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Abstract. 
Bone morphogenetic protein-7(BMP-7) plays a pivotal role in the transformation of 
mesenchymal stem cells (MSCs) into bone. However, its impact is hampered due to its 
short half-life. Therefore, gene therapy may be an interesting approach to deliver BMP-
7 gene to D1-MSCs. In this manuscript we prepared and characterized niosomes based 
on cationic lipid 2,3-di(tetradecyloxy)propan-1-amine, combined with polysorbate 80 
for gene delivery purposes. Niosomes were characterized and combined initially with 
pCMS-EGFP reporter plasmid, and later with pUNO1-hBMP-7 plasmid to evaluate 
osteogenesis differentiation. Additionally, specific blockers of most relevant endocytic 
pathways were used to evaluate the intracellular disposition of complexes. MSCs 
transfected with niosomes showed increased growth rate, enhanced alkaline phosphatase 
activity (ALP) and extracellular matrix deposition which suggested the formation of 
osteoblast-like cells. We concluded that hBMP- 7-transfected MSCs could be 
considered not only as an effective delivery tool of hBMP-7, but also as proliferating 
and bone forming cells for bone regeneration. 
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1. Background 
Bone marrow-derived mesenchymal stem cells (BM-MSCs) have a multi-directional 
differentiation capacity into bone, cartilage, and epithelial cells when cultured in the 
appropriate inductive media.1 Additionally, BM-MSCs are very appealing cells due to 
their immunomodulatory features, allowing for allogeneic administration.2,3 When they 
are genetically modified, their ability to regenerate morbid osseous tissue is notably 
enhanced, which provides a promising ex vivo approach for clinical orthopedic 
applications.4,5 Several genes have been delivered and overexpressed in MSCs to 
promote both proliferation and differentiation into osteoblastic cells.6 
Bone morphogenetic protein-7 (BMP-7) is known to be beneficial for attachment, 
proliferation, as well as for differentiation of pre-osteoblasts.6,7 Although the use 
recombinant human BMP-7 protein, also known as osteogenic protein-1 (OP-1) was 
approved by FDA to improve the osteogenic differentiation of MSCs, its local 
stimulatory impact is hampered by diffusion and/or degradation leading to a short half-
life.8 Therefore, MSC-based hBMP-7 gene therapy represents an interesting approach 
since it could boost bone repair by prolonged protein production in a more physiologic 
manner. Furthermore, MSCs supply can be crucial, especially when the number of 
MSCs is reduced in osteoporosis.9 
Non-viral vectors have attracted great attention as safer alternatives of viral-based gene 
delivery vehicles since they can avoid several concerns such as; immunogenic, 
mutagenic and oncogenic effects.10 Additionally, non-viral gene carriers render the 
ability to deliver large-sized genes and are of low production costs. Consequently, the 
applications of non-viral vectors in clinical trials have increased considerably since 
2004.11 However, non-viral formulations are still limited, mainly by their modest 
transfection efficiency. Therefore, this topic demands great efforts of the scientific 
community.12 Niosomes as self-assembled vesicular nano carriers are composed of non-
ionic surfactants and cationic lipids.13 Being chemically stable, easily handled and well-
tolerated formulations,14 niosomes are considered advantageous over liposomes.15 
Our group has recently reported encouraging in vitro and in vivo gene delivery 
applications of a liposomal formulation based on the novel cationic lipid 2,3-
di(tetradecyloxy)propan-1- amine.16 In light of such findings, our main goal was the 
development of a novel noisome formulation based on the aforementioned cationic lipid 
combined with polysorbate 80 to deliver and transfect hBMP-7 plasmid in MSCs. 
Additionally, the impact of such transfection on MSC in vitro osteogenic differentiation 
was evaluated. Firstly, niosomes were elaborated by the reverse phase evaporation 
technique, and characterized in terms of size, superficial charge and morphology. As a 
proof of concept of successful gene delivery and expression, pCMS-EGFP reporter 
plasmid was used to obtain nioplexes in order to transfect D1-MSCs, before the 
transfection efficiency evaluation of nioplexes based on pUNO1-hBMP-7 plasmid. 
Finally, the impact of hBMP-7 gene expression on cell osteogenic differentiation was 
analyzed with alkaline phosphatase activity (ALP), Von Kossa staining and 
ultrastructural analysis by transmission electron microscopy (TEM). 
 
2. Methods 
2.1 Production of cationic niosomes 
The hydrochloride salt of the cationic lipid 2,3-di (tetradecyloxy)propan-1-amine 
(DTPACl) was synthesized by a slight modification of the experimental protocol 
described previously.17 



Once the cationic lipid was produced, niosomes were elaborated by modified reverse 
phase evaporation technique.18 Briefly, 5mg of cationic lipid were dissolved in 1 ml of 
dichloromethane, and then emulsified in 5 ml of polysorbate 80 (P80) (0.5% w/v).The 
emulsion was obtained by sonication (Branson Sonifier 250®, Branson Ultrasonics 
Corporation, Danbury, USA) at 45 W for 30 s. Upon dichloromethane evaporation, a 
dispersion containing the nanoparticles was formed by precipitation of the cationic 
nanoparticles in the aqueous medium. The resulting niosomes referred as DP80 
contained both DTPA-Cl and P80 at a molar ration of 1:2. 
 
2.2 Plasmid propagation and elaboration of nioplexes 
pCMS-EGFP reporter plasmid (5541 bp, PlasmidFactory, Bielefeld, Germany), was 
propagated, purified and quantified as previously described.19 pUNO1-hBMP-7 plasmid 
(4497 bp) was purchased from InvivoGen (Toulouse, France). Nioplexes 
(niosome/DNA complexes) were elaborated by mixing an appropriate volume of a stock 
solution of pCMS-EGFP/pUNO1- hBMP-7 plasmids (0.5 mg/) with different volumes 
of niosome suspensions (1mg cationic lipid/ml) to obtain different cationic lipid/DNA 
ratios (w/w). The mixture was left for 30 min at room temperature to enhance 
electrostatic interaction. Nioplexes were referred as DP80-EFGP or DP80-hBMP-7 
depending on the plasmid used. 
 
2.3 Characterization of niosomes and DP80-EFGP nioplexes 
Particle size and zeta potential (ZP) were determined by dynamic light scattering (DLS) 
and Laser Doppler Velocimetry (LDV) (Zetasizer Nano ZS, Malvern Instruments, UK). 
Particle size was obtained by cumulative analysis. All measurements were carried out in 
triplicate. The morphology of nioplexes was assessed by cryo-TEM analysis.20 Digital 
images were acquired for samples examined by TEM, TECNAI G2 20 TWIN (FEI), 
operating at an accelerating voltage of 200 KeV in a bright-field and low-dose image 
mode. The capacity of niosomes to condense, release and protect DNA from enzymatic 
digestion was performed by agarose gel electrophoresis assay using pCMS-EGFP 
plasmid. Naked DNA (as control) or niosome-complexed DNA samples (200 ng of 
plasmid/20 μl) were run on agarose gel (0.8% w/v), stained with GelRed™. The gel was 
immersed in a Tris–acetate–EDTA buffer and exposed for 30 min to 120 V. Bands were 
visualized by ChemiDoc™ MP Imaging System (Bio-Rad, Madrid, Spain). To analyze 
DNA release from nioplexes at different cationic lipid/DNA mass ratios, 20μl of a 2% 
SDS solution (Sigma-Aldrich, Madrid, Spain) was added to each sample. Protection 
capacity of nioplexes against enzymatic digestion was studied after adding DNase I 
(Sigma-Aldrich, Madrid, Spain) at a final concentration of 1U DNase I/2.5μg DNA. 
Afterwards, mixtures were incubated at 37°C for 30 min. Finally, a 2% SDS solution 
was added to release DNA from nioplexes. 
 
2.4 Culture and characterization of D1-MSCs 
Mouse mesenchymal stem cells (ATCC®CRL-12424™) (D1-MSCs) were cultured in 
growth medium (GM) composed of: Dulbecco’s modified Eagle’s medium (DMEM) 
(ATCC 30−2002) supplemented with 10% fetal bovine serum (FBS) and 1% 
penicillin/streptomycin, (both reagents from Gibco, Spain). Cell multipotency was 
determined by differentiation into osteogenic and adipogenic lineages as reported in 
previous work. 1 After two weeks, cells were stained with Alizarin Red S (osteogenic 
differentiation) and Oil Red O (adipogenic differentiation). 
 
2.5 Reporter EGFP plasmid in vitro transfection 



 
D1-MSCs were seeded at a density of 9 × 104 cells/well in 24-well plates. 24 h later, 
GM was removed and cells were washed with serum-free Opti-MEM® solution (Gibco®, 
California, USA). Then, cells were exposed to DP80-EFGP nioplexes (1.25 μg DNA) at 
different cationic lipid/DNA ratios (w/w), and incubated in serum-free Opti-MEM® 

solution for 4 h at 37°C. Subsequently, transfection medium was replaced with GM, and 
cells were allowed to grow for further 48 h until fluorescence microscopy imaging 
(Nikon TSM) and FACSCalibur flow cytometer analysis (BD Biosciences, USA). To 
analyze cell viability, cells were stained with Propidium Iodide (Sigma-Aldrich, 
Madrid, Spain) prior to flow cytometer analysis. Experiments with uncomplexed DNA 
was considered as negative control. Regarding to positive control, both TransIT® 2020 
(Mirus, Madrid, Spain) (at a ratio of 3μl of reagent/1μg of DNA) and Lipofectamine® 

2000 (L2000) (Invitrogen, California, USA) were used. A minimum of 10.000 events 
were acquired and analyzed for each sample in triplicate. 
 
2.6 Endocytosis uptake mechanism for nioplexes 
Several uptake inhibitors were used to determine the endocytosis mechanism by 
nioplexes. Genistein and chlorpromazine hydrochloride were used as inhibitors for 
caveolae-mediated endocytosis (CvME) and clathrin-mediated endocytosis (CME), 
respectively. Methyl-β- cyclodextrin was used to simultaneously inhibit CvME and 
CME. Additionally, wortmannin, was employed to inhibit macropinocytosis (MPC). 
D1-MSCs were transfected as mentioned in the previous 2.5 section, but in this case, 
nioplexes were prepared with FITC-labeled EGFP plasmid (DareBio, Madrid, Spain). 
Cells were incubated for 30 min with genistein 200 μM, methyl-cyclodextrin 5 mM 
and wortmannin 50 nM, and for 60 min with chlorpromazine hydrochloride 5 μg/ml 
prior to addition of nioplexes. After 4 h of incubation with nioplexes, cells were washed 
thoroughly with PBS, detached, and analyzed by FACSCalibur flow cytometer (BD 
Biosciences, USA). For each sample, 10.000 events were collected and analyzed. 
Cellular uptake data were expressed as the percentage of FITC-positive cells. Naked 
DNA was used as a negative control. Each sample was analyzed in triplicate. 
 
2.7 Characterization of DP80-hBMP-7 nioplexes, in vitro transfection and 
proliferation/cytotoxicity assay. 
DP80-hBMP-7 nioplexes were characterized at different mass ratios as previously 
described in the section 2.3. Subsequently, transfection of D1-MSCs was performed 
using DP80-hBMP-7 nioplexes using the transfection protocol described in section 2.5. 
After 48 h post-transfection, conditioned media was collected, filtered (0.22 μm filters) 
and preserved at - 80°C until ELISA was performed (R&D, UK) to determine the 
hBMP-7 secreted. CCK-8 viability/proliferation assay (Sigma Aldrich, Spain) was 
performed according to manufacturer’s instructions. Color development was read at 450 
nm (Tecan M200 microplate reader), corrected with reference wavelength at 690 nm 
and normalized against mean value of three blank wells (GM). 
 
2.8 In vitro assessment of osteogenesis 
Transfection protocol of DP80-hBMP-7 nioplexes was applied as mentioned in section 
2.5. On day 2 post-transfection, both cell cultures in transfected and untransfected 
(control) wells were allowed to continue in growth medium/ osteogenic medium 
(GM/OM) to determine the impact of hBMP-7 transfection on the osteogenesis potential 
of D1-MSCs. Therefore, cells were classified in four different groups; untransfected 



culture in GM/OM, transfected culture in GM/OM. After 2 weeks, the following in vitro 
assays were performed. 
 
2.8.1 Alkaline Phosphatase (ALP) activity assay 
D1-MSCs from the four groups were washed and 500 μl of GM were added. After 24h 
of incubation, conditioned media were collected, filtered (0.22 μm filters) and ALP 
activity assay was performed according to manufacturer’s instructions. ALP activity of 
each sample was read at 405 nm (Tecan M200 microplate reader) and normalized to 
100.000 cells. 
 
2.8.2 Von Kossa Staining 
For qualitative assessment of calcium deposits, Von Kossa staining (Abcam, UK) was 
performed as previously reported.21 Micrographs were digitally processed using NIH 
Fiji© program. 
 
2.8.3 Transmission electron microscopy (TEM) 
D1-MSCs from both untransfected and transfected groups cultured in GM for two 
weeks were detached and pellets were fixed with 2% gluteraldehyde (pH 7.4) for 24h at 
4˚C, processed as previously reported1 and examined with Philips EM208S TEM. 
 
2.9 Statistical analysis 
Statistical differences between groups at significance levels of ˃95% were calculated by 
ANOVA and Student’s t test. In all cases, P values <0.05 were regarded as significant. 
Normal distribution of samples was assessed by the Kolmogorov- Smirnov test and the 
homogeneity of the variance by the Levene test. Numerical data were presented as mean 
± SD. 
 
3. Results 
 
3.1. Physicochemical characterization of niosomes and DP80-EGFP nioplexes 
The size of niosomes was 54.0±0.9 nm with PDI vales of 0.5±0.1 and ZP values of 
41.9±7.1mV. Figure 2-A depicts size and ZP values of nioplexes at mass ratios from 2/1 
to 20/1. The size of nioplexes (bars) decreased from 168 nm to 84 nm at cationic 
lipid/DNA mass ratios of 2/1 and 16/1, respectively, then increased slightly to 111 nm 
at 20/1 mass ratio. PDI of all nioplexes were less than 0.3 (Table 1, supplementary 
data). Concerning ZP, readings were clearly increasing from -28.9mV at 2/1 mass ratio 
to +19.2mV at 8/1 mass ratio, while afterwards depicted no notable change. As 
illustrated in Fig. 2-B, the cryo-TEM-assessed nioplexes (16/1 mass ratio) exhibited a 
discrete imperfectly spherical morphology with no aggregates. Some nioplexes depicted 
lamellar pattern at higher magnification (arrows, Fig 2-B inset). More pictures at lower 
magnification can be observed in Figure 1, on supplementary data. Figure 2-C 
represents gel retardation assay of DP80-EGFP nioplexes prepared at different cationic 
lipid/ DNA ratios (8/1, 12/1, 16/1 and 20/1). Partial condensation of DNA was seen 
since faint SC bands were observed on 4, 7, 10 and 13 lanes. However, condensed DNA 
was released upon the addition of SDS, as can be observed on lanes 5, 8, 11 and 14. 
Moreover, complexed DNA was protected against DNAse I enzymatic digestion, since 
clear OC (open circular) and SC (supercoiled) bands were detected on lanes 6, 9, 12 and 
15 compared to the absence of OC/SC bands in lane 3 (free DNA). 
 
3.2. In vitro culture, transfection and viability of MSCs by reporter EGFP plasmid 



Cultured D1-MSCs were spindle-shaped adherent, colony forming cells (Fig 3-A1). 
Upon culture in osteogenic or adipogenic media, they demonstrated calcific deposits by 
Alizarin Red S (Fig 3-A2) and Oil red O-stained cytoplasmic lipid vacuoles (Fig 3-A3), 
respectively. In figure 3-B, all cationic lipid/DNA ratios (w/w) studied above 4/1 
showed considerable percentages of transfection. Meanwhile, naked DNA (control) did 
not elicit any transfection. The mass ratio of 16/1 represented the best transfection 
results of 35.9±1.9%, which did neither differ significantly from that obtained by 
TransIT 2020® (40.7±2.5%) nor by L2000 (35.06±0.5%). On the other hand, cell 
viability was higher with TransIT 2020® (p < 0.05) compared to mass ratio of 16/1 
(99.1±0.5% and 93.6±1.2%, respectively). Regarding mean fluorescence intensity (MFI) 
obtained by our nioplexes at 16/1 as mass ratio, it was markedly higher than that 
obtained by TransIT 2020® (1792 a.u. and 1006 a.u, respectively). Similar finding was 
observed in figure 3- C. L2000 had least viability (78.7± 1.3%) and low MFI (891.3± 
2.7 a.u.), therefore excluded from further experiments. 
 
3.3. Endocytosis uptake mechanism of nioplexes 
The uptake of nioplexes at 16/1 mass ratio was determined compared to naked DNA 
(negative control). Figure 4-A showed representative dot plots for uptake of both free 
DNA and DP80 nioplexes (0.32% and 83%, respectively). 
Interestingly, we observed that the selective inhibition of caveolae-mediated (genistein) 
or clathrin-mediated (chlorpromazine hydrochloride) uptake pathway had significant 
effects on cellular uptake of nioplexes (p˂ 0.05). However, there was no statistically 
significant difference between both inhibitors. When both previously mentioned 
endocytosis mechanisms were simultaneously inhibited by prior treatment with methyl-
β-cyclodextrin, an extremely significant difference was observed when compared to 
control group (p˂ 0.0001). Nevertheless, wortmannin, an inhibitor of MPC, did not 
affect the nioplexes internalization (p˃ 0.05). 
 
3.4. Physicochemical characterization of DP80-hBMP-7-nioplexes 
Figure 5-A depicts size and ZP values of nioplexes at different mass ratios (from 2/1 to 
20/1). The size of nioplexes (bars) decreased gradually from 217nm at 2/1 cationic 
lipid/DNA mass ratio to 69 nm at 20/1 mass ratio with PDI values less than 0.3 (Table 
1, supplementary data). Regarding ZP values, readings were clearly increasing from -
11.1 mV at 2/1 mass ratio to +26.2mV at 8/1 mass ratio, while afterwards, slowly 
decreased to +18.3 mV at mass ratio of 20/1. As illustrated in figure 5-B, nioplexes, 
assessed by cryo-TEM, exhibited a discrete spherical/ovoid morphology with no notable 
clumps. Some nioplexes appeared lamellar at higher magnification (arrows, Fig. 5-B 
inset). More pictures at lower magnification can be observed in Figure 1, on 
supplementary data. Figure 5-C illustrated that DNA was partially condensed at mass 
ratio of 4/1, though complete capture was discerned at mass ratios of 8/1, 12/1, and 
16/1, since no SC bands were observed on lanes 7, 10 and 13. Complexed DNA was 
released after the addition of SDS, as it could be observed on lanes 5, 8, 11 and 14. 
Except for mass ratio of 4/1, captured DNA was protected against DNAse I enzymatic 
digestion since clear OC/ SC bands were detected on lanes 9, 12 and 15 in comparison 
to lane 3 (free DNA) due to the unopposed lytic action of the enzyme. 
 
3.5. Transfection of MSCs by pUNO1-hBMP-7 plasmid 
As can be observed in figure 6 (bars), all studied cationic lipid/DNA ratios (w/w) 
demonstrated significant secretion of hBMP-7 protein in comparison to the 
untransfected cells (controls). The mass ratios of 4/1, 8/1 and 12/1 demonstrated the 



best transfection results (1460 pg/ml), without significant differences observed among 
them (p ˃0.05), but was still less than secretion obtained by TransIT 2020® transfection 
(2111 pg/ml) (p < 0.05). On the other hand, cell counting assay (CCK8) performed 
immediately after conditioned media was collected (48h post-transfection) demonstrated 
that transfection by nioplexes at ratios of 8/1, 12/1, and 16/1 induced significant cell 
proliferation (164%, 137% and 122%, respectively) compared to control and TransIT 
2020® groups (100% and 23%, respectively) (Fig 6, line). Nevertheless, cell viability 
decreased significantly to 65% at 20/1 cationic lipid/DNA mass ratio. 
 
3.6. In vitro assessment of osteogenesis 
 
3.6.1.Alkaline Phosphatase (ALP) activity assay 
As observed in figure 7-A, ALP activity in transfected cell culture was significantly 
higher whether cells were cultured in GM or OM. Although ALP activity of all groups 
was superior to untransfected cells cultured in GM (p < 0.05), no significant differences 
were discerned among those groups (p ˃0.05). 
 
3.6.2. Von Kossa Staining 
After Von Kossa staining, no calcium deposits were observed in the control group (Fig 
7- B1). However, mineralized bone nodules were observed in D1-MSCs cultured in OM 
(Fig 7-B2). Similar nodules were noticed in culture plates of D1-MSCs transfected with 
hBMP-7, whether cultured in GM or OM (Figs 7-B3 and 7-B4, respectively). 
 
3.6.3. Transmission electron microscopy (TEM) 
TEM was applied to detect the ultrastructure of untransfected (7-C1) vs. transfected (7- 
C2) D1-MSCs cultured for two weeks in GM. Electron micrographs of both groups 
showed large euchromatic nuclei (N) with prominent nucleoli (n). The chromatin was 
dispersed except for a thin dense layer located immediately inside the nuclear envelope. 
Although cytoplasmic organelles depicted no obvious change, Golgi complex (arrow 
head) was evident in many cells of transfected group (7-C2). In addition, deposition of 
amorphous extracellular matrix was noticed (arrows). 
 
4. Discussion 
Our novel niosomes were formulated with cationic lipid salt (DTPA-HCl) and the 
nonionic surfactant polysorbate 80 (Fig 1). The cationic lipid, DTPA, has been used for 
gene delivery applications,22 though it was not tested neither in salt form, nor as a 
noisome formulation. Structurally, DTPA-HCl is composed of the four crucial elements 
that govern the process of gene transfection. Namely, the polar head, backbone, linker 
and two non-polar tails.23 During niosome elaboration, we endeavored to circumvent the 
potential cytotoxicity of the ether linker of DTPA-HCl by decreasing its molar ratio 
compared to P80 (DTPA-Cl to P80 as 1:2, respectively). 
Once synthesized, DP80 niosomes showed appropriate nano-scaled size for gene 
delivery purposes. High positive ZP values (> +25 mV) would ensure long-lasting 
stability24 and spontaneous electrostatic interaction with plasmid DNA. Additionally, it 
could enhance proper binding of the resulting nioplexes to the negatively charged cell 
coat prior to nioplexes internalization.23 
To probe the behavior of our niosomes we elaborated, as a proof of concept, DP80-
EGFPnioplexes by adding pCMS-EGFP reporter plasmid to DP80 niosomes at different 
cationic lipid/DNA mass ratios. Such sequence was adopted to ensure better complex 
assembly.25 A gradual decrease in the size of nioplexes was observed (168 - 84 nm, 



Fig.2-A), at mass ratios studied up to 16/1. Such decline in size is governed by balanced 
events in a delicate multistep self-assembly process of complex formation, such as: 
electrostatic interaction, further membrane merging, lipid mixing and aggregate 
growth.25 The size of nioplexes is of great importance to grant proper interactions with 
cell components (organelle membranes and cytoskeletal filaments). The small size of 
nioplexes might be advantageous to improve the rate of cellular uptake.26 In addition, 
nioplexes would be able to navigate the mammalian cytoskeleton with mesh size about 
200 nm.27 Regarding the ZP values, the gradual initial increase of superficial charge 
along with cationic lipid/DNA ratios (w/w), followed by a plateau phase, demonstrated 
the ability of cationic niosomes to bind to and neutralize the negatively charged 
phosphate groups in plasmid DNA.28 At small cationic lipid/DNA mass ratios (2/1 and 
4/1), the ZP readings were negative and shifted to the positive territory (around +20 
mV) at 8/1, 12/1, 16/1, and 20/1 mass ratios. At higher ratios, nioplexes were figured to 
function as gene delivery carriers taking advantage of their positive surface charge that 
facilitates proper electrostatic interaction with the anionic glycocalyx during the early 
steps of the endocytosis.29 
The shape of complexes has a marked effect on their performance as a gene delivery 
candidate,30 albeit, the effect of particle shape on biological interactions is not yet 
understood. As reviewed by Champion et al,30 vast observations proved the complexity 
of cell-particle interactions and revealed the ability of cells to respond differently to 
varied particle shapes. For instance, nonspherical particles were reported to be 
internalized faster than the perfectly spherical ones.26, 31 cryo-TEM micrographs 
illustrated that most of the DP80-EGFP complexes were not perfectly spherical (Fig 2-
B). Additionally, the discerned discrete morphology of nioplexes with no aggregates 
(Fig 2-B) could be attributed to the moderately positive surface charge. Interestingly, 
the lamellar pattern observed in several nioplexes is believed to occur during the 
process of complex formation by the complete topological transformation of both lipid 
and DNA into compact quasispherical complex particles with diameter around 200 nm, 
that form string-like colloidal aggregates, inside of which, the complexes have an 
ordered multilamellar planar structure (Fig 2-B, arrows).32 The regular lamellar spacing 
of almost 5.5-6 nm (Fig 2-B inset) was similar to that reported by Le Bihan and 
colleagues, denoting that the repetitive motif corresponded to DNA strands complexed 
with cationic lipid bilayers.33 
Among other factors that can influence on the transfection process, the electrostatic 
interactions between the negatively charged phosphate groups of DNA and the 
positively charged amine groups of the cationic niosomes merits special attention.20, 28, 

34, 35 We observed by agarose gel electrophoresis assay that at all cationic lipid/DNA 
ratios evaluated, niosomes were able to capture, release and protect the DNA from 
enzymatic digestion (Fig 2-C). 
Once we evaluated that DP80-EGFP nioplexes would be suitable for gene delivery 
purposes, we proceeded to evaluate their biological performance in vitro. BM-MSCs are 
of vital importance in adult bone repair as they home to the fracture site, proliferate and 
serve as a source of osteochondral progenitors. Hence, bone marrow-derived D1-MSCs 
were selected for the current study. In accordance to our results (Fig 3-A) they were 
known to represent a multipotent MSC platform holding potential of osteogenic fate 
determination in vitro.36, 37 Moreover, their phenotypic characteristics and osteogenic 
differentiation potential were reported to be consistent with primary human MSCs.36, 38 
There is a general belief that niosomes are well tolerated both in vitro and in vivo 
conditions.19 Our results (Fig 3-B) illustrated that DP80 (16/1) induced transfection 
efficiency similar to that obtained by TransIT® 2020 and L2000 commercial reagents 



(35.8 %, 40.6% and 35.1%, respectively). However, the MFI of the transfected cells 
(Figs 3-B and 3-C) were significantly higher with DP80 (1791 a.u.) compared to 
TransIT® 2020 (1006 a.u). Interestingly, cell viability reported with DP80-EGFP 
nioplexes was significantly higher than that with L2000, while inferior to that reported 
by TransIT® 2020 commercial reagents. Such cytotoxicity might be induced, even in 
part, by GFP-induced apoptosis that might result from GFP aggregations or free 
radicals.39 In general, the main aim of gene delivery is to attain overexpression of the 
transfected gene to express the protein in super physiological doses. Thereafter, 
transfection efficiency is not only a matter of how many cells were transfected, but also 
the amount of gene expression by the transfected cells. 
The high transfection efficiency values observed were preceded by a great percentage of 
nioplexes uptake as shown for best transfection efficiency (16/1) (Fig 4-A). Despite the 
reported high uptake percentage (almost 83%), the performance of non-viral vectors is 
known to be clearly affected by their distinct cellular internalization pathway, taking 
into account the variable effectiveness of every pathway in the release of DNA into the 
cytoplasm, which is one of the critical steps in the eventual transgene expression.19 
Therefore, we further analyzed intracellular trafficking of our nioplexes by blocking 
three of the most important endocytosis pathways in mammalian cells,26,10 namely, 
caveolae-mediated endocytosis (CvME), clathrin-mediated endocytosis (CME) and 
macropinocytosis (MPC). 
The results observed in figure 4-B suggested that internalization of DP80-EGFP was 
mainly through CvME and CME with no significant difference between them. Although 
a robust consensus does not exist, it is widely accepted that the endolysosomal fate is 
the hallmark feature of CME.40, 41 Oppositely, CvME and/or MPC routes could be 
advantageous to avoid lysosomal degradation, which could ensure a better plasmid 
delivery and integrity.10,42 Consequently, the relevant contribution of the clathrin-
mediated endocytosis pathway, which directs nioplexes to the lysosomes, could explain 
the relatively low transfection efficiency values observed (35.8%, Fig 3-B), despite the 
fact that high number of cells (83%, Fig 4-A) captured the complexes. 
The promising results obtained with the reporter EGFP plasmid encouraged us to 
explore hBMP-7 gene transfection. 
As done before with DP80-EGFP nioplexes, we characterized DP80-hBMP7 nioplexes 
regarding their physicochemical features. As noted in figure 5-A, gradual decline of size 
correlated to the increased cationic lipid/DNA mass ratio (bars). Starting from mass 
ratio of 4/1, ZP values observed were in the positive territory that fluctuated between 
18.3 and 26.2 mV. Particles were of no perfect shape and mostly acquired the planar 
lamellar pattern (Fig 5-B). Similar to what has been reported in figure 2-C, DP80-
hBMP-7 nioplexes were able to bind, release and protect plasmid DNA against DNase I 
enzymatic digestion (Fig 5-C). These findings suggested that DP80-hBMP-7nioplexes 
could transfect D1-MSCs in vitro. The hBMP7 protein secreted after 48 h of 
transfection (Fig 6) reached its highest value at the ratios of 4-12/1(up to 1460 pg/ml). 
These results showed that the mass ratios of best transfection efficiency changed with 
different plasmids used (EGFP at 16/1). 
The CCK-8 assay interestingly depicted that cells seemed to proliferate more 
significantly when transfection was the best at mass ratios of 8/1 and 12/1. This 
phenomenon might be due to two main factors; first, the negligible cytotoxicity effect of 
our nioplexes on D1-MSCs at such ratios compared to the higher ratios (16/1 and 20/1), 
and second, a direct enhancement of mitotic activity of such cells by the released 
hBMP-7 protein43. 



Although TransIT® 2020 induced significantly efficient transfection (2111.5 pg/ml, Fig. 
6), it extremely hampered cell viability (23%). This might be referred to the cytotoxic 
impact of the hBMP7- based TransIT® 2020 complexes that seemed to badly attenuate 
the initial population of hBMP-7secreting cells.46 Since ELISA assay was performed as 
early as 48 h posttransfection, the number of cells in TransIT® 2020 samples was not 
obviously enhanced by the putative mitogenic effect of hBMP-7 protein. 
Noteworthy that results (shown in figs. 3-B and 6) elucidated the fact that different 
plasmids could behave differently in regard to transfection efficiency or cell viability. In 
the current study, both EGFP and hBMP-7 plasmids had a different length (5541 and 
4497 bp, respectively) and promotors. Therefore, the obtained nioplexes rendered 
different physicochemical characteristics and thus demonstrated discrepant behavior 
regarding to transfection efficiency or cell tolerance. 44,45  
We further assessed the effectiveness of hBMP-7 overexpression to induce osteogenesis 
in vitro using the alkaline phosphatase activity (Fig 7-A). ALP is considered an 
important parameter to assess osteoblastic phenotype as it is required for mineralization, 
thus induced early during osteoblast differentiation.46 Both ALP assay and Von Kossa 
staining (Fig 7-B) of the mineralized bone nodules denoted that hBMP-7 expression 
induced spontaneous osteoblastic differentiation and calcified matrix deposition under 
standard culture in GM. The amorphous extracellular matrix deposition was further 
shown at the ultrastructural level in figure 7-C2. During this process, secreted hBMP-7 
was anticipated to interact with cell membrane receptors, which could induce a 
signaling cascade that lead to osteoblastic differentiation in autocrine and/or paracrine 
mode.47 Nevertheless, BMP-7 transfection did not manifest significant difference when 
cells were cultured in OM for two weeks (Fig 7-B3 vs. 7-B4). 
Our results suggest that hBMP-7-transfected D1-MSCs could be considered not only as 
an effective delivery tool of hBMP-7, but also as proliferating and bone forming cells 
for bone regeneration purpose, which offers reasonable hope to use stem cell-based 
gene delivery by niosomes approach to target sites where bone regeneration is needed. 
To validate that hypothesis, additional in vivo experiments and an optimization process 
of the niosomes formulations would be required, since biological conditions are 
different and not always exists a consistent correlation between in vitro and in vivo 
experiments. 
 

 
 
Figure 1: Chemical structure of the components of DP80 niosomes (A. Cationic lipid 
DTPA-Cl, B. Polysorbate 80). 



 

 
 
Figure 2: Physicochemical characterization of DP80-EGFP nioplexes (A) Effect of 
cationic lipid/DNA ratio (w/w) on both particle size (bars) and ZP (line), n = 3. (B) 
Cryo-TEM micrographs of nioplexes at 16/1 cationic lipid/DNA ratio (w/w). Arrows 
indicate lamellar pattern. Scale bar =200 nm (inset scale bar =50 nm). (C) Binding, 
SDS-induced release and protection of DNA at different cationic lipid/DNA ratios 
(w/w) of DP80-EGFP- nioplexes visualized by agarose electrophoresis. Nioplexes were 
treated with SDS (lanes 2, 5, 8, 11 and 14) and DNase I + SDS (lanes 3, 6, 9, 12 and 
15). OC: open circular form, SC: supercoiled form. 
 
 

 
 



Figure 3: D1-MSCs culture (A1), osteogenic (A2) and adipogenic differentiation (A3). 
(B) Cell transfection efficiency and viability at different cationic lipid/DNA ratios 
(w/w). Percentage of EGFP-positive cells (bars), percentage of viable cells (line) and 
MFI (dashed line), (n = 3). Similar symbol (§) indicate insignificant differences among 
three bars (P˃0.05). *P < 0.05 vs. TransIT® 2020 and L2000 viability. #P < 0.05 vs. 
TtansIT® 2020 and L200 MFI. (C) Representative overlay micrographs of D1-MSCs 48 
h post-transfection via (C1) DP80-EGFP nioplexes (16/1 cationic lipid/DNA mass ratio) 
and (C2) TtansIT® 2020. Scale bars: A1, A2, B1 and B2 = 50 μm and A3= 25 μm. 
 
 

 
 
Figure 4: Uptake study of D1-MSCs 4 h post-incubation with FITC-labeled nioplexes. 
(A) Representative dot plots for cellular uptake, (A1) naked DNA (no carrier), (A2) 
DP80 nioplexes. (B) Uptake % (FITC-positive cells) in the presence/absence of 
endocytosis inhibitors. (Ctrl) represents the uptake with no inhibitors. Mean ± SD; n = 
3. (*p<0.05, *** p< 0.0001)  
 
 

 
 
Figure 5: Physicochemical characterization of DP80-hBMP-7 nioplexes. (A) Effect of 
cationic lipid/DNA ratio (w/w) on particle size (bars) and zeta potential (line), n = 3. (B) 
Cryo-TEM micrographs of nioplexes at ratio of 8/1 cationic lipid/DNA ratio (w/w). 



Arrows indicate lamellar pattern. Scale bar = 500 nm (inset scale bar =100 nm). (C) 
Binding, SDS-induced release and protection of DNA at different cationic lipid/DNA 
ratios (w/w) of DP80-hBMP-7 nioplexes visualized by agarose electrophoresis. 
Nioplexes were treated with SDS (lanes 2, 5, 8, 11 and 14) and DNase I + SDS (lanes 3, 
6, 9, 12 and 15). OC: open circular form, SC: supercoiled form. 
 

 
 
Figure 6: hBMP-7 secretion (pg⁄mL) compared to untransfected cells (Ctrl) and 
TransIT® 2020- transfected cells (Bars). CCK-8 viability assay (line). Values represent 
mean ± SD (n = 3). Different symbols above bars indicate statistical significant 
differences.*P < 0.05 compared to all data points of line graph. 
 
 
 

 
 



Figure 7: Osteogenic differentiation in vitro (A) Validation of ALP activity of the 
conditioned media of D1-MSCs, n=5. * indicated statistical significant differences (P < 
0.05). ns indicated no statistical significant differences (P ≥ 0.05). (B) Representative 
light micrographs of D1-MSCs culture after Von Kossa staining for calcium deposition. 
Scale bars = 40μm. GM= Growth Medium, OM = Osteogenic Medium. (C) TEM 
micrographs for cell ultrastructure in both untransfected (C1) and transfected (C2) 
cultures. Arrow head points at Golgi complex, arrows point at extracellular matrix 
deposits. N = nucleus, n= nucleolus. Scale bars = 2 μm. 
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Graphical Abstract 
 
The current study presents a novel niosome formulation (DP80) based on 2,3di 
(tetradecyloxy) propan-1-amine cationic lipid (DTPA) and polysorbate 80 non-ionic 
tensioactive (P80). The cationic niosomes DP80 were used as vehicles to deliver 
pUNO1-hBMP-7 plasmid to D1-MSCs. Afterwards, it was confirmed that the delivered 
hBMP-7 gene was capable of enhancing cell proliferation, increasing ALP activity and 
inducing spontaneous osteogenic differentiation as observed by deposition of calcified 
extracellular matrix seen by LM (Von Kossa staining) and TEM.  
 

 
 
 
 


