IF quantification as analysed at Day 21 and 28 post-transfection. Inserts represent fluorescent micrographs with staining of osteopontin
production (green) of untreated, RALA/pEGFP-N1 NPs transfected, and RALA/pmiR-26a NPs transfected hBMSCs following 21 days in culture (scale bars =  100 μm). H)
ICW assay to determine expression of OCN by hBMSCs at Day 21 and 28 post-transfection with RALA/pEGFP-N1 NPs and RALA/pmiR-26a NPs. I) Alizarin Red S-stained
untreated hBMSCs, post-transfection with RALA/pEGFP-N1 NPs and RALA/pmiR-26a NPs, following 7 days in standard hMSC growth or osteoinduction media.
Images are 4´ microscopy images of a representative well from a 24-well microplate (scale bar =  500 μm). J) Degree of alizarin red S staining, quantified via
CPC extraction (n =  3, ±  SEM). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

temperatures >37 �C, the storage modulus (G’) exceeds the loss modulus
(G"), indicating a transition from a liquid to a solid state. The sol-gel
transition temperature of the hydrogel was 32 �C which was unaf-
fected by the addition of nanoparticles. At 37 �C, the G’ of the hydrogel
loaded with nanoparticles was higher (70.3 Pa) than the hydrogel alone
(45.1 Pa), suggesting that the nanoparticles are supporting the structure
of the hydrogel to form a polymer-particle network.

The release profile of the thermoresponsive hydrogel loaded with 50
μg/mL RALA/miR-26a NPs was measured over the period of 1 week to
confirm controlled release. In the first 8 h, there was an initial release of
1201.4 ng ±  256 ng, which was maintained to 1243 ng ±  197 ng at 24 h
corresponding to 24% release (Fig. 4c). The consistent release observed
between 8 and 24 h demonstrates that the hydrogel does control the
release of miRNA. This initial release is attributed to swelling of the
hydrogel and outward diffusion of the loaded nanoparticles. Further
release beyond this point would be controlled in vivo through enzymatic
degradation of the outer surface of the hydrogel, facilitating diffusion of
nanoparticles located deeper in the hydrogel. Beyond 24 h, the
measured miRNA concentration in solution appears to decrease,
possibly due to the degradation of miRNA through hydrolysis. However,
in vivo, the released NPs would be rapidly endocytosed and processed by
cells, which should facilitate a sustained effect of the miR-26a as the
hydrogel degrades over time.

The in vivo degradation study demonstrated that the hydrogel
exhibited a steady degradation profile over 8 weeks (Fig. 4d). By 8 weeks
post-injection, the proportion of hydrogel that had degraded was
84.83% and 86.08% for hydrogel alone and hydrogel loaded with RALA
NPs respectively. In vitro, the hydrogel showed limited degradation in
PBS only, with 13.28% degradation at 8 weeks. The addition of 3 mg/mL
lysozyme increased the degradation at 8 weeks to 60.22% and 83.31%
for hydrogel only and hydrogel loaded with RALA NPs respectively,
closely matching the in vivo degradation in the NP group. This provided

an accurate in vitro model for modelling in vivo degradation, where the
release of NPs is controlled by passive diffusion mechanisms, coupled
with ongoing enzymatic degradation via the lysozyme of the hydrogel.

To assess whether the miRNA released from the in vitro incubation of
the hydrogel is intact, samples containing released NPs were digested
using proteinase K to release the encapsulated cargo. RT-PCR was used
to detect miR-26a in the samples, revealing a fold change of 3398 in the
presence of miR-26a in hydrogel samples loaded with the RALA/miR-
26a NPs (Fig. 4e). This proved that the NPs released from the hydro-

gel contained intact and detectable miR-26a.

3.6. In vivo evaluation of RALA/miR-26a NPs in critical size calvaria
defect in rats

All experimental animals recovered from the calvarial defect sur-
gery, and no adverse events were reported. Each rat was sacrificed 8
weeks post-surgery, and the calvarial bone with the defect was harvested
for analysis. H&E staining and assessment of the mechanical properties
were conducted 8 weeks post-treatment, whereas μCT analysis was
performed at 4 and 8 weeks to study the quantity and quality of the
regenerated bone. The location of the defect is shown in Fig. 5a, and
representative images of the rat’s skull with the defect treated with
thermosensitive hydrogel containing miR-26a NPs in Fig. 5b.

μCT scans demonstrated limited bone regeneration in the defect area
in both groups after 4 weeks, which increased 8 weeks post-surgery
(Fig. 5c). Bone formation initiated from the defect margins and pro-
gressed towards the centre as seen in the defect filled with hydrogel
loaded with RALA/miR-26a NPs at week 8; bone formation was present
along the defect margin and as connected islands of new bone in the
centre of the defect. Although a trend for greater bone formation was
observed in the defect filled with hydrogel loaded with miR-26a NPs
compared to empty defect, no significant differences were observed
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Fig. 4. A) SEM image of hydrogel at x400 and x1500 magnification as indicated. (i) Thermoresponsive hydrogel only (ii) Thermoresponsive hydrogel loaded with
RALA/miR-26a NPs at a concentration of 50 ng/μL. B) Dynamic temperature sweep of the thermoresponsive hydrogel with or without the incorporation of RALA/
miRNA NPs. C) Release of RALA/miRNA NPs from the thermoresponsive hydrogel incubated in ultrapure water at 37 �C over 7 days. D) In vivo degradation of the
hydrogel measured by subcutaneous injection in C57BL/6 mice correlated with in vitro degradation determined by measuring mass of hydrogel over 8 weeks
following incubation in PBS at 37 �C with or without 3 mg/mL lysozyme. E) RT-PCR showing fold change in miR-26a detected following incubation of hydrogel
samples in ddH2O for 3 days at 37 �C. All results are reported as mean ±  SEM, n =  3.

between the groups at 4 and 8 weeks. However, sagittal view μCT im-
ages (bottom row, Fig. 5c) revealed bone formation throughout the
entire thickness of the calvaria defect, showing complete bridging at 8
weeks in 28.6% of empty defect and 71.4% of hydrogel loaded with
RALA/miR-26a NPs group. Eight weeks post-surgery, bone volume and
bone mineralised density, a major indicator of the quality and strength
of the regenerated bone, [63] had increased in the RALA/miR-26a NPs
treated defect compared to the empty defect by an average of 2.08 mm
and 0.064 g/cm , respectively (Fig. 5d and e). Furthermore, defects
treated with RALA/miR-26a showed a statistically significant increase in
bone volume and bone mineralised density at 8 weeks compared to 4
weeks. Although there was no statistical significance in bone formation
and bone mineralised density between empty defect and hydrogel
loaded with RALA/miR-26a NPs groups, the RALA/miR-26a NPs group
showed considerably higher healing responses compared to untreated
defect and smaller standard deviation of healing responses compared to
the untreated control.

There was a non-significant increase in bone and vessel presence
following treatment with hydrogel loaded with RALA/miR-26a NPs
compared to the untreated control (Fig. 5f). In addition, the presence of
loose connective tissue was less pronounced in miR-26a NPs-treated
defects compared to the control. H&E slices revealed a similar trend to
the μCT analysis, as the presence of normal bone formation was found
within the defect area in both groups (Fig. 5h), with the defect width
being smaller in the miR-26a group (1.26 ±  0.41 mm) compared to
untreated control (3.09 ±  0.44 mm).

To determine the mechanical properties of the regenerated calvarial

bone, microindentation was used to measure the maximum load applied
(force at bone defect fracture), compressive strength and Young’s
Modulus (Fig. 5g i-iii) [64]. Young’s moduli, compressive strength and
maximum force values recorded for the miR-26a-treated defect were
higher in the miRNA-treated defects compared to the empty defect.
Although these results were not significant, this indicates a trend to-
wards improved mechanical performance of the regenerated bone
region.

4. Discussion

miR-26a has emerged as a promising candidate for osteogenic gene
therapy. However, the therapeutic use of miRNAs has been hampered by
stability, high sensitivity for degradation in physiological conditions,
and low cellular entry [65,66]. Successful use of miRNAs as therapeutics
depends on the capabilities of vectors to protect the cargo and facilitate
intracellular delivery. As well as having bone-regenerative effects, miR-
26a has also been shown to be have an anti-tumour effect [67–69]. Due to
the breadth of effects that miRNAs can have on both pathophysio-
logical and therapeutic pathways, strategies for safe and efficient de-
livery to the site of action are essential. Use of the RALA peptide, as well
as formulation into a thermoresponsive hydrogel, can protect the sen-
sitive nucleic acid cargo and ensure its retention and gradual release to
the intended site of action, avoiding off-target effects and uncontrolled
miRNA release.

The data outlined in this study show for the first time how the miR-
26a, delivered as nanoparticles using the 30-amino acid cell-penetrating
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Fig. 5. In vivo delivery of RALA/miR-26a NPs via thermoresponsive and biodegradable hydrogel in a rat calvarial bone defect. A) Schematic representation of the
location of the calvarial bone defect in rat. B) Representative image of 100 μL of thermoresponsive hydrogel loaded with RALA/miR-26a NPs administered into the

defect space. C) Representative coronal and sagittal view μCT scan images of bone within the defect region; white represents bone. D) Volume of bone within the
region of interest at 8 weeks. E) Bone mineral density (g/cm3) shown as an average density of all tissues within the region of interest at 8 weeks (n =  5, Mean ±  SEM).
F) Presence of bone, loose connective tissue and blood vessel in calvaria cross-section slides stained with H&E from untreated control and RALA/miR-26a NPs group (n
=  3) presented as score on a 0–3 grading scale. G) Mechanical properties: (i) Maximum Force, (ii) Young’s Modulus, and (iii) Maximum compressive strength of empty
defect area and defect filled with hydrogel loaded with RALA/miR-26a NPs (n ³  7, Mean ±  SEM). H) Representative images of the calvaria cut on the transverse
plane and stained with H&E. Black lines represent the distance between bone formation 8 weeks post-surgery in (i) empty defect and (ii) defect treated
with miR-26a NPs delivered from a hydrogel. Magnification at 400´.

peptide RALA, can successfully increase bone regeneration. The delivery
of miR-26a NPs exhibited significant increases in functionality in vitro in
hBMSCs, demonstrated by osteogenic gene upregulation, increased
production of OCN and OPN proteins, and deposition of mineralised
tissue. Incorporation of miR-26a NPs into the thermoresponsive Cs-g-
PNIPAAm hydrogel was also found to be an encouraging platform for a
treatment of critical-sized calvarial defects in Wistar rats.

In agreement with the literature, the bioinformatic analysis of miR-
26a gene targets revealed that the BMP/SMAD, [70] GSK3β and Wnt/ β-
catenin [71] pathways are among those regulated by miR26a. It was
demonstrated that the RALA/miR-26a formulation at a N:P ratio of 6
produced NPs with hydrodynamic size of ~74 nm, cationic in nature
(exhibiting a net ZP of +21 mV), and with complete encapsulation. The
physiochemical characteristics indicated that RALA/miR-26a nano-
complexes would be ideal for intracellular delivery via endocytic path-
ways [60], facilitating the subsequent nuclear transport of the pDNA to
allow transcriptional processing for the intended increase in miR-26a in
vitro and in vivo. The maximum tolerated dose of miR-26a was found to
be 1 μg, and it has previously been shown that this quantity is capable of
eliciting an upregulation of the encoded gene in a range of cell lines
[46,72].

Using RALA/miR-26a NPs, a transfection efficiency of 27.9 ±  2.2%
was obtained in hBMSCs. This was deemed as relatively high for primary
hBMSCs, as primary cultured cells are known to be difficult to transfect.
In fact, Madeira et al. showed a transfection efficiency of only 7% in
isolated hBMSCs following lipofection with plasmid GFP [73]. The re-
sults presented in this study are comparable to a transfection efficiency
of 24–36% reported by Cheung, et al. who used six commercially
available cationic lipid and polymer reagents and GFP as a reporter gene
to transfect hBMSCs [74]. In the present study, miR-26a expression was
increased 13-fold, indicating successful delivery to the nucleus and
subsequent transcription into functional endogenous miR-26a. Other

studies designed to deliver miR-26a into cells have shown mixed results.
Transfection of immortalised cell lines typically yields high miR-26a
upregulation of up to 1000-fold [75]. Zou et al. used a commercially
available transfection reagent (X-tremeGENE) to deliver 50 nmol of
miR-26a mimic into cultured osteoblast cells eliciting less than three-
fold upregulation [22]. Zhang et al. reported 20–40-fold upregulation
in miR-26a in primary mouse osteoblasts using self-assembled poly-
plexes with 60 pmol [66]. Yan et al. used mesoporous silica NPs to
deliver a dose of 20 μg/mL to produce a 2500-fold increase in miR26a at
in BMSCs at 24 h [24]. There have been other innovative strategies,
including the delivery of genetic cargo using exosomes to treat muscu-
loskeletal disorders, which have rivalled commercial transfection re-
agents in efficacy [76,77]. Despite the varied transfection efficiencies, it
is the analysis of the downstream osteogenic effects in BMSCs that is
critical. All of these studies reported similar levels of osteogenic gene
expression, notably two-three-fold upregulation of COL1, RUNX2 and
OCN. In the present study, similar downstream effects were achieved
with a lower concentration of cargo (5 μg/mL), indicating that RALA NP
technology is more efficient in miR-26a delivery to BMSCs.

Increasing endogenous miR-26a levels in vitro led to a significant
increase in COL1 mRNA as early as Day 3, indicating an increase in
osteodifferentiation. Increased COL1 deposition by osteoblast cells has
been shown to contribute to a feedback loop producing an increase in
bone formation due to the cooperative nature of COL1 and non-
collagenous proteins such as OCN, OPN, and bone sialoprotein. COL1
constitutes the basic framework of the extracellular matrix upon which
these proteins are oriented prior to calcification [78,79]. Therefore, the
increase in COL1 mRNA expression by Day 3, may also have a contrib-
utory effect on the appreciable increase in OCN mRNA observed at Day 7
and Day 14. Indeed, significant increases in RUNX2 and OCN mRNA
levels were observed by Day 7, and remained significantly higher than
untreated cells up to matrix maturation stage (Day 14). This is in
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agreement with results reported by Li et al. who demonstrated that
hBMSCs transfected with miR-26a mimics, had elevated mRNA levels
for BMP2, OCN, COL1 and RUNX2 by Day 2, remaining up to 14 days
[80]. Additionally, both Wang et al. and Su et al. showed significant
increases in OCN and RUNX2 mRNA levels after 48 h by increasing the
endogenous level of miR-26a in murine BMSCs [26,81].

The downstream effect of miR-26a NPs on the expression of angio-
genic growth factor VEGF was investigated with respect to osteodiffer-
entiation. Bone angiogenesis is necessary for transport of oxygen and
nutrients, recruitment of MSCs and osteoblasts in the early stage during
osteogenesis, and in the later stage, for trabecular bone formation and
maturation [82]. Following transfection with miR-26a NPs, a short-term
upregulation of VEGF-A mRNA expression was observed, as human
BMSCs exhibited a two-fold increase in VEGF-A at Day 3 with expression
levels returning to control levels before Day 7. Increased levels of VEGF-A
are present in the haematoma that forms post-fracture indicating its
importance in fracture repair. [83] This early influx of VEGF-A mediates
the progression of the bone healing process and has been shown to be
expressed highly during the early stages of osteodifferentiation ( <  7
day) in hMSCs. [84]

NP delivery of miR-26a had a positive effect on the production of
OPN and OCN - important osteoblastic phenotype protein markers, and
on mineralisation. Protein production of both OPN and OCN was
significantly increased 21 days post-transfection. Deposition of calcium
phosphate by MSCs undergoing osteogenic differentiation is indicative
of matrix maturation and is routinely used as an important marker for
successful bone regeneration [85]. Enhanced mineral deposition in the
transfected hBMSCs was determined through the presence of Alizarin
red staining, and semi-quantitatively measured via extraction. The dif-
ference between the treatments was most enhanced when the cells were
under the influence of forced osteodifferentiation, where positive
staining for mineralisation was enhanced by 248% in miR-26a NPs
transfected cells. This finding clearly indicates that by “priming”
hBMSCs via miR-26a NPs transfection, the rate and extent of osteo-
differentiation can be significantly enhanced. Interestingly, an increase
of 31% in mineralisation was observed in the GFP NPs transfected cells.
RALA/pEGFP-N1 appears to exhibit a moderate amount of bioactivity
with respect to increasing osteogenesis, most apparent when used in
conjunction with osteoinductive media. The influence of cell-
penetrating peptides on stress fibre formation and focal adhesions of
MSCs are potentially responsible for this moderate therapeutic outcome
[86,87].

The therapeutic potential of the RALA/miR-26a NPs loaded into a
thermoresponsive hydrogel was evaluated in vivo in a rat critical-sized
calvarial defect model. This hydrogel has been extensively charac-
terised in a previous study, where it was shown that the hydrogel could
be formulated through free radicle polymerisation and showed ther-
moresponsive and degradation capabilities which could be tailored by
altering the formulation [49]. The microstructure and degradation of
the hydrogel, as well as protection of miRNA by RALA NPs following
release was confirmed in the current study. The delivery system was
capable of releasing nanoparticles containing intact miRNA in a
controlled manner, while exhibiting a degradation profile suitable for
the timeframe required for the healing of large bone defects.

The miR-26a NPs containing a total of 5 μg of miR from a thermor-
esponsive hydrogel accelerated the repair of the critical-size calvarial
defect in Wistar rats. The biodegradable Cs-g-PNIPAAm hydrogel
developed by our group was utilised here as an injectable biomaterial for
the miR-26a NPs [49]. The hydrogel is well characterised and was
formulated to degrade gradually over a period of 8 weeks, delivering
functional RALA/miR NPs to the surrounding cells. In this study, bone
volume in the miR-26a-treated groups increased on average by 39.8%
and 41.5% at 4 and 8 weeks respectively, compared to the empty defect.
Bone-mineralised density increased by 17.2% and 31.6% at 4 and 8
weeks respectively. The miR-26a NP group also demonstrated improved
mechanical properties when compared to the untreated defect at Week
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8, which was indicative of newly regenerated bone within the defect
site. Morphology of the new bone was evaluated through H&E-stained
transverse sections cut in the approximate centre of defects. Slices
showed compact bone matrix, and the bridging was observed in 3 out of 5
animals with the 6.8 mm diameter circular defect. The angiogenic
effect of miR-26a through VEGF modulation observed in vitro was
confirmed in vivo, as indicated by a 40% increase in new vessel forma-
tion in the miR-26a group. These results indicate that miR-26a is suc-
cessfully delivered to the MSCs present within the defect which then
stimulates osteogenic and angiogenic signalling and bone healing.

The majority of in vivo studies exploring miR-26a therapy for bone
regeneration are based on transfected stem cells [80,88,89]. Down-
stream clinical translation of such approaches might be unfeasible due to
recognised limitations associated with stem cell therapies (invasive
harvesting techniques, immunogenicity, and limited survival in vivo)
[90]. Direct miR-26a delivery has been shown to improve bone regen-
eration in in vivo mouse models [66]. Li et al. reported approximately
30% increase in bone volume following treatment with miR-26a
compared to negative control [91]. Sun et al. reported new bone for-
mation observed in a non-union rat femur model when 15 μg of miR-26a
mimic was delivered weekly for 8 weeks (total of 120 μg of miR per
animal) [37]. The present study demonstrates a noticeable improvement
in osteogenic and angiogenic potential in vivo with a RALA/miR-26a
loaded hydrogel containing a total of 5 μg of the nucleic acid. This
approach protects the miRNA and facilitates cellular delivery, thus
eliciting similar therapeutic effects at a considerably lower dose. Future
studies will focus on assessment of bone regeneration in critical-sized
bone defect models when a higher dose of up to 20 μg is delivered.
The osteogenic potential of miR-26a delivered via a NP-loaded scaffold
has also been shown in vivo, with a 62.2% increase in bone volume
observed 4 weeks after implantation [92]. However, one of the major
drawbacks of current bone-regenerative techniques is the invasive na-
ture of the intervention. While scaffolds can be useful carriers of gene
therapy vectors, injectable therapies such as the hydrogel presented in
this study present a safe and non-invasive method of delivery for the
therapeutic.

In summary, miR-26a has been identified as an important miRNA,
regulating osteodifferentiation of hBMSCs. miR-26a levels increased
significantly in hBMSCs undergoing the phenotypic change to mature
osteoblasts. The amphipathic peptide RALA was capable of condensing
miR-26a nucleic acid into cationic nanosized (<150 nm) particles for
increased transfection of hBMSCs, leading to a significant over-
expression of miR-26a in vitro. Such levels of miR-26a significantly
increased osteogenic markers on both a genomic and proteomic level,
leading to accelerated mineralisation of hBMSCs and a short-term in-
crease in the mRNA levels of the angiogenic factor VEGF. Furthermore, in
vivo results demonstrated that a hydrogel loaded with 5 μg of miR-26a
can effectively enhance bone healing.
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