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Abstract

Traumatic musculoskeletal injuries require advanced therapeutic intervention to heal effectively. Regenerative medicine research has
aimed to address this by using biomaterials to deliver gene therapeutic nanoparticles (NPs) to the injury site to direct healing. However,
clinical translation has proven challenging due to the short shelf-life of NPs and requirements for cold storage conditions. Thus, this
study aimed to investigate lyophilisation as a process to formulate ‘off-the-shelf’ NPs that can be incorporated into biomaterial scaffolds
at the point of use and can be stored and transported at ambient temperatures. To this end, NPs consisting of a non-viral delivery vec-
tor, glycosaminoglycan-enhanced transduction (GET) peptide, complexed with plasmid DNA (pDNA), were formulated at three charge
ratios (CRs - 6, 9, 12) and lyophilised. Firstly, the effects of lyophilisation on NP physicochemical properties were investigated; it did
not affect NP size, polydispersity or charge. Next, the ability of the lyophilised NPs to express the pDNA cargo in mesenchymal stem
cell (MSC) 2D monolayer culture was assessed. Transfection with lyophilised NPs at each CR promoted stable transgene expression and
furthermore, once lyophilised, transgene expression could be maintained following long-term storage at room temperature. Transfec-
tion with lyophilised GET-pSOX9 NPs also significantly increased MSC-mediated articular cartilage matrix deposition in methacrylated
hyaluronic acid (MeHA)-collagen type II (Col II) injectable hydrogel scaffolds, highlighting the therapeutic potential of this NP formu-
lation. In conclusion, this study outlines an effective method for formulating ‘off-the-shelf’ NPs for regenerative medicine applications
that could be applied to the musculoskeletal system as well as other tissues.
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Introduction
Gene therapy is a novel approach to personalised

medicine that aims to up-regulate or silence gene expres-
sion in cells to achieve a specific therapeutic aim. This is
achieved by complexing a genetic cargo to a suitable de-
livery vector to form gene therapeutic nanoparticles (NPs)
that can then be administered directly to the patient, or
used to modify extracted cells ex vivo that can then be re-
introduced into the patient (Bulaklak and Gersbach, 2020;
Collins et al., 2023; U.S. Food and Drug Administration,

2018). Gene therapy has revolutionised the field of regen-
erative medicine by providing a means to promote repair of
a wide range of traditionally difficult to target tissues with-
out the need for high doses of exogenous growth factors
(Bleiziffer et al., 2007; Kelly et al., 2019).

Articular cartilage (AC) is an example of one conven-
tionally difficult to repair tissue in the field of regenera-
tive medicine, which has the potential to benefit from gene
therapy interventions. Existing surgical procedures for the
treatment of AC defects can lead to variable healing and
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the deposition of mechanically inferior fibrocartilage, and
so novel treatment strategies are required (Hodgkinson et
al., 2022a; Hodgkinson et al., 2022b; Kwon et al., 2019;
O’Brien, 2011; Pelttari et al., 2008; Steadman et al., 2003).
Recent research in this field has aimed to promote cartilage
repair by functionalising biomaterial scaffolds and hydro-
gels with cells, such as bone marrow derived mesenchy-
mal stem cells (MSCs) (Kajave et al., 2020; Liang et al.,
2022; Luo et al., 2020; Ni et al., 2020). However, chal-
lenges remain in stimulating and maintaining differentia-
tion of MSCs to AC-like phenotypes and preventing these
cells from following a fibrocartilage lineage (Yang et al.,
2020). The composition of the biomaterial scaffold or hy-
drogel can help to direct MSC differentiation, and it has
been shown that human AC-inspired biomaterials such as
hyaluronic acid (HA) and collagen type II (Col II) can pro-
mote chondrogenesis (Erickson et al., 2009; Hauptstein et
al., 2020; Intini et al., 2022a; Intini et al., 2022b; Kilmer
et al., 2020; O’Shea et al., 2022; O’Shea et al., 2024; Yuan
et al., 2016). However, to maintain articular phenotypes
in differentiated MSCs while directing effective healing of
the tissue, additional therapeutic intervention is required.
Therefore, growth factors such as those from the transform-
ing growth factor beta (TGF-β) family and the bone mor-
phogenetic protein (BMP) family, amongst others, have
been used to enhance the chondrogenic differentiation of
MSCs (Chen et al., 2020; Hauptstein et al., 2022; Puiggalí-
Jou et al., 2023; Wang et al., 2021; Yang et al., 2021). How-
ever, growth factor doses far in excess of physiological con-
centrations are required to promote healing in scaffolds and
hydrogels, which may lead to off-target side-effects in pa-
tients (Chen et al., 2010; Freeman et al., 2020; Kelly et al.,
2019; Laird et al., 2021). Other strategies target transcrip-
tion factors such as members of the SOX family (SOX5,
SOX6 and SOX9) which have been shown to be master
regulators of cartilage formation (Green et al., 2015). How-
ever, delivery of these factors into cells can prove challeng-
ing due to their physicochemical properties (Rilo-Alvarez
et al., 2021). Gene therapy offers a promising alternative
as nucleic acids, such as plasmid DNA (pDNA), could be
used to induce local expression of these therapeutic proteins
in patient cells, negating the need for administration of high
doses of exogenous growth factors (Gonzalez-Fernandez et
al., 2016; Jeon et al., 2012; Laird et al., 2021; Liu et al.,
2023).

One challenge in the field is that primary cells used
in articular cartilage repair, such as MSCs and chondro-
cytes, are notoriously challenging to transfect and so an ef-
fective delivery vector is required to transport the nucleic
acid cargo into the cell (Hamm et al., 2002). Viral deliv-
ery vectors have been commonly used in this space, how-
ever non-viral alternatives such as lipid NPs, polymers and
cell-penetrating peptides (CPPs) are becoming increasingly
popular in the field due to safety concerns associated with
viral vectors (Dunbar et al., 2018; Guo and Huang, 2012;

Kelly et al., 2019). In particular, CPPs such as the gly-
cosaminoglycan binding enhanced transduction (GET) pep-
tide have displayed potential for cartilage repair applica-
tions due to their biocompatibility and their ability to trans-
fect primary cells, including MSCs (Dixon et al., 2016;
Joyce et al., 2024; Thiagarajan et al., 2017). The GET
peptide consists of three domains - a 16-residue heparan
sulphate-GAG binding peptide derived from the fibroblast
growth factor 2 (FGF2) protein (FGF2B) to stimulate cell
interaction; an amphiphilic pan-nucleic acid interaction se-
quence (LK15); and 8 arginine (8R) to facilitate cell entry
(Dixon et al., 2016). The GET peptide demonstrates rela-
tively high transfection efficiency, low toxicity and can be
used to transport a variety of nucleic acid cargoes into pri-
mary cells (Dixon et al., 2016; Dixon et al., 2024; Raftery
et al., 2019). Therefore, the GET peptide was chosen as the
delivery vector for this study.

Gene therapeutic NPs could also be incorporated into
hydrogels for cartilage repair applications to form ‘gene-
activated hydrogels’. This method of gene delivery is po-
tentially advantageous as the hydrogel offers additional pro-
tection to the nucleic acid cargo and, if designed with ap-
propriate properties, can be administered directly into the
injury site via minimally invasive arthroscopic injection.
This would help to reduce the risk of off-target side-effects
for patients (Biondi et al., 2008; Municoy et al., 2020).
A number of research groups have investigated the use of
hydrogels as a platform for gene delivery to injured artic-
ular cartilage and have reported enhanced regeneration in
vitro and in vivowhen compared to gene-free hydrogel con-
trols (Chen et al., 2023; Lolli et al., 2019; Madry et al.,
2020a; Maihöfer et al., 2021). In our own lab, collagen and
glycosaminoglycan-based scaffolds have been investigated
as a platform to deliver non-viral gene therapeutic NPs for
a range of applications including bone repair (Curtin et al.,
2015; Power et al., 2022; Raftery et al., 2018; Raftery et
al., 2019; Walsh et al., 2021) and cartilage repair (Intini et
al., 2023; Raftery et al., 2020), amongst other applications.
However, despite the potential advantages of using gene-
activated hydrogels for cartilage repair, clinical translation
of these products may prove challenging due to the short
shelf-life of gene therapeutic NPs. Complexation of gene
therapeutic NPs immediately prior to use in a clinical set-
ting may be impractical for the clinician and introduces the
risk of batch-to-batch variability. This method of NP prepa-
ration would also make quality testing of the final product
challenging and may not comply with good manufacturing
practice (GMP). Therefore, a method of formulating these
NPs for stable long-term stable storage and easy reconsti-
tution at point of application would be very beneficial to
clinical translation.

To this end, a number of research groups have inves-
tigated methods of extending the shelf-life of gene thera-
peutic NPs through the use of techniques such as freezing,
spray drying and lyophilisation (Keil et al., 2019; Veilleux
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et al., 2016; Zhao et al., 2020). Lyophilisation is a tech-
nique that is of particular interest as it is used extensively
in the pharmaceutical industry in the preparation of stable
drug formulations and involves the removal of water con-
tent from a formulation via sublimation (Bjelošević et al.,
2020). Thus, the overarching aim of this study was to in-
vestigate lyophilisation as a process to enable stable stor-
age of GET-pDNA NPs as an ‘off-the-shelf’ formulation
for use in regenerative medicine applications. Lyophilisa-
tion has successfully been used by a number of research
groups to prepare stable formulations of polyethylenimine
(PEI)-pDNA NPs (Hahn et al., 2010), RALA-pDNA NPs
(Cole et al., 2018), chitosan-pDNA NPs (Veilleux et al.,
2016), lipid-siRNA and lipid-mRNANPs (Ball et al., 2017;
Zhao et al., 2020), amongst others. However, to our knowl-
edge, a lyophilised non-viral delivery vector and nucleic
acid NP formulation for incorporation into hydrogels for ar-
ticular cartilage repair has yet to be developed. Therefore
in this study, it was hypothesised that lyophilisation would
enable stable storage of GET-pDNA NPs at room tem-
perature, without negatively impacting NP physicochemi-
cal properties or transgene expression following transfec-
tion. To test this hypothesis, the effects of lyophilisation
on GET-pDNA NP physicochemical properties were first
assessed. Following this, the ability of these NPs to ex-
press their pDNA cargo in MSCs in 2D monolayer was in-
vestigated and pDNA expression following long-term stor-
age of the NPs was also assessed. Subsequently, with
cartilage in mind as an exemplar clinical indication, and
a view to future studies, therapeutic (SOX9) pDNA car-
goes which have proven chondrogenic capacity were inves-
tigated and the ability of lyophilised GET-pSOX9 NPs to
promoteMSC-mediated ACmatrix deposition inmethacry-
lated hyaluronic acid (MeHA)/Col II injectable hydrogel
scaffolds was determined.

Materials and Methods
Nanoparticle Formulation
Plasmid Propagation and GET Peptide Synthesis

Propagation of plasmids containing the Gaussia lu-
ciferase (pGLuc; New England BioLabs, MA, USA) and
human sex-determining region Y-box 9 (SOX9) (pSOX9;
Origene Technologies, MD, USA) gene were carried out
respectively. The pGLuc and pSOX9 plasmids contained
the cytomegalovirus (CMV) promoter and expressed ampi-
cillin resistance genes. Propagation of plasmids was car-
ried out by transforming into One Shot™ TOP10 chemi-
cally competent E. coli (ThermoFisher Scientific, Dublin,
Ireland) cells as per the manufacturer’s instructions. The
transformed E. coli cells were subsequently cultured in
lysogeny broth (LB; SigmaAldrich, Wicklow, Ireland) con-
taining 100 µg/mL ampicillin (Fisher Scientific, Dublin,
Ireland). pDNA was isolated and purified using a Pure-
Link™ Expi Endotoxin-Free Mega Plasmid Purification
Kit (ThermoFisher Scientific, Dublin, Ireland), diluted in

molecular grade water (MGH2O; Sigma Aldrich, Wicklow,
Ireland) and stored at – 20 °C.

GET peptides were synthesised using solid phase t-
Boc chemistry and purified to >90 % by Protein Peptide
Research Ltd (PPR, Fareham, UK), as previously described
(Osman et al., 2018; Spiliotopoulos et al., 2019).

Freshly Complexed GET-pDNA Nanoparticle Formulation
GET-pDNA nanoparticles (NPs) were formulated at

previously optimised charge ratios (CRs - the ratio of pos-
itively charged peptide to negatively charged pDNA) of 6,
9 or 12, as described by our research group (Joyce et al.,
2024; Power et al., 2022; Raftery et al., 2019). Briefly, to
formulate NPs at CR 6 composing 1 µg pDNA, 1 µL of 1
mM GET peptide and 1 µL of 1 µg/µL pGLuc were each
diluted in 12.5 µL MGH2O in pyrogen-free 1.5 mL Eppen-
dorf tubes. The diluted GET peptide was then added to the
diluted pDNA (1:1 ratio of GET:pDNA) and the solutions
were mixed by gently tapping the bottom of the Eppendorf
tube. Nanoparticle complexation was then allowed to oc-
cur for 15mins at room temperature. This procedure was
repeated using 1:1.5 and 1:2 ratios of GET:pDNA to for-
mulate NPs at CR 9 and CR 12 respectively.

Lyophilised GET-pDNA Nanoparticle Formulation
Freshly complexed GET-pDNA NPs were formulated

at CR 6, 9 or 12 as outlined above. The NP solutions were
then diluted in a 3:1 ratio with 20 % (w/v) trehalose (Sigma
Aldrich, Wicklow, Ireland), which served as a cryoprotec-
tant (Trenkenschuh and Friess, 2021). The NPs were then
lyophilised in a Christ Epsilon benchtop freeze dryer (Mar-
tin Christ, Osterode am Harz, Germany) using a lyophilisa-
tion cycle adapted from that outlined by Cole et al. (2018).
Briefly, the NPs underwent freezing at – 40 °C for 1hr, pri-
mary drying at – 40 °C and 120 mTorr for 3 hrs, – 30 °C
and 190 mTorr for 4 hrs and then 25 °C and 190 mTorr for
4 hrs. Finally, the NP samples underwent secondary drying
at 20 °C and 190 mTorr for 18 hrs and 20 °C and 50 mTorr
for a further 10 hrs. Lyophilised NPs were stored at room
temperature, protected from light.

Nanoparticle Physicochemical Characterisation
Nanoparticle Size, Polydispersity Index and Zeta Potential

Freshly complexed and lyophilised GET-pGLuc NPs
at CR 6, 9 and 12 were formulated as described above
and diluted to a concentration of 2 µg/mL pDNA using
MGH2O. 1 mL of each NP solution was then transferred
to a DTS1070 Malvern Zetasizer capillary cell using a 1
mL Luer slip syringe (Fisher Scientific, Dublin, Ireland).
NP size, which is measured as mean NP hydrodynamic di-
ameter, and polydispersity, which is a measure of NP size
distribution, were assessed via dynamic light scattering us-
ing the Malvern Instruments Zetasizer 3000 HS (Malvern
Panalytical Ltd., Malvern, UK). NP zeta potential, which
is a measure of NP surface charge, was assessed via elec-
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trophoretic light scattering also using the Malvern Instru-
ments Zetasizer 3000 HS.

pDNA Encapsulation Efficiency
Encapsulation efficiency is a measure of the percent-

age of available pDNA that is bound by the delivery vec-
tor to form NPs. In this study, encapsulation efficiency
was qualitatively assessed using agarose gel electrophoresis
and the percentage encapsulation efficiency was quantita-
tively determined using the Promega QuantiFluor® double-
stranded DNA (dsDNA) system (MyBio Ltd., Kilkenny,
Ireland). To conduct the agarose gel electrophoresis,
freshly complexed and lyophilised GET-pGLuc NPs at CR
6, 9 and 12 were formulated as described above and diluted
to a concentration of 12 µg pDNApermL usingMGH2O.A
1 % agarose gel was then prepared in 1X tris-borate-EDTA
(TBE) buffer containing 1× SYBR Safe DNA gel stain
(ThermoFisher Scientific, Dublin, Ireland). 5 µL of each
sample was added to 20 µLMGH2O and 5 µL TriTrack 6×
DNA loading dye (ThermoFisher Scientific, Dublin, Ire-
land), and 20 µL of each sample-dye solution was added
to the wells of the 1 % agarose gel. A 1 kB DNA lad-
der and pGLuc alone were also added as controls. The gel
was run at 80 V for 1hr and subsequently viewed under a
UV transilluminator and imaged using Syngene Genesnap
techonology.

The Promega QuantiFluor® dsDNA system assay was
conducted as outlined by Power et al. (2022). Briefly,
freshly complexed and lyophilised GET-pGLuc NPs at CR
6, 9 and 12 were formulated as described above and diluted
to a concentration of 10 µg pDNA per mL using MGH2O.
10 µL of each formulation was subsequently pipetted in du-
plicate into the wells of a black 96-well polystyrene plate
and 200 µL of the QuantiFluor® dsDNA fluorescent bind-
ing dye was added to each well, as per manufacturer’s in-
structions. pGLuc only at a concentration of 10 µg/mL was
employed as a positive control and MGH2O was utilised
as the negative control. The plate was read on a Tecan In-
finite® 200 Pro plate reader (Tecan, Männedorf, Switzer-
land) (excitation wavelength 504 nm, emission wavelength
531 nm) and encapsulation efficiency was determined by
expressing the fluorescence of each sample as a percentage
of the fluorescence of the pDNA only control.

Rat Mesenchymal Stem Cell Isolation and Culture

Mesenchymal stem cells (MSCs) were extracted from
the bone marrow of 6 to 8 week old female Sprague Daw-
ley rats, as approved by the Research Ethics Committee of
the Royal College of Surgeons in Ireland under application
number REC202012003, as previously described (O’Shea
et al., 2024; Power et al., 2022). Briefly, the bone marrow
of the femurs of both hind limbs of the animals were flushed
out with growth medium (high glucose Dulbeccos’s Modi-
fied Eagle Medium (DMEM) containing 20 % (v/v) foetal
bovine serum (FBS), 2 % (v/v) penicillin streptomycin an-

tibiotics, 0.002 % (v/v) primocin, 1 % (v/v) GlutaMAX and
1 % (v/v) non-essential amino acids). The isolate was in-
cubated at 37 °C and 5 % CO2 in growth medium for 24
hrs, before being centrifuged at 300×g for 5 mins. The re-
sultant cell pellet was resuspended in growth medium and
cells were cultured at 37 °C and 5 % CO2 until passage 5
for transfection experiments.

Determination of Lyophilised GET-pDNA Nanoparticle
Transfection Efficiency in 2D Monolayer
Transfection of MSCs with Lyophilised GET-pDNA
Nanoparticles

MSCs at passage 5 were seeded in monolayer at a
density of 2.5 × 104 cells per well on a tissue culture-
treated plastic 12-well plate 24 hrs prior to transfection
and the cell media in the well plate was changed immedi-
ately prior to transfection. Freshly complexed GET-pGLuc
NPs were formulated in Opti-MEM™ (ThermoFisher Sci-
entific, Dublin, Ireland) as outlined above. Lyophilised
GET-pDNA NPs at CR 6, 9 and 12 were formulated as out-
lined above and reconstituted within 7 days of lyophilisa-
tion in 75 µL Opti-MEM™. 25 µL freshly complexed NPs
or reconstituted NP lyophilate (equivalent to 1 µg pDNA)
were then added directly to the cell media in the appropriate
wells of the 12-well plates.

Assessment of Cell Viability Post-Transfection

An alamarBlue assay (Biosciences, Dublin, Ireland)
was used to assess cell metabolic activity at 3, 7 and 10
days post-transfection, as per the manufacturer’s instruc-
tions. In short, the alamarBlue reagent was mixed 1 in 10
with GM and 300 µL of the diluted reagent was then added
to the individual wells of the 12-well plates. The 12-well
plates were then covered with tinfoil and incubated at 37
°C for 1 hr. Subsequently, two 90 µL aliquots were pipet-
ted from each well into a black polystyrene 96-well plate
and the fluorescence of the reduced alamarBlue reagent was
analysed using a Tecan Infinite® 200 Pro plate reader (ex-
citation wavelength 545 nm, emission wavelength 590 nm).
The metabolic activity of the transfected cells was then cal-
culated as a percentage of the metabolic activity of the non-
treated cell controls.

Assessment of Nanoparticle Transfection Efficiency

To assess NP transfection efficiency, cell media sam-
ples were collected from the 12-well plates at 3, 7 and
10 days post-transfection and assessed for the presence
of Gaussia luciferase using a Pierce™ Gaussia Luciferase
Flash AssayKit (ThermoFisher Scientific, Dublin, Ireland).
Gaussia luciferase is a luminescent reporter protein that is
secreted into the cell media if the transfection is success-
ful. The assay was carried out according to the manufac-
turer’s instructions. Briefly, two 20 µL aliquots of each
media sample were pipetted into a black polystyrene 96-
well plate. Subsequently, 100× coelenterazine was diluted
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in a 1:100 ratio with 1× tris-EDTA (TE) buffer and 100 µL
of this working solution was added to each well. Lumines-
cence was then analysed immediately on a Tecan Infinite®
200 Pro plate reader at 485 nm.

Determination of Lyophilised GET-pDNA Nanoparticle
Transfection Efficiency Following Long-Term Storage at
Room Temperature

Transfection experiments were carried out using GET-
pGLuc NPs at CR 6, 9 and 12 that had been stored at room
temperature in sealed glass vials and protected from light
for 1 month, 3 months and 6 months respectively, as out-
lined in Transfection ofMSCs with lyophilised GET-pDNA
nanoparticles. Cell viability was assessed post-transfection
by measuring cell metabolic activity, as outlined in Assess-
ment of cell viability post-transfection. NP transfection ef-
ficiency was determined by measuring the relative lumines-
cence ofGaussia luciferase in the media, as outlined in As-
sessment of nanoparticle transfection efficiency.

Determination of the Ability of Lyophilised GET-pSOX9
Nanoparticles to Induce Chondrogenic Differentiation of
MSCs in 3D Culture in Hydrogel Scaffolds
Synthesis of Methacrylated Hyaluronic Acid

Methacrylated hyaluronic acid (MeHA) was synthe-
sised via reaction of hyaluronic acid (HA) with methacrylic
anhydride at a 1:3 molar ratio, as previously outlined
(O’Shea et al., 2024). Briefly, hyaluronic acid sodium
salt (HA; MW 1.5-1.8 × 106 Da, from Streptococcus
equi, Sigma Aldrich, Wicklow, Ireland) was dissolved in
deionised water to a concentration of 1 % (w/v). Sub-
sequently, an equal volume of N,N-dimethlyformamide
(DMF; Sigma Aldrich, Wicklow, Ireland) was added drop-
wise. Methacrylic anhydride (MA; Sigma Aldrich, Ireland)
was added at a HA disaccharide unit: MA molar ratio of
1:3 while maintaining the pH at 8 to 9 using 5 M sodium
hydroxide (NaOH; ThermoFisher Scientific, Dublin, Ire-
land). After overnight stirring at 2 to 8 °C, sodium chlo-
ride (NaCl; ThermoFisher Scientific, Dublin, Ireland) was
added to a final concentration of 0.5 M. The synthesised
MeHA was then precipitated by adding a 1.5× volume of
100% (v/v) ethanol, and then transferred to a dialysis mem-
brane (SnakeSkin™ Dialysis Tubing, 10K MWCO, Ther-
moFisher Scientific, Dublin, Ireland) and dialysed against
deionisedwater for 5 days. TheMeHAwas then lyophilised
over 48 hrs using a FreeZone benchtop freeze-dryer (Lab-
conco, MO, USA). The purified MeHA, with a 23 ± 1 %
degree of HA functionalisation (as determined by proton
nuclear magnetic resonance (1H-NMR) from an average of
3 batches), was stored at – 20 °C prior to reconstitution.

Formulations of MeHA-Collagen Type II Injectable
Hydrogel

A MeHA-collagen type II (Col II) injectable hydro-
gel was formulated as previously described (O’Shea et al.,
2024). Briefly, MeHA was dissolved to a concentration of

2.4 % (w/v) in a photoinitiator solution composed of 0.1
% (w/v) lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP; Sigma Aldrich, Wicklow, Ireland) in sterile phos-
phate buffered saline (PBS; Sigma Aldrich, Wicklow, Ire-
land). The 2.4 % (w/v) MeHA hydrogel was mixed in a
1:1 ratio with a 2.4 % (w/v) neutralised Col II hydrogel
(prepared from porcine knee cartilage, Symatese, Vourles,
France) using two coupled 5 mL syringes to yield a 1.2 %
(w/v) MeHA and 1.2 % (w/v) Col II hydrogel.

Monolayer Transfection of Pre-Transfected Mesenchymal
Stem Cells

Monolayer transfection of pre-transfected MSCs was
conducted using a protocol adapted from that previously
outlined by Gonzalez-Fernandez et al. (2019). Briefly,
MSCs at passage 4 were seeded in T175 flasks at a den-
sity of 1 × 106 cells per flask and cultured for 3 days in
growth medium. Freshly complexed and lyophilised GET-
pSOX9 NPs were formulated at CR 6 as outlined above
and diluted in growth medium such that 10 mL of medium
contained 20 µg pDNA. For the transfection, the medium
was removed from each flask and replaced with 10 mL
freshly complexed or lyophilised NP-containing medium.
The flasks were then incubated at 37 °C for 1 day before
the NP-containing medium was removed and replaced with
fresh growth medium for a further 3 days.

Preparation and in Vitro Culture of Gene-Activated
Hydrogel Scaffolds

The pre-transfected MSCs were trypsinised and re-
suspended in incomplete chondrogenic medium (ICM;
0.005 % (w/v) 2-phospho-L-ascorbic acid, 0.004 % (w/v)
L-proline, 100 nM dexamethasone, 1 % (v/v) sodium pyru-
vate, 1 % (v/v) insulin-transferrin-selenium-ethanolamine
(ITS-X), 1 % (v/v) GlutaMAX and 0.002 % (v/v) primocin
in high glucose DMEM) such that 200 µL of ICM contained
6 × 106 cells. Cell suspension (200 µL) was subsequently
incorporated into 1 mL of hydrogel using two coupled 5 mL
syringes to yield a 1 % (w/v) MeHA and 1 % (w/v) Col II
hydrogel containing pre-transfected cells at a density of 5×
106 cells per mL of hydrogel. Injectable scaffolds were then
fabricated by injecting the cell incorporated hydrogel into 6
mm× 5 mm Teflon moulds, followed by photocrosslinking
with blue light (405 nm) for 2 mins. The cell incorporated
scaffolds were incubated at 37 °C and 5 % CO2 in complete
chondrogenic medium (CCM; ICM with 20 ng/mL recom-
binant human TGF-β3 (PeproTech, London, UK)) for 28
days.

Quantification of Sulfated Glycosaminoglycan Deposition
by Mesenchymal Stem Cells

Subsequently, the sulfated glycosaminoglycan
(sGAG; a constituent of AC extracellular matrix) content
of the MeHA-Col II injectable scaffolds was quantified
using a Blyscan Sulfated Glycosaminoglycan Assay kit
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(Biocolor Life Sciences, Antrim, UK), as previously
described (O’Shea et al., 2024). Briefly, the hydrogel
scaffolds were digested in papain enzyme solution (PBS
containing 0.4 % (w/v) ethylenediaminetetraacetic acid
(EDTA; Sigma Aldrich, Wicklow, Ireland), 0.8 % (w/v)
sodium acetate (Sigma Aldrich, Wicklow, Ireland), 0.08 %
(w/v) L-cysteine hydrochloride (Sigma Aldrich, Wicklow,
Ireland) and 0.01 % (w/v) papain enzyme (Carica papaya;
Sigma Aldrich, Wicklow, Ireland)) at 60 °C overnight.
Dye reagent (1 mL) was then added to 100 µL of each
sample and standard and incubated at room temperature
with gentle agitation for 30 mins. The samples were then
centrifuged at 12,000 rpm for 10 mins and the supernatant
was removed. Dissociation reagent (0.5 mL) was subse-
quently added to each sample and standard and vortexed to
dissolve the sGAG-bound dye. 200 µL of each sample and
standard was then added in duplicate to the wells of a clear
96-well plate and absorbance was read at 656 nm using a
Tecan Infinite® 200 Pro plate reader. sGAG quantity was
determined from a standard curve.

The amount of double-stranded DNA (dsDNA) in the
scaffolds was also assessed, as an indication of cell quan-
tity, with a Quant-iT PicoGreen dsDNA kit (Biosciences,
Dublin, Ireland), according to the manufacturer’s protocol.
Fluorescence of the samples was measured at an excitation
wavelength of 485 nm and an emission wavelength of 538
nm using a Tecan Infinite® 200 Pro plate reader and dsDNA
quantity was determined from a standard curve.

Histological Analysis of Sulfated Glycosaminoglycan
Deposition

Scaffolds were treated with 30 % (w/v) sucrose, em-
bedded in Optimal Cutting Temperature (OCT) medium
(ThermoFisher Scientific, Dublin, Ireland) and sectioned
into 7 µm thick sections using a Leica CM1950 cryo-
stat (Leica, Wetzlar, Germany), as previously described
(O’Shea et al., 2024). The sections were then mounted
on Superfrost™ Plus microscope slides (Epredia, Run-
corn, UK) and the OCT was removed and the sections
were hydrated in deionised water in preparation for stain-
ing. Weigert’s haematoxylin (stains nuclei black/dark pur-
ple; Sigma Aldrich, Wicklow, Ireland), safranin-O (stains
sGAG red; Sigma Aldrich, Wicklow, Ireland) and fast
green (provides a light counterstain; Sigma Aldrich, Wick-
low, Ireland) were used to stain the sections. Finally, the
sections were dehydrated in 95 % (v/v) ethanol, 100 %
(v/v) ethanol and xylene and mounted using DPX (Sigma
Aldrich, Ireland) and coverslips. Sections were subse-
quently imaged at 4× magnification using a Nikon Eclipse
90i microscope (Nikon Instruments Inc., NY, USA).

Immunohistochemical Analysis of Collagen Type I and
Collagen Type II Deposition

Immunohistochemistry (IHC) staining was used to de-
tect the presence of collagen type I (Col I) and Col II, as pre-

viously described (Joyce et al., 2023; O’Shea et al., 2024).
Col I deposition indicates the formation of fibrocartilage,
while Col II deposition indicates the formation of an AC-
like matrix by the cells. Briefly, endogenous peroxidase
activity was inhibited using 0.3 % (v/v) hydrogen perox-
ide (Abcam, Cambridge, UK) and the sections were then
blocked with IHC blocking buffer (1 % (w/v) bovine serum
albumin (Sigma Aldrich, Wicklow, Ireland) and 5 % (v/v)
goat serum (Abcam, UK) in PBS). Sections were treated
with mouse primary antibodies for COL-1 (ab6308, Ab-
cam, Cambridge, UK) or COL-2 (SC52658, Santa Cruz,
USA) at 1:200 and 1:100 dilutions, respectively, overnight.
The next day, sections were exposed to a 1:500 dilution
of HRP-conjugated goat anti-mouse IgG secondary anti-
body (ab6728, Abcam, UK), and the target antigen signal
was amplified using an avidin/biotin-based peroxidase sys-
tem (PK-6101, Vector Laboratories, CA, USA). Finally, the
sections were incubated in 3,3′-diaminobenzidine (DAB)
(Vector Laboratories, CA, USA).

Statistical Analysis
Quantitative data collected in this study was anal-

ysed using Excel (2016, Microsoft, WA, USA) and Prism
(8.0.1, GraphPad, MA, USA) software. Two-way Anal-
ysis of Variance (ANOVA) with Tukey post hoc analysis
was employed when investigating the impact of two inde-
pendent variables on a dependent variable, while one-way
ANOVA with Tukey post hoc analysis was used when as-
sessing the influence of one independent variable on a de-
pendent variable. Physicochemical characterisation exper-
iments involved the analysis of n = 3 samples, 2D transfec-
tion experiments were repeated n = 3 times, and 3D trans-
fection experiments were conducted on n = 4 scaffolds.

Results
Lyophilisation of GET-pDNA Nanoparticles Does not
Affect Physicochemical Properties

Lyophilised GET-pDNA nanoparticles (NPs) at CR 6,
9 and 12 were first assessed to determine if the lyophilisa-
tion process had an effect on their physicochemical prop-
erties when compared to freshly complexed NPs at the
same CR. Lyophilisation did not result in any significant
change in NP diameter, with both freshly complexed and
lyophilised NPs at all CRs displayingmean diameters of ap-
proximately 150 nm (Fig. 1a). Polydispersity index (PdI)
is a measure of the size distribution of the NP sample and
values range from 0 for a uniform sample, to 1 for a highly
polydisperse sample (Danaei et al., 2018). Similar to NP
size, lyophilisation did not result in a significant change
in NP PdI when compared to freshly complexed NPs at
the same CR (Fig. 1b). Likewise, there was no signifi-
cant change in NP surface charge following lyophilisation
at each CRwith surface charge values ranging from approx-
imately 30 to 40 mV, dependent on CR (Fig. 1c).
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Fig. 1. Physicochemical analysis of the lyophilised GET-pDNA NPs. There was no statistically significant difference in (a) size,
(b) polydispersity or (c) surface charge between lyophilised NPs and freshly complexed NP controls. Error bars represent ± SD, n = 3
samples tested. GET, glycosaminoglycan-enhanced transduction; pDNA, plasmid DNA; NPs, nanoparticles.

Fig. 2. Assessment of the percentage pDNA encapsulation within freshly complexed and lyophilised GET-pDNA NPs at CR 6,
9 and 12. 100 % of the pDNA was encapsulated within the NP as demonstrated using (a) gel electrophoresis and (b) a Quantifluor®
dsDNA system assay. Error bars represent ± SD, n = 3 samples tested. CR, charge ratio.

Fig. 3. Cell metabolic activity of MSCs post-transfection with lyophilised GET-pDNA NPs. There was no statistically signifi-
cant difference in cell metabolic activity, normalised to non-treated cell controls, between cells transfected with freshly complexed and
lyophilised NPs respectively at (a) 3, (b) 7 and (c) 10 days post-transfection indicating that the NPs were non-toxic to the cells. Error
bars represent ±SE, n = 3 repeats. MSCs, mesenchymal stem cells.

Lyophilisation of GET-pDNA Nanoparticles Does not
Affect pDNA Encapsulation Efficiency

Agarose gel electrophoresis was used to determine if
there was any unbound pDNA present following NP com-
plexation and showed that the pDNA was completely en-
capsulated in both the freshly complexed and lyophilised
NPs (Fig. 2a). The Quantifluor® dsDNA stain was used to

quantify these results and showed that >98 % pDNA was
encapsulated in both the freshly complexed and lyophilised
NPs at each CR (Fig. 2b).
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Fig. 4. pDNA expression following transfection with lyophilised GET-pDNANPs following<7 days storage at room temperature.
Freshly complexed NPs at CR 6 demonstrated significantly higher pGLuc expression than all other groups at (a) 3 days, (b) 7 days and (c)
10 days post-transfection, however there was no significant difference in pGLuc expression between freshly complexed and lyophilised
NPs at CR 9 or CR 12. Error bars represent ± SE, n = 3 repeats. (**) denotes significance, p < 0.01. (***) denotes significance p <

0.001. pGLuc, plasmids containing the Gaussia luciferase.

Fig. 5. pDNA expression following transfection with lyophilisedGET-pDNANPs after long-term storage. There was no statistically
significant difference in pGLuc expression between freshly complexed and lyophilised NPs at CR 6, 9 or 12 3 days post-transfection
following storage at room temperature for (a) 1 month, (b) 3 months and (c) 6 months respectively. (d) Lyophilised NPs at CR 6, 9 and
12 maintained steady pGLuc expression following storage at room temperature for up to 6 months. Error bars represent ± SE, n = 3
repeats. (ns) denotes no statistical significance.
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Fig. 6. Cell metabolic activity of MSCs post-transfection with lyophilised GET-pDNA NPs which have been stored for up to 6
months at room temperature. There was no statistically significant difference in cell metabolic activity, normalised to non-treated cell
controls, between cells transfected with freshly complexed and lyophilised NPs 3 days post-transfection following storage of the NPs for
(a) 1 month, (b) 3 months and (c) 6 months respectively. This indicates that the NPs are non-toxic to the cells. Error bars represent ±
SE, n = 3 repeats.

Transfection with Lyophilised GET-pDNA Nanoparticles
Does not Affect Cell Metabolic Activity

Cell metabolic activity was measured as an indicator
of cell viability at 3, 7 and 10 days post-transfection with
freshly complexed and lyophilised NPs (Fig. 3). Metabolic
activity of the transfected cells was expressed as a percent-
age of that of the non-treated cell controls. There was no
significant difference in MSC metabolic activity following
transfection with freshly complexed or lyophilised NPs at
all CRs. This finding was mirrored at each respective time-
point.

Transfection with Lyophilised GET-pDNA Nanoparticles
Results in Stable Transgene Expression

MSCs were transfected with freshly complexed and
lyophilised GET-pGLuc NPs to determine if the lyophilisa-
tion process affected the expression of pGLuc (Fig. 4a-c).
There was significantly higher luciferase expression in cells
transfected with freshly complexed NPs at CR 6 3, 7 and
10 days post-transfection respectively. However, there was
no significant difference in luciferase expression between
freshly complexed and lyophilised NP groups at CR 9 and
CR 12.

Lyophilised Nanoparticles Maintain Stable Transgene
Expression Following Long-Term Storage

To determine if the formulated lyophilised NPs could
be stored for prolonged periods of time without affect-
ing transgene expression, MSCs were transfected with
lyophilised GET-pGLuc NPs that had been stored at room
temperature for 1, 3 and 6months respectively (Fig. 5). The
results were compared against freshly complexed NP con-
trols and lyophilised NPs that were used to transfect MSCs
within 7 days of lyophilisation, 72hrs post-transfection.
There was no statistically significant difference in transgene
expression between lyophilised and freshly complexed NPs
at each CR (Fig. 5a-c) and the lyophilised NPs retained

steady levels of transgene expression over the 6 month
study period (Fig. 5d).

Transfection with Lyophilised GET-pDNA Nanoparticles
Does not Affect Cell Metabolic Activity

Cell metabolic activity was measured 3 days post-
transfection with freshly complexed and lyophilised NPs
which had been stored at room temperature for up to 6
months and was used as an indicator of cell viability (Fig.
6). Metabolic activity of the transfected cells was ex-
pressed as a percentage of that of the non-treated cell con-
trols. Therewas no significant difference inMSCmetabolic
activity following transfection with freshly complexed or
lyophilised NPs at all CRs. This finding was mirrored
following transfection with lyophilised NPs that had been
stored at room temperature for 1 month, 3 months and 6
months respectively.

Lyophilised GET-pSOX9 Nanoparticles Enhance Sulfated
Glycosaminoglycan Deposition by MSCs

To highlight the translational potential of this tech-
nology, the ability of ‘off-the-shelf’ SOX9 gene therapeu-
tic NPs to enhance cell-mediated articular matrix deposi-
tion in MeHA-Col II injectable hydrogel scaffolds was as-
sessed following 28 days in culture (Fig. 7). Similar lev-
els of sGAGs were deposited in non-treated and freshly
complexed GET-pSOX9 activated hydrogel scaffolds, and
moderately increased levels were deposited in lyophilised
GET-pSOX9 activated hydrogel scaffolds (Fig. 7a). How-
ever, quantification of DNA per scaffold showed signif-
icantly higher DNA levels in the non-treated group ver-
sus the freshly complexed and lyophilised NP treatment
groups (Fig. 7b). When sGAG deposition was normalised
to the DNA content of the scaffolds, it was found that
the MSCs which had been pre-transfected with lyophilised
GET-pSOX9 NPs deposited significantly higher levels of
sGAGs than those that had received no treatment (Fig.
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Fig. 7. Matrix deposition by MSCs in hydrogel scaffolds following transfection with freshly complexed or lyophilised GET-
pSOX9 NPs. (a) A significant increase in sGAG per scaffold was detected in the lyophilised GET-pSOX9-activated scaffolds, while
(b) significantly higher DNA per scaffold was measured in the non-treated hydrogels versus the gene-activated hydrogels. (c) When
normalised to DNA, it was found that treatment with lyophilised GET-pSOX9 NPs resulted in significantly higher levels of sGAG
deposition versus the non-treated group. (d) Safranin-O staining (stains sGAGs red), Col I IHC (stains Col I brown) and Col II IHC
(stains Col II brown) showed enhanced articular matrix deposition by MSCs in the lyophilised NP treated scaffolds, with low levels of
Col I deposition observed (Scale bar = 1000 µm). Error bars represent ± SE, n = 4 scaffolds. (*) denotes significance, p < 0.05. (**)
denotes significance, p < 0.01. sGAG, sulfated glycosaminoglycan; Col I, collagen type I.

7c). These results were verified by safranin-O staining
(stains sGAGs red), which also showed that sGAG depo-
sition occurred evenly throughout the gene-activated scaf-
folds. Additionally, Col I and Col II IHC staining showed

that transfectionwith lyophilisedGET-pSOX9NPs resulted
in markedly enhanced deposition of Col II by MSCs in the
hydrogel scaffolds, with low levels of Col I deposition ob-
served (Fig. 7d).
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Discussion
This study aimed to investigate lyophilisation as a pro-

cess to enable stable storage of GET-pDNA nanoparticles
(NPs) as an ‘off-the-shelf’ formulation for use in regener-
ative medicine applications, with a particular focus on car-
tilage repair. Firstly, lyophilisation did not affect NP size,
polydispersity or surface charge. Next, it was shown that
while transfection with freshly complexed NPs at CR 6 re-
sulted in higher levels of pDNA expression, the lyophilised
NPs at each CR could still promote stable expression of the
pDNA cargo. It was also found that this expression could
be sustained following storage of the NPs at room tempera-
ture for up to 6 months. Finally, this process of formulating
‘off-the-shelf’ NPs was shown to have therapeutic appli-
cations in the field of regenerative medicine for AC repair.
Gene-activation of a MeHA-Col II injectable hydrogel with
pro-chondrogenic lyophilised GET-pSOX9 NPs resulted in
enhanced MSC-mediated AC matrix synthesis.

The first key finding of this study is that the
lyophilised NPs did not differ significantly from freshly
complexed NPs in terms of physicochemical properties.
This finding is critical as NP size and polydispersity are key
factors in determining cellular uptake, influencing both if
and how the NP enters the cell (Verma and Stellaci, 2010).
Previous studies have shown that NPs in the size range
of 50-200 nm, similar to those formulated in this study,
are optimal for cellular uptake (Mailänder and Landfester,
2009; Xu et al., 2012). The mean hydrodynamic diam-
eter of the NPs formulated in this study (approx. 120-
180 nm) also aligns with values reported in previous stud-
ies, where the GET peptide was used as a non-viral vec-
tor for pDNA delivery (Power et al., 2022; Raftery et al.,
2019). Similarly, NP surface charge is also a key deter-
minant of cellular uptake. Of note, it has been shown that
positively charged NPs, such as the GET-pDNA NPs in-
vestigated in this study, display improved cellular uptake
in a surface charge-dependent manner compared to those
with a negative charge (Augustine et al., 2020; He et al.,
2010). This is particularly important in cartilage repair
where positively charged NPs and drugs have demonstrated
enhanced retention in and movement throughout the neg-
atively charged extracellular matrix of AC (Bajpayee and
Grodzinsky, 2017). Thus, it is critical that the NPs maintain
their positive charge following lyophilisation, which has
been successfully demonstrated in this study. Similar to the
hydrodynamic diameter of the NPs, the surface charge val-
ues observed in this study are also largely in agreement with
previous studies conducted using GET-pDNA NPs (Power
et al., 2022; Raftery et al., 2019). More than 98 % of
pDNA also remained encapsulated within the NPs post-
lyophilisation, which indicates that the lyophilisation pro-
cess did not compromise the structural integrity of the NP.
It is important to note is that, in this study, the physico-
chemical properties of the NPs were preserved during the
lyophilisation process using minimal additional excipients.

Trehalose was the only excipient added to the formulation
which has a generally recognised as safe (GRAS) status as-
signed to it by the United States Food and Drug Adminis-
tration (US FDA) (Richards et al., 2002), thus simplifying
the potential regulatory approval pathway for this process
of formulating ‘off-the-shelf’ therapeutic NPs.

The second key finding of this study is that transfec-
tion with the lyophilised NPs resulted in stable expression
of the pDNA cargo at all CRs with no impact on cell via-
bility. In addition, when assessing the gene expression of
the lyophilised GET-pDNA NPs following storage at room
temperature for up to 6 months, it was found that NPs for-
mulated at higher CRs demonstrated equivalent expression
of the pDNA cargo to freshly complexed NP controls at the
same CR. These results are significant as one of the major
barriers to clinical translation of non-viral delivery systems
for gene therapeutics is their instability in aqueous formu-
lations (Sainz-Ramos et al., 2021). Traditionally, in stud-
ies investigating these delivery systems, emphasis was of-
ten placed on designing vectors with improved transfection
efficiency and not on how these gene therapeutic delivery
systems might be formulated as a stable marketable prod-
uct for use in a clinical setting (Copolovici et al., 2014).
However, since the development of mRNA-based lipid vac-
cines against the SARS-CoV-2 (COVID-19) virus by phar-
maceutical companies such as Pfizer/BioNTech and Mod-
erna (Baden et al., 2021; Polack et al., 2020), interest has
grown in enhancing formulation design for lipid-based non-
viral delivery systems for nucleic acid therapeutics (Li et
al., 2022; Meulewaeter et al., 2023; Muramatsu et al.,
2022). However, studies investigating the development of
‘off-the-shelf’ gene delivery systems using CPP, inorganic
NP or polymer-based vectors are more limited. For exam-
ple, McErlean et al. (2021) developed a lyophilised linear
CPP (termed CHAT) and pDNA NP formulation that re-
mained stable following 28 days storage at room tempera-
ture (McErlean et al., 2021). Likewise, Hosseinpour et al.
(2021) formulated lyophilised PEI coated mesoporous sil-
ica and microRNA-26a-5p NPs, which were shown to suc-
cessfully enhance osteogenic differentiation ofMSCs (Hos-
seinpour et al., 2021). Similar to this study, each of these
studies also used lyophilisation to formulate ‘off-the-shelf’
NP formulations with a disaccharide cryoprotectant such as
trehalose or mannitol, and found that NP physicochemical
properties and transgene expression were not adversely af-
fected by the process.

The developed ‘off-the-shelf’ GET-pSOX9 NPs were
also shown to have therapeutic applications in the field
of regenerative medicine for cartilage repair, through en-
hancement of the chondrogenic potential of a previously de-
veloped MeHA-Col II injectable hydrogel implant. Gene-
activation of the MeHA-Col II injectable hydrogel scaf-
folds resulted in the production of a sGAG and Col II-rich
matrix by MSCs with little to no evidence of fibrocarti-
lage formation, reflecting the composition of native AC.
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The SOX family of transcription factors (SOX5, SOX6
and SOX9) have previously been shown to be master reg-
ulators of cartilage formation (Green et al., 2015), and so
they have become popular targets in the field of regenera-
tive medicine for cartilage repair. While previous studies
have demonstrated the regenerative potential of pSOX9 de-
livery, amongst other pro-chondrogenic nucleic acids, via
traditional biomaterial scaffolds (Chen et al., 2011; Cuc-
chiarini andMadry, 2019; Im et al., 2011; Intini et al., 2023;
Lee et al., 2017; Madry et al., 2020b; Raftery et al., 2020;
Venkatesan et al., 2018), literature on the development of
gene-activated hydrogels is limited. In our own lab, Gon-
zalez et al. (2019) developed an alginate-methylcellulose
bioink, which was gene-activated with pBMP-2 or a com-
bination of pBMP-2, pTGF-β3 and pSOX9 to formulate os-
teogenic and chondrogenic bioinks respectively (Gonzalez-
Fernandez et al., 2019). Bi-layered osteochondral scaf-
folds 3D printed using these bioinks were shown to pro-
mote the formation of vascularised bone tissue overlaid by
articular-like cartilage tissue in vivo. Madry et al. (2020a)
developed an injectable hydrogel based on poly(ethylene
oxide) (PEO)-poly(propylene oxide) (PPO)-PEO polox-
amers that could be used to deliver recombinant adeno-
associated viral (rAAV) vector and pSOX9 NPs in vivo for
the repair of full thickness chondral defects (Madry et al.,
2020a). Similarly, Lolli et al. (2019) gene-activated an in-
jectable fibrin/hyaluronan hydrogel with lipofectamine and
antagomiR-221NPs, which was subsequently shown to sig-
nificantly enhance tissue repair by endogenous cells in an in
vivo osteochondral defect model (Lolli et al., 2019). How-
ever, none of the aforementioned studies used an ‘off-the-
shelf’ gene therapeutic formulation to functionalise the bio-
material scaffold or hydrogel, which potentially compli-
cates the fabrication process. Thus, this study represents a
promising development for the clinical translation and po-
tential scale-up of gene-activated biomaterials for cartilage
repair, as well as a myriad of other applications.

Of note concerning the design of this study, it was
decided not to employ a gold standard non-viral delivery
vector such as Lipofectamine® 3000 as a control when in-
vestigating the transfection efficiency of the GET-pDNA
NPs. This is due to the fact that equivalence between the
two vectors has previously been demonstrated by our re-
search group (Raftery et al., 2019). The transfection exper-
iments in this study were also carried out using rat MSCs
alone and so a further study will be required in the future
using human MSCs to ensure that results observed here
are clinically translatable. Regardless, the findings above
pave the way for developing an ‘off-the-shelf’ gene ther-
apeutic using an efficacious and versatile non-viral deliv-
ery vector with a good safety profile. The ‘off-the-shelf’
gene therapeutic can be incorporated into scaffolds or hy-
drogels for regenerative medicine applications, thus facil-
itating fabrication of gene-activated living tissue implants
for tissue repair. Lyophilisation would allow therapeutic

NPs to be prepared in advance and undergo GMP-standard
quality checks prior to patient administration to ensure that
each batch is consistent, efficacious and safe. Lyophilisa-
tion also streamlines the gene-activated scaffold fabrication
process, allowing clinicians or technicians to easily recon-
stitute the therapeutic and add it to tissue engineered scaf-
folds or hydrogels at the point of use.

Conclusion
In conclusion, this study outlines an effective method

for formulating non-viral delivery vector and pDNA thera-
peutic nanoparticles as ‘off-the-shelf’ formulations for re-
generative medicine applications. However, these findings
when taken in isolation also hold potential in advancing the
development of a method to formulate and enable long-
term, stable storage of gene therapeutics. This will be a
key consideration for facilitating clinical translation of gene
therapy treatments, for regenerative medicine purposes or
otherwise, in the future. A reproducible production process
will also help to ensure batch-to-batch uniformity when for-
mulating therapeutic NPs for clinical use, paving the way
for larger scale production of these types of therapeutics.
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