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Senescence is a process characterized by a prolonged irrevers-
ible cell-cycle arrest. The accumulation of senescent cells in tis-
sues is related to aging and to the development of age-related
diseases. Recently, gene therapy has emerged as a powerful
tool for treating age-associated diseases by the transference of
specific genes into the target cell population. However,
the high sensitivity of senescent cells significantly precludes
their genetic modification via classical viral and non-viral sys-
tems. Niosomes are self-assembled non-viral nanocarriers
that exhibit important advantages due to their elevated cyto-
compatibility, versatility, and cost-efficiency, arising as a new
alternative for genetic modification of senescent cells. In this
work, we explore for the first time the use of niosomes for ge-
netic modification of senescent umbilical cord-derived mesen-
chymal stem cells. We report that niosome composition greatly
affected transfection efficiency; those formulations prepared in
medium with sucrose and containing cholesterol as helper lipid
being the most suitable to transfect senescent cells. Moreover,
resulting niosome formulations exhibited a superior transfec-
tion efficiency with a markedly less cytotoxicity than the com-
mercial reagent Lipofectamine. These findings highlight the
potentiality of niosomes as effective vectors for genetic modifi-
cation of senescent cells, providing new tools for the prevention
and/or treatment of age-related diseases.

INTRODUCTION
Aging is a complex process that progressively compromises most of
the biological functions from organisms, resulting in an increased
susceptibility to disease and death.1 Therefore, aging depicts a major
risk factor in many human diseases such as fibrosis, osteoarthritis,2

dementia,3 glaucoma,4 cancer,5 and type 2 diabetes.6

Senescence is a cellular response attributed to a stable cycle arrest and
plays physiological roles during normal development. However,
senescence also forms a stress response triggered by hallmarks asso-
ciated with aging.7

Cell-based therapies are promising options for the treatment of
several degenerative diseases related to aging such as osteoarthritis,8
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Parkinson’s,9 and retinal diseases.10 Specifically, mesenchymal stem
cells (MSCs) represent the ideal cell population for the treatment of
age-related diseases11 due to their undifferentiated nature, high pro-
liferation and differentiation capacity, and immunomodulatory prop-
erties.12 However, there are limitations of stem cell-based therapies
such as poor long-term maintenance of stem cell function.13,14

Similar to normal somatic cells, adult MSCs are exposed to stressors
during their lifespan, leading to an age-dependent decline in their num-
ber that results in the impairment of tissue homeostasis, regeneration,
and repair.15 Aging of theMSC niche causes spontaneously inflamma-
tory responses and interferes with the effect of MSC-based therapy.16

Hence, MSC senescence is directly related to the development of age-
related diseases such as osteoarthritis, osteoporosis, and frailty.17

The development of anti-aging therapies to preserve native properties
of MSCs or even revert their senescent phenotype has gained special
significance in last decades. Particularly, senolytic drugs constitute the
first-line treatment to selectively kill and decrease the accumulation of
senescent cells in several tissues and organs related to aging, exhibit-
ing benefits in the treatment of several age-related pathologies such as
type 2 diabetes, Alzheimer’s disease, or atherosclerosis.18 However,
they are unspecific and can produce side effects.19,20

Gene therapy applied to MSCs has emerged as a promising tool for
the treatment of several pathologies including those related to
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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aging.21–23 Current gene transfer vectors to genetically modify MSCs
include viral and non-viral vectors. Viral vectors, because they rely on
the natural properties of viruses to introduce genetic material into
cells, constitute the most widespread tool due to their high efficiency
of genetic modification. However, their use is associated with a series
of important limitations such as the risk of oncogenesis, high immu-
nogenicity, and/or activation of inflammatory pathways that reduce
their potential for the development of therapies aimed at the treat-
ment of diseases associated with aging.1,24 Thus, non-viral vectors
have gained special attention due to their high biosafety, low produc-
tion costs, and ease of manipulation. Still, and despite their potential
advantages, non-viral vectors exhibit a reduced transfection efficiency
when compared with their viral counterparts.25 Liposomes represent
the most widely used systems in gene therapy assays both in vitro and
in vivo.26 Although the gene transfer efficiency of liposomes has been
implemented in recent years, their high intrinsic toxicity, mostly
when working with primary cells, strongly limit their use, high-
lighting the need to search for alternative systems.

Niosomes are liposome-like nanovesicles consisting of cationic lipids,
non-ionic surfactants, and helper lipids that have recently arisen as
promising non-viral gene delivery systems.27–29 The presence of non-
ionic surfactants in their structure instead of phospholipids, as in
the case of liposomes, provides these systems with greater charge stabil-
ity, as well as notably lower toxicity and production costs.30 Niosomes
have been formulated by combination of cationic lipids (e.g.,
1,2-di-O-octadecenyl-3-trimethylammonium propane [DOTMA],
DOPA)31–33 with non-ionic surfactants including polysorbate 20
(P20),34,35 polysorbate 60 (P60),31,36,37 or polysorbate 80 (P80).34,38,39

Moreover, the effect of the addition of various helper lipids as squalene
(SQ),27,28,35,37,39–43 cholesterol (CH),44 or lycopene31,36,37 to niosome
systems has been also investigated.Whilemost of these niosome formu-
lations have been tested to target the central nervous system or retina
cells, only a few studies have explored the suitability to these systems
to genetically modify MSCs.24,29,31 Of note, none of these studies has
explored the possibility of targeting MSCs with senescent phenotype.

The heterogeneous morphology, high sensitivity, and persistent acti-
vation of inflammatory pathways,45 characteristic of senescent cells,
significantly preclude their genetic modification using conventional
vectors.46 This fact urges the need of using alternative carriers for
genetically modifying cells with a senescent phenotype. We previ-
ously formulated niosome suspensions based on the combination of
the cationic lipid DOTMA with the non-ionic surfactants P6024 or
a blend of P80 with poloxamer 407 (PX)43 with the helper lipids
SQ43 or CH24 to transfect MSCs. Of note, some of the developed for-
mulations led to similar values of transfection to those achieved with
the commercial reagent Lipofectamine (LPF).24,43 Moreover, incor-
poration of the lysosomotrophic agent sucrose to the niosome formu-
lations significantly increased the transfection efficiency.24

Based on this, the aim of this work was to explore, for the first time to
the best of our knowledge, the possibility of using non-viral systems
based on niosomes for the genetic modification of senescent MSCs.
Two niosome formulations were produced by fixing the content of
the cationic lipid DOTMA and non-ionic surfactants (P20 and PX)
and varying the composition of the helper lipid (SQ or CH). Resulting
nioplexes from complexation of niosomes with the reporter plasmid
pEGFP were characterized in terms of size, polydispersity index
(PDI), charge distribution, capacity of DNA protection, and complex-
ation ability. Furthermore, GFP transfection efficiency and cytotoxic
profiles of nioplexes were studied in primary cultures of non-senes-
cent and senescent UC-MSCs isolated from samples of two different
patients. Next, the addition of the lysosomotropic agent sucrose to the
niosome dispersions was explored as a way to enhance the perfor-
mance of the developed gene delivery systems.24 Finally, the endocytic
pathways in non-senescent and senescent UC-MSCs of the most
suited nioplex formulations were explored.

RESULTS
Isolation and establishment of an UC-MSC senescence model

To elucidate the potential of niosome formulations as gene carriers to
genetically modify senescent cells, a model of senescence inMSCs iso-
lated from the umbilical cord (UC) was stablished. For that, UC-
MSCs were firstly characterized by the expression of mesenchymal
and hematopoietic markers using flow cytometry.

Resulting isolated UC-MSCs showed percentages of positivity of meso-
dermmarkers (CD90, CD73, and CD105) higher than 56% (Figure S1).
Conversely, the expressionofhematopoieticmarkers (CD34andCD45)
was lower than 1%. In addition, the expression of undifferentiated
markers (NANOG,SOX2,OCT3/4, andREX1) inUC-MSCswas studied
at the mRNA level and compared with that obtained in the healthy
chondrocyte cell line TC28a2. Expression of these markers was signifi-
cantly higher in UC-MSCs when compared with healthy chondrocytes
(p < 0.01) (Figure S2) these last ones exhibiting values close to 0.

Once characterized, we established a therapy-induced senescence
(TIS) model of UC-MSCs. To this end, cells were treated for 6 days
with Palbociclib, a selective inhibitor of cyclin-dependent kinase 4
and 6 (CDK4/6)47 (Figure S3A). A marked reduction in proliferation
of senescent UC-MSCs was demonstrated using crystal violet staining
(Figure S3B). Likewise, when analyzing cell morphology by optical
microscopy, senescent UC-MSCs were flatter and bigger than non-se-
nescent cells (Figure S3C).

To further confirm the senescent phenotype of UC-MSCs, the expres-
sion of the endogenous markers of cell-cycle arrest such as CDK in-
hibitors (CDKN1A and CDKN2A) and markers related to the senes-
cence-associated secretory phenotype (SASP) such as interleukin-6
and -8 (IL-6 and IL-8) was monitored by quantitative reverse-tran-
scription PCR (qRT-PCR). Expression of CDKN1A, IL-8, and IL-6
was increased by 435.3-, 74.0-, and 134.4-fold in senescent cells
compared with non-senescent cells (p % 0.03) (Figure S3D).

Physicochemical characterization of niosomes and nioplexes

Niosomes were prepared using the reversed-phase evaporation
method and characterized in terms of particle size, PDI, and
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Figure 1. Physicochemical features of niosomes and nioplexes

Particle size and Z potential of squalene (SQ) and cholesterol (CH) niosomes prepared in the absence (N-SUC) or presence (SUC) of sucrose (A) and their respective

complexes after complexation with pEGFP (700 ng) at DOTMA/DNA ratios of 5/1, 10/1, 15/1, and 20/1, respectively (B and C). Data are shown as mean ± SD.
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superficial charge. Figure 1A depicts the size and Z potential values
measured for SQ and CH niosome formulations. Niosomes formu-
lated with CH were significantly larger (�185 nm) than those formu-
lated with SQ (�140 nm) (p < 0.001) (Figure S4). Likewise, a signif-
icantly higher electropositivity was demonstrated in niosomes
formulated with CH (�23 mV) compared with those comprised of
SQ (�7.7 mV) (p < 0.001). Niosome formulations prepared in me-
dium with sucrose were also characterized (Figure 1A). In contrast
to niosomes prepared in the absence of sucrose, no differences were
observed in the size from SQ or CH formulations (p = 0.862) (Fig-
ure S4). A similar trend was observed when measuring Z potential,
showing comparable values of electropositivity (�26mV) (p = 0.256).

Nioplexes were formed upon complexation of pEGFPwith SQ andCH
niosomes at DOTMA/DNA ratios (w/w) of 5/1, 10/1, 15/1, and 20/1.
The size of CH nioplexes was always higher than that measured for
SQ complexes at 5/1, 10/1, and 20/1 DOTMA/DNA ratios
(p < 0.001) in the absence of sucrose (Figure 1B). The incorporation
of sucrose to niosome formulations caused a significant increment in
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size of SQ complexes at DOTMA/DNA ratios of 5/1, 15/1, and 20/1
(p < 0.001) and at a 15/1 ratio of CH formulations (p < 0.001) (Fig-
ure 1C). With respect to Z potential, SQ formulations showed a ten-
dency to a higher electropositivity by increasing their DOTMA/DNA
ratios from 5/1 to 10/1 followed by a reduction of the electropositivity
from 15/1 to 20/1 (p < 0.006). In contrast, CH formulations showed
higher electropositivity at 5/1 and 15/1 DOTMA/DNA ratios and the
lowest ones at 10/1 and20/1 (Figure 1B). Same tendencieswere reached
when sucrose was added into the medium of both formulations (Fig-
ure 1C). Focusing on PDI values, both niosome formulations exhibited
a similar tendency, with stable values of �0.33 (p > 0.151). Beyond,
these values were slightly higherwhenDNAwas complexed inCHnio-
plexes but lower in SQnioplexes (�0.36 for CHand�0.28 for SQ com-
plexes).However, in thepresence of sucrose, PDI valueswere decreased
in CH nioplexes but increased in SQ formulations (Table S1).

Agarose gel electrophoresis assay in the presence of DNase I was per-
formed with nioplexes formed with SQ and CH niosome formula-
tions at 5/1, 10/1, 15/1, and 20/1 DOTMA/DNA ratios (Figure 2A).



Figure 2. Protection and complexation abilities of niosomes

DNase I protection ability andSDS-induced release visualizedby agarose electrophoresis of squalene (SQ) and cholesterol (CH) nioplexes formedatDOTMA/DNA ratios of 5/1,

10/1, 15/1, and20/1prepared in the absence (N-SUC) or presence (SUC) of sucrose. 0, nakedpEGFP;NC, nickedcircular; SC, supercoiled (A).DNAcomplexationefficiencyof

squalene (SQ) and cholesterol (CH) nioplexes formedatDOTMA/DNA ratios of 5/1, 10/1, 15/1, and 20/1prepared in the absence (N-SUC) (B) or presence (SUC) of sucrose (C).

Data are shown as mean ± SD.
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Both SQ and CH formulations protected DNA from DNase I diges-
tion, as confirmed by the presence of bands corresponding to super-
coiled (SC) and nicked circular (NC) DNA forms at all DOTMA/
DNA ratios tested (Figure 2A). Of note, a progressive increment of
SC band intensities was demonstrated when increasing the
DOTMA/DNA ratio for both formulations. Moreover, SQ formula-
tions showed higher capacity of protection than CH ones at the lowest
DOTMA/DNA ratio tested (5/1).

Complexation of DNA with the niosome formulations

A fluorophore exclusion assay was performed to evaluate the ability of
SQ and CH niosome formulations to efficiently condense DNA (Fig-
ure 2B). Irrespective of the DOTMA/DNA ratio considered, the abil-
ity of complexation of SQ niosomes was marked higher than those
comprising CH, when formulations were prepared without sucrose
(p < 0.004). Moreover, only CH formulations showed a tendency to
a higher condensation when increasing the DOTMA/DNA ratio
(p < 0.001 when comparing nioplexes formed at 5/1 with those
formed at 20/1 DOTMA/DNA ratio).

The incorporation of sucrose in CH formulations led to a significant
increment in their ability to complex DNA (p < 0.001) (Figure 2C). In
contrast, not statistically significant differences were observed when
sucrose was incorporated into SQ formulations (p > 0.053).
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 305
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Figure 3. Transfection efficiency of nioplexes

GFP transgene expression (%) in non-senescent (upper panels) and senescent (lower panels) UC-MSCs isolated from patients no. 1 (left) and no. 2 (right) transfected with

Lipofectamine (LPF) or with niosome formulations of squalene (SQ) or cholesterol (CH) at DOTMA/DNA ratios of 5/1, 10/1, 15/1, and 20/1 at 24 and 72 h. Data are shown as

mean ± SD.
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In vitro transfection efficiency of UC-MSCs using niosome

formulations

The transfection efficiency of SQ and CH nioplexes was evaluated at
24 and 72 h of contact with monolayer cultures of non-senescent and
senescent UC-MSCs isolated from two different patients (nos. 1 and
2) by flow cytometry (Figure 3).

Irrespective of the formulation considered, transfection efficiencies of
non-senescent UC-MSC no. 1 were always higher at 24 h compared
with 72 h, as shown by the absence of an interaction between both fac-
tors (formulation type and time point) (p = 0.457) (Figure 3, upper
panels). A similar trend was observed in non-senescent UC-MSC
306 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
no. 2, although an interaction between both factors was observed
(p < 0.001) (Figure 3, lower panels).

Focusing on DOTMA/DNA ratios of nioplexes, the highest transfec-
tion efficiencies were reached at 24 h of contact with SQ niosomes
formulated at 10/1 (�28% GFP positivity; up to 3.3- and 2.7-fold dif-
ference compared with the rest of formulations in UC-MSC no. 1 and
UC-MSC no. 2, respectively; p < 0.001). GFP expression percentages
were significantly lower after 3 days (p < 0.001), those SQ nioplexes
formulated at DOTMA/DNA ratio of 10/1 leading again to the high-
est efficiencies (�20% GFP positivity; up to 3.1- and 3.0-fold differ-
ence compared with the rest of formulations in UC-MSC no. 1 and



Figure 4. Effect of sucrose on nioplexes transfection efficiency

GFP expression fold-increase of non-senescent (upper panels) and senescent (lower panels) UC-MSCs isolated from patients no. 1 (left) and no. 2 (right) transfected with

niosome formulations of squalene (SQ) or cholesterol (CH) at DOTMA/DNA ratios of 5/1, 10/1, 15/1, and 20/1 prepared in medium containing sucrose relative to same

formulations prepared in medium without sucrose. Data are shown as mean ± SD.
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UC-MSC no. 2, respectively; p < 0.001). Of note, transfection effi-
ciencies reached with SQ nioplexes at 10/1 DOTMA/DNA ratio
were significantly higher than those achieved with the commercial re-
agent LPF (up to 2.80- and 2.40-fold increase at 24 h of contact with
UC-MSC no. 1 and UC-MSC no. 2, respectively; p < 0.001).

Similar to that observed in non-senescent cells, transfection of senes-
cent UC-MSCs via SQ or CH niosome formulations led to the highest
efficiencies after 24 h of contact (p < 0.001). In contrast, the highest
GFP transfection efficiencies were reached with CH nioplexes at a
DOTMA/DNA ratio of 5/1 (�15% GFP positivity; up to 7.80-fold
in UC-MSC no. 1 and up to 4.80-fold in UC-MSC no. 2 when
compared with the rest of formulations at 24 h of contact;
p < 0.001). Of note, the levels of GFP transgene expression when using
CH niosomes were significantly higher than those achieved with SQ
formulations at all DNA ratios tested (p < 0.001). Likewise, these
levels were significantly greater than those achieved with LPF (up
to 7.8- and 4.5-fold difference in UC-MSC no. 1 and UC-MSC no.
2, respectively; p < 0.001). Moreover, when focusing on CH formula-
tions an inverse relationship on transfection efficiency was demon-
strated by raising the DOTMA/DNA ratio from 5/1 (�15% GFP pos-
itivity) to 20/1 (�6% GFP positivity; p < 0.001).

In a next step, transfection experiments in non-senescent and senes-
cent UC-MSCs were repeated using niosome dispersions re-sus-
pended in medium containing sucrose to elucidate whether the
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 307
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Figure 5. Cytotoxic profile of nioplexes

Cell viability percentages of non-senescent (upper panels) and senescent (lower panels) UC-MSCs isolated from patients no. 1 (left) and no. 2 (right) untransfected (control;

CT) or transfected using niosome formulations of squalene (SQ) or cholesterol (CH) at DOTMA/DNA ratios of 5/1, 10/1, 15/1, and 20/1 or Lipofectamine (LPF) at 24 and 72 h.

Gray stacked bars denote cytotoxicity percentages in the presence of same compounds. Data are shown as mean ± SD.
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transfection efficiency of nioplexes may be enhanced due to a favored
endosomal escape24 (Figure 4).

Incorporation of sucrose to SQ niosome formulations significantly
increased the transfection efficiency of non-senescent cells at all ratios
and time points studied (up to 1.6-fold in UC-MSC no. 1 andUC-MSC
no. 2 at 24 and 72 h of contact, respectively; p < 0.001). In contrast, a
more discrete effect was demonstrated upon addition of sucrose to CH
niosome formulations (up to 1.2-fold difference in non-senescent UC-
MSC no. 1 and MSC no. 2 at 72 h of contact; p < 0.001).

A significant increase in transfection efficiency of senescent cells was
demonstrated at 24 h post-transfection using niosome dispersions
308 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
prepared in sucrose at all ratios tested (always p % 0.019), except
those comprising CH at the lowest DOTMA/DNA ratio tested (5/1;
p > 0.212). Incorporation of sucrose to SQ formulations led to the
highest increments of GFP transgene expression at 24 h (up to 2.6-
fold in UC-MSC no. 1 and up to 2.2-fold in UC-MSC no. 2 relative
to formulations prepared in medium; p < 0.001). However, incorpo-
ration of sucrose to CH niosome dispersion led to the highest in-
creases on transfection efficiency after 72 h of contact (up to 2.0-
and 1.5-fold in UC-MSC no. 1 and UC-MSC no. 2, respectively rela-
tive to the same formulations prepared in medium; p % 0.001).

To confirm the results obtained by flow cytometry, the transfection of
MSCs after 24 h using SQ and CH nioplexes at 10/1 and 5/1



Figure 6. Effect of sucrose on nioplexes cytotoxic profile

Cell viability percentages of non-senescent (upper panels) and senescent (lower panels) UC-MSCs isolated from patients no. 1 (left) and no. 2 (right) untransfected (control;

CT) or transfected using niosome formulations of squalene (SQ) or cholesterol (CH) prepared in the presence of sucrose (S) at DOTMA/DNA ratios of 5/1, 10/1, 15/1, and 20/1

or Lipofectamine (LPF) at 24 and 72 h. Gray stacked bars denote cytotoxicity percentages in the presence of same compounds. Data are shown as mean ± SD.
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DOTMA/DNA ratios, respectively, in the absence (N-SUC) and pres-
ence (SUC)of sucrose,was evaluatedunder theNikonEclipseTImicro-
scope (Nikon, Japan). The cells incorporated the DNA and expressed
the GFP protein (Figure S5).

Cell viability of UC-MSCs upon transfection with niosome

formulations

Cytotoxic profiles of SQ and CH nioplexes upon contact with non-se-
nescent and senescent UC-MSC nos. 1 and 2 were evaluated at 24 and
72 h post-transfection by flow cytometry (Figures 5 and S6). No dif-
ferences in live cells percentages were found in non-senescent
UC-MSCs (Figure 5, upper panels) transfected with nioplexes
compared with untransfected cells (control) at any of the time points
evaluated (viabilityR 96%; pR 0.262). A similar trend was observed
upon transfection of senescent cells (Figure 5, lower panels), with nio-
plexes always exhibiting cell survival percentages higher than 94% in
both UC-MSC nos. 1 and 2, despite statistically significant differences
being reached when compared with control untreated cells (p < 0.05).
Conversely, a significant reduction in cell viability was demonstrated
when UC-MSCs were transfected with LPF in both non-senescent
(viability�45%; p < 0.031; Figure 5, upper panels) and senescent cells
(�27%; p < 0.005; Figure 5, lower panels).

Cell viability upon transfection with niosome dispersions prepared in
mediumwith sucrose was also evaluated (Figures 6 and S6). Similar to
niosomes prepared in medium without sucrose, no cytotoxic effects
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 309
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Figure 7. Effect of endocytosis inhibitors in GFP expression and cell viability

Normalized positive GFP expression percentages and cell viability percentages of non-senescent (A and B) or senescent (C and D) UC-MSCs preincubated with chlor-

promazine (CHL), genistein (GEN), methyl-b-cyclodextrin (MbC), and amiloride (AMI) or not (control; CT) and transfected using niosome formulations of squalene (SQ) or

cholesterol (CH) prepared in the absence (N-SUC) or presence (SUC) of sucrose at DOTMA/DNA ratios of 10/1 and 5/1, respectively. Data are shown as mean ± SD.

Molecular Therapy: Nucleic Acids
were observed upon transfection of UC-MSCs with niosomes pre-
pared in sucrose in both non-senescent (viability R94%; Figure 6,
upper panels) or senescent cells (viability R92%; Figure 6, lower
panels) although statistically significant differences were reached
when compared with control untreated cells (p R 0.001). Likewise,
these percentages of cell survival were significantly higher than those
achieved with LPF (p < 0.005).

The mechanism underlying the uptake of nioplexes into non-senes-
cent and senescent UC-MSCs was investigated using the specific in-
hibitors for distinguishing endocytic pathways (Figures 7 and S7).
A different uptake mechanism of selected nioplex formulations was
observed according to cell phenotype. Incubation of non-senescent
310 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
cells with genistein or methyl-b-cyclodextrin significantly decreased
transfection efficiency of SQ niosomes prepared in medium with or
without sucrose at 10/1 DOTMA/DNA ratio (p% 0.001) (Figure 7A),
implying that the entry of SQ nioplexes into non-senescent cells was
through caveolae-mediated endocytosis. A similar trend was observed
with CH nioplexes formed at 5/1 DOTMA/DNA ratio and cell pre-in-
cubation with genistein or methyl-b-cyclodextrin leading to a signif-
icant reduction in GFP expression (p % 0.001) (Figure 7B).

In contrast, a significant reduction of GFP transgene expression was
demonstrated upon pre-incubation of senescent cells with amiloride
before transfection with SQ or CH nioplexes formed at 10/1 and 5/1
DOTMA/DNA ratios, respectively (p % 0.001) (Figures 7C and 7D,



Figure 8. Relative expression levels of senescence markers

Western blot representative image of p21 and vinculin expression levels (A) and senescence markers associated with cell-cycle arrest (CDKN1A) and SASP (IL-8 and IL-6)

normalized with the expression levels of the housekeeping gene ACTB (B), measured at 72 h post-transfection of non-senescent (N-SEN) and senescent (SEN) cells un-

transfected (control; CT) or transfected using niosome formulations of squalene (SQ) or cholesterol (CH) prepared in the absence (N-SUC) or presence (SUC) of sucrose at

DOTMA/DNA ratios of 10/1 and 5/1, respectively. Data are shown as mean ± SD.
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lower panels), suggesting that the entry of nioplexes into senescent
cells takes place by macropinocytosis.

Finally, to study if transfection using niosomes could affect the senes-
cence profile of UC-MSCs, we evaluated main senescence markers af-
ter cell transfection with SQ or CH niosomes at DOTMA/DNA ratios
of 5/1 and 10/1. Similar to that observed in untransfected cells (Fig-
ure S3B), a statistically significant reduction of cell density was
demonstrated in UC-MSC senescent cells compared with non-senes-
cent cells (p < 0.01) (Figure S3B). Alongside, an increase in p21
expression was demonstrated in transfected senescent cells when
compared with those levels observed in transfected non-senescent
cells (Figures 8A and S8). Therefore, the levels of mRNA expression
of senescence markers associated with cell-cycle arrest (CDKN1A)
and SASP (IL-8 and IL-6) were significantly higher in senescent
UC-MSCs when compared with non-senescent UC-MSCs transfected
with the two formulations in the absence and presence of SUC (p %

0.01) (Figure 8B).
DISCUSSION
MSCs are a pivotal population in regenerative medicine for the treat-
ment of several pathologies including those associated with the
nervous system, musculoskeletal system, myocardium, liver, cornea,
trachea, and skin.48 However, the properties of this outstanding cell
population are weakened with aging resulting in a decrease in its
number, which may impair tissue homeostasis, regeneration, and
repair. Therefore, the development of anti-aging therapies to preserve
native properties of MSCs or even revert their senescent phenotype,
has gained special relevance in the last decades. Senodrugs (senolytics
and senomorphics) constitute the first-line therapeutic agents to
target senescent cells.49,50 Despite these drugs having been extensively
studied to decrease the accumulation of senescent cells in tissues or
organs, their use is still limited by their potential side effects.51

Therefore, the search for alternative therapies to target senescent
cells is under investigation. Some approaches include the design of
galacto-oligosaccharide-coated nanoparticles containing cytotoxic
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(doxorubicin) or senolytic (navitoclax) drugs that are released upon
degradation by lysosomal SA-b-galactosidase.52 Other strategies
include nanoparticles functionalized with antibodies against CD9
cell membrane receptor,53 core-shell spiky nanorods coated with
antibodies against the aB2MG coat,54 or chiral CuxCoyS nanopar-
ticles for selective targeting of senescent cells.55 A last approach in-
cludes the use of pro-drugs that selectively kill senescent cells such
as Nav-Gal being activated through cleavage of (acetylated) galactose
modification by lysosomal SA-b-galactosidase of senescent cells56 and
proteolysis-targeting chimera to reduce the toxicity of senolytics.57

Still, and despite the significant progress made in this field, the use of
these therapies is still limited by the heterogeneity of senescence
biomarkers on the surfaceome, secretome, and metabolome, and
intracellular signaling of senescent cells58 and the excessive elimina-
tion of aging-associated senescent cells in some tissues.59

Therefore, gene editing and gene delivery have emerged as attractive
alternative therapies to modify cell fate in aging with low toxicity and
high efficiency in comparison with senodrugs.60,61 In this scenario
numerous studies have tested the possibility to genetically modify se-
nescent cells such as chondrocytes,62 pancreatic cells,63 or hematopoi-
etic and vascular cells64 as main targets in age-related diseases such as
osteoarthritis,62 diabetes,63 pulmonary fibrosis,65 cardiovascular dis-
eases,64 or autoimmune diseases.66,67

Gene therapy applied to MSCs constitutes a promising tool to in-
crease their therapeutic potential for the treatment of several pathol-
ogies including those related with aging.21–23 However, MSCs are
complex cell populations exhibiting a high heterogeneity that com-
prises proliferation rate, morphology, immunophenotype, multiline-
age differentiation potential, and senescence. All these factors hamper
genetic modification of senescent MSCs using classical viral and non-
viral liposomal-like systems.68

Niosomes have arisen as potential non-viral nanocarriers with
tunable properties to genetically modify MSCs in various regenerative
medicine approaches.24,29,31 However, none of these studies have
tested the possibility of using niosomes to genetically modify MSCs
with a senescent phenotype.

Based on this, in the present study we examined, for the first time to
the best of our knowledge, the possibility of using non-viral systems
based on niosomes for the genetic modification of senescent MSCs.

The data from the study first revealed an influence on helper lipid
composition on physicochemical features of niosomes and nioplexes.
Therefore, niosomes formulated with CH were significantly bigger
than those formulated with SQ, with a marked higher electropositiv-
ity. Of note, the addition of sucrose to CH niosome formulations
reduced their polydispersity, as noted by their lower PDI values.

The size of the nioplexes is essential to ensure that they interact properly
with the different cellular components. In this sense, it has been observed
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that a reduced size of the nioplexes constitutes an advantage to the
cellular internalization.69,70 In concordance with previous studies,34 the
size of CH nioplexes formulated without sucrose showed discrete oscil-
lations in particle size upon addition of pEGFP. These observations
may be attributed to the balance between larger space demanded by
the cationic lipid and the greater DNA condensation when increasing
mass ratio,24 as confirmed by the gradual increment on DNA complex-
ation observed in CH nioplexes. In contrast, the sizes of SQ-based nio-
plexes were more stable as noted by the plateau observed in DNA
complexation studies. Addition of sucrose to niosome formulations led
to an increment in size of SQ nioplexes without differences in their
complexation ability. Conversely, no substantial differences were
observed in CH nioplexes formulated with sucrose, despite the addition
of this sugar leading to lower PDI values andhigher complexation ability.

It is known that the presence of a positive surface in nioplexes pro-
motes their entry into cells due to their electrostatic interaction
with the negative charges of the glycocalyx in the first steps of endo-
cytosis.29 In this context, the highest values of electropositivity were
reached at DOTMA/DNA ratios of 10/1 in SQ nioplexes and at 5/1
and 15/1 in CH complexes. Finally, agarose gel electrophoresis assays
showed that both niosome formulations were able to condense,
release, and protect DNA against DNase I enzymatic digestion, as
confirmed by the presence of SC bands.24

To test the performance of the developed formulations for gene deliv-
ery purposes in senescent cells we stablished a model of senescence in
UC-MSCs isolated using a TIS model with the selective inhibitor of
CDK4/6, Palbociclib.47 In good concordance with their superior
values of electropositivity, the highest levels of GFP transgene expres-
sion in non-senescent UC-MSCs were achieved with SQ niosome for-
mulations at a cationic lipid/DNA ratio of 10/1. These results are in
good agreement with previous studies using niosomes based in
DOTMA, SQ, and P20 to transfect primary retina cells.34,35

Conversely, and in concordance with their higher values of electropo-
sitivity, the highest levels of transgene expression in senescent cells
were achieved with CH nioplexes at a DOTMA/DNA ratio of 5/1.
These findings highlight the need to achieve an adequate balance be-
tween complex stability and their ability to deliver the DNA mole-
cules inside the cell to achieve an effective transfection.43 As a matter
of fact, previous studies have suggested that high cholesterol levels are
possibly a feature of cell senescence, cholesterol accumulation being a
driver of senescence.71 However, this fact may in part be the reason
for the higher levels of transgene expression obtained with CH nio-
plexes; additional studies will be necessary to explain this observation.

Furthermore, the addition of sucrose into the niosome formulations
increased the levels of GFP expression, mostly when using SQ nio-
plexes independently of the cell phenotype, although this was more
prominent in senescent cells.

Of note, and in marked contrast to that observed with LPF, transfec-
tion of UC-MSCs via niosome formulations led always to high levels
of cell viability, being in the range of 94%–99% in non-senescent cells
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and from 92% to 99% in senescent cells. These results are in agree-
ment with previous results showing a reduction of MSC viability in
the presence of the lipoplexes.24

Since transfection efficiency is highly conditioned by endocytosis, be-
ing dependent on the cell type,72 we performed transfection studies in
the presence of known endocytosis inhibitors to determine the pref-
erential uptake mechanism of nioplexes in senescent and non-senes-
cent cells. To this end, we established the best conditions relative to
cell inhibitor concentrations and incubation times able to retain cell
viability values greater than 86%.

Our findings showed that internalization of nioplexes in non-senes-
cent cells predominantly takes places by caveolae-mediated endocy-
tosis. These results are in good agreement with those of Vanegas
Saenz et al. showing a preferential uptake of octa-arginine function-
alized calcium phosphate nanoparticles in MSCs by this route.73

Conversely, in senescent UC-MSCs, nioplexes were internalized by
macropinocytosis. Macropinocytosis is a clathrin- and dynamin-in-
dependent endocytic process through large irregular vacuoles called
macropinosomes, which are essential for the endosomal escape of
the DNA associated with non-viral vectors.74,75 The preferential
internalization of nioplexes by this route in senescent cells may be
attributed to the prevalence of a lymphocyte antigen 6 complex-
induced macropinocytosis as a cell survival mechanism of senescent
cells.74 Our data are in accordance with Shin et al.76 and Wheaton
et al.77 They have shown that senescent cells have a loss of functional
clathrin- and caveolin-dependent endocytosis and activated
macropinocytosis.

Therefore, we can confirm that the non-viral systems developed in the
present study constitute suitable tools for genetic modification of se-
nescentMSCs. Taken together, we provide a potential strategy to reju-
venate or eliminate senescent cells to treat age-related diseases. Future
studies will involve the complexation of niosome formulations with
other conventional plasmids or DNA minicircles for therapeutic tar-
geting of senescent MSCs.

MATERIALS AND METHODS
Cell culture

Human UCs were obtained from caesarean sections performed on
healthy women at the Maternity Facility at Complejo Hospitalario
Universitario A Coruña (CHUAC). All tissues were obtained with
fully informed consent and ethical approval by the supervisor of
the Ethical Committee (CEIC: 2019/026) of Galicia. All the women
were between 26 and 35 years. MSCs were isolated from UCs using
the protocol developed by Arufe and colleagues’ biobank.47 In brief,
the tissue was washed with PBS, placed in 100-mm culture dishes,
cut into small pieces (explants), incubated for three 5-min periods
in an enzyme mixture containing 1.2 U/mL dispase and 11.2 U/mL
type I collagenase (all from Sigma-Aldrich, Madrid, Spain) and
cultured in Dulbeccós modified Eagle’s medium with 10% (v/v) fetal
bovine serum, 1% (v/v) penicillin, and 1% (v/v) streptomycin (all
from Sigma-Aldrich) (growth medium). UC-MSCs were allowed to
attach to the plastic dishes for 3 days before removing the explants
and maintaining them in growth medium at 37�C in a humidified at-
mosphere containing 5% CO2. T/C-28a2 immortalized healthy chon-
drocytes from human costal cartilage from a 15-year-old female
(SCC042) (Sigma-Aldrich) (TC28a2) were grown in growth medium
and kept at 37�C in a humidified atmosphere containing 5% CO2.

Characterization of UC-MSCs by FACS

UC-MSCs were washed twice in PBS and incubated with the appro-
priate concentrations of primary antibodies (Table S2) for 1 h at room
temperature. Negative control staining was performed using the iso-
type (Table S2). After incubation, cells were washed twice with PBS
and analyzed using a cytometer FACSAria (BD Science, Madrid,
Spain). A TC28a2 healthy chondrocytes cell line was used as negative
control of expression of undifferentiation markers. Data were gener-
ated by BD FACSDiva software (BD Science, San Jose, CA).

Induction of senescence in UC-MSCs

Cells (passage 4) were seeded in 48-well plates (15,000 cells/well) and
allowed to attach for 24 h before performing the experiments. Cellular
senescence was induced in proliferative UC-MSCs using TIS.47 UC-
MSCs were cultured in growth medium and treated (senescent cells)
or not (non-senescent cells) with 1 mM Palbociclib (CDK4/6 inhibi-
tor) (MedChemexpress, NJ) for 6 days (Figure S3A). After this
time, cells were washed with PBS and cultured in growth medium
for an additional 2 days before different studies. Half of the plates
were used for the analysis of senescence phenotype (proliferation
and gene expression profiles) and the other half for transfection as-
says (GFP transgene expression, apoptosis, and gene expression
profiles).

Analysis of UC-MSC proliferation

Plates were fixed using 4% (v/v) paraformaldehyde for 15 min at
room temperature and washed three times with PBS. Then, the plates
were stained with 0.5% (v/v) crystal violet solution and scanned. The
quantification of crystal violet was performed by solubilizing crystal
violet staining (Sigma-Aldrich) with 30% (v/v) acetic acid and
measuring the absorbance at 570 nm using a NanoQuant microplate
reader (Tecan Trading, Switzerland).

Assessment of UC-MSC senescence phenotype

Total RNA from cells was extracted using TRIzol Reagent (Thermo
Fisher Scientific, Foster City, CA) according to the manufacturer’s in-
structions. cDNA synthesis was performed using a high-capacity
cDNA reverse transcriptase kit (Thermo Fisher Scientific). qPCR re-
actions were performed using SYBR Green PCRMaster Mix (Applied
Biosystems, Foster City, CA) and primers forCDKN1A, IL-8, and IL-6
markers (Table S3) using LightCycler 480 (Roche, Basel, Switzerland).

Immunoblot

The proteins from cells were isolated using the RIPA lysis buffer
(150 mM sodium chloride, 50 mM Tris-base, 0.1% [p/v] sodium do-
decyl sulfate, Triton 1% [v/v] [all from Sigma-Aldrich, San Diego,
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CA]). Lysates were diluted in 4� Laemmli buffer (Bio-Rad, CA) ob-
taining the same concentration of proteins (20 mg) for each sample.
The proteins were separated in SDS-PAGE gels and transferred into
PVDF membrane with 0.45-mm pore size (Millipore, MA, USA).
This membrane was incubated for 1 h with the blocking buffer (5%
[w/v] bovine serum albumin) (Sigma-Aldrich). Then we added the
primary antibody at suitable concentration (Table S2), which was
incubated overnight at 4�C. The following day the membrane was
washed at least three times 10 min before adding the secondary anti-
body (Table S2), which was incubated overnight again. Another three
washes were made before revealing the protein expression with the
ECL substrate (Millipore, MA) using a ChemiDocMP Imaging
System (Bio-Rad).

Niosome preparation

Niosomes were prepared using a reversed-phase evaporation tech-
nique.78 In brief, P20 (15 mg), PX (15 mg), DOTMA (2 mg), and
SQ (5 mg) or CH (5 mg) were dissolved together in dichloromethane
(1 mL) and emulsified with 3 mL of OptiMEMmedium. The mixture
was sonified for 30 s at 45% amplitude using a UP200S Sonifier
(Hielscher Ultrasound Technology, Germany) with a 1-mm probe.
The organic solvent was then removed by evaporation at room tem-
perature under magnetic stirring for 3 h, obtaining the dispersion of
niosomes in the aqueous medium. Resulting niosome formulations
were denoted as CH (niosomes composed of DOTMA, P20, PX,
and cholesterol) or SQ (niosomes composed of DOTMA, P20, PX,
and SQ), respectively.

Niosome dispersions with sucrose were prepared by the same method
but using OptiMEM with 300 mM sucrose as aqueous medium.

Plasmid propagation and formation of nioplexes

The p0DB-001_pEGFP-N1 (pEGFP) was kindly donated by Dr.
Romero-Saavedra (University of Munich) and propagated, purified,
and quantified following standard procedures. Nioplexes were gener-
ated by mixing a fixed volume of the plasmid stock solution (700 ng)
with increasing volumes of each niosome formulation. Cationic lipids
for a fixed amount of DNA mass ratios (w/w) of nioplexes were 5/1,
10/1, 15/1, and 20/1, equivalent to cationic amino groups (N) to nu-
cleic acid anionic phosphate groups (P) ratios of 2, 5, 7, and 10,
respectively.24 The mixtures were incubated at room temperature
for 30 min to promote the electrostatic interactions between the nio-
somes and the negative charge of the plasmid.24,30

Physicochemical characterization of niosomes and nioplexes

Size and Z potential

CH and SQ niosomes and their nioplexes (cationic lipid/DNA mass
ratios of 5/1, 10/1, 15/1, and 20/1) were prepared following the
same procedure described in the previous section. The size and Z po-
tential (triplicate) of both niosomes and nioplexes were assessed at
20�C by dynamic light scattering and electrophoretic light scattering
using a NanoBrook 90Plus Zeta (Brookhaven Instruments, Holtsville,
NY). In brief, niosome formulations were diluted (1:10) in water and
particle size was obtained by cumulative analysis. The Smoluchowski
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approximation was used to support the calculation of the Z potential
from the electrophoretic mobility. Measurements were performed us-
ing folded capillary cuvettes (DTS1070).

Agarose gel electrophoresis

The capacity of both SQ and CH niosome formulations to protect the
DNA was evaluated by agarose gel electrophoresis assay of nioplexes
formed at cationic lipid/DNA mass ratios (w/w) of 5/1, 10/1, 15/1,
and 20/1. The mixtures were incubated at 37�C for 30 min after add-
ing DNase I (0.4 U/mg DNA).29 Finally, 7% SDS solution (3 mL) was
added to release DNA from the nioplexes, and the samples were run
on a 0.8% w/v agarose gel, immersed in TBE buffer, and exposed for
45 min to 90 V. DNA bands were stained with SYBR Gold, and im-
ages were observed under a digital Chemi-Doc MP Imaging System
(Bio-Rad, Madrid, Spain). Naked GFP was used as negative control
(cationic lipid/DNA [w/w] mass ratio of 0).

Evaluation of niosome complexation ability

The ability of SQ and CH niosomes to complex DNA was evaluated
by means of a fluorescence-exclusion titration assay.79 In brief, SQ
and CH nioplexes were prepared, as described previously, by mixing
0.5 mg of DNAwith the corresponding amount of niosomes. The sam-
ples were incubated, protected from light, with SYBR Gold (200�;
3 mL) for 10 min and, finally, 10 mM HEPES was added to reach a
final volume of 100 mL/well. Fluorescence measurements were per-
formed with a Synergy HTX Plate Reader (Biotek, Winooski, VT)
in 96-black-well plates (lexc = 485nm, lem = 528 nm). The DNA
complexation efficiency (%) was expressed as relative fluorescence,
normalized to the fluorescence of uncomplexed (naked) DNA ac-
cording to the following equation:

Relative f luorescence ð%Þ =
Fsample � Fblank

Fnaked pDNA � Fblank
� 100

In this equation Fsample depicts the fluorescence intensity of each sam-
ple and Fblank represents the fluorescence values recorded from the
blank, performed by using the same dilution of SYBR Green
(200�) in 10 mM HEPES. Each condition was assessed in triplicate.
Transmission electron microscopy

Drops of SQ or CH niosome dispersions (5 mL) were placed on car-
bon-coated grids. The excess was carefully removed with a filter pa-
per. Samples were dyed with 2% (v/v) uranyl acetate (Sigma-
Aldrich), dried, and observed using a high-resolution JEM-1011
TEM (JEOL USA, Peabody, MA).24

Transfection assays

Prior to transfection assays, UC-MSCs were cultured in 48-well plates
for 6 days in the absence (non-senescent cells UC-MSCs) or presence
(senescent cells UC-MSCs) of 1 mM Palbociclib, as described before
(see section induction of senescence in UC-MSCs). Non-senescent
and senescent cells were exposed to different nioplexes formed
upon complexation of SQ or CH niosome formulations with
pEGFP (always 700 ng of plasmid) at DOTMA/DNA (w/w) ratios

https://cicanet.udc.es/resources/reservations/calendar_overview?resource_id=16
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of 5/1, 10/1, 15/1, and 20/1. UC-MSCs cultured in OptiMEMmedium
without nioplexes or transfected with LPF (3.5 mL/well) were used as
negative and positive controls, respectively. Cells were incubated with
nioplexes or LPF lipoplexes for 3 h at 37�C and 5% CO2. Afterward,
medium was removed and replenished with growth medium, and
cells were cultured for 24 and 72 h until analyses.

Transfection efficiency

The transfection efficiency achieved with nioplexes was evaluated us-
ing fluorescence-activated cell sorting (FACS). In brief, cells were
collected in FACS tubes, washed three times with PBS, and the fluo-
rescence of fluorescein isothiocyanate analyzed using a cytometer
FACSAria (BD Science, Madrid, Spain). The FACS data were gener-
ated by BD FACSDiva software (BD Science, San Jose, CA). Parallel,
GFP fluorescence was monitored using a fluorescence microscope
(Nikon Eclipse TI, Nikon, Tokyo, Japan).

Cellular uptake of nioplexes

Cells were cultured in 48-well plates for 6 days in the absence of 1 mM
Palbociclib, as described in induction of senescence in UC-MSCs and
pre-treated with the following inhibitors at an optimized dose over-
time80,81: chlorpromazine as clathrin-mediated endocytosis inhibitor
(30 mM, 1 h), genistein as caveolae-mediated endocytosis inhibitor
(200 mM, 1 h), methyl-b-cyclodextrin as clathrin- and caveolae-
dependent endocytosis inhibitor (2 mM, 10 min); and amiloride as
macropinocytosis inhibitor (5 mM, 10 min). After pre-treatment,
CH or SQ nioplexes at DOTMA/DNA ratios of 5/1 and 10/1, respec-
tively, were added and incubated for 4 h. Control conditions included
cells transfected with nioplexes without inhibitor treatment. Trans-
fection efficiency achieved with nioplexes was assessed by AR1
confocal microscopy (Nikon) and FACS, as described in transfection
efficiency.

Cell viability

Cell viability upon contact with nioplexes was evaluated by crystal vi-
olet staining using the same protocol described in analysis of UC-
MSC proliferation. Apoptosis was also assessed using the Annexin
V Alexa Fluor 647 conjugate (Immunostep, Salamanca, Spain). In
brief, cells were collected in FACS tubes (Thermo Fisher Scientific,
Madrid, Spain) and incubated with Annexin V-647 (25 mg/mL) for
10 min in darkness at room temperature. Propidium iodide staining
solution (1 mg/mL) was then added and cell fluorescence analyzed us-
ing a FACSAria. The FACS data were generated by BD FACSDiva
software (BD Science, San Jose, CA).

Analysis of senescence markers after transfection

Expression of CDKN1A, IL-8, and IL-6 (Table S3) in senescent and
non-senescent UC-MSCs were evaluated 24 and 72 h after transfec-
tion by qPCR using the same procedures described in assessment of
UC-MSC senescence phenotype.

Statistical analysis

Studies were performed in UC-MSCs isolated from six patients and
measurements were performed in triplicate. Data are expressed as
mean ± standard deviation (SD). The graphs were generated using
OriginPro 8.5.1. Statistical analyses were performed using R x64
3.5.1., RStudio by parametric tests (two- and three-way ANOVA; Tu-
key’s test; Student’s t-test) and non-parametric ones (Kruskal-Wallis).
p < 0.05 was considered statistically significant.
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SUPPLEMENTAL INFORMATION 
 
 

 

 
Figure S1. Characterization of UC-MSCs. Histogram of percentage (%) of positive cells for 

mesenchymal (CD90, CD73 and CD105) and hematopoietic (CD34 and CD45) markers using flow 

cytometry. Data are shown as mean ± SD. 

 

 

 
 

Figure S2. Multipotency profile in UC-MSCs. mRNA levels of undifferentiated stage markers 

(NANOG, OCT3/4, SOX2 and REX1) in UC-MSCs and immortalized healthy chondrocytes (TC28a2) 

using qRT-PCR. Data are shown as mean ± SD.
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Figure S3. Senescence induction of UC-MSCs. Representative images of crystal violet to evaluate 

the proliferation capacity of non-senescent (N-SEN) and senescent (SEN) UC-MSCs (A, B). 

Representative images in brightfield of non-senescent (N-SEN) and senescent (SEN) UC-MSCs. 

Magnification 20X. Scale: 50 µm (C). mRNA levels of senescence markers (CDKN1A, IL-8 and IL-6) in 

the non-senescent (N-SEN) and senescent (SEN) UC-MSCs. Data are shown as mean ± SD (D). 
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Figure S4. Representative transmission electron microscopy images of squalene (SQ) and 

cholesterol (CH) niosomes prepared in absence (N-SUC) or presence (SUC) of sucrose. Magnification 

100kX. Scale: 200 nm. 

 
 
 
 

 
 

Figure S5. Transfection efficiency of non-senescent and senescent UC-MSCs using nioplexes. 

Representative DAPI and GFP fluorescence images of non-senescent (N-SEN) and senescent (SEN) 

UC-MSCs untransfected (CT) or transfected with Lipofectamine (LPF) or with niosome formulations of 

squalene (SQ) or cholesterol (CH) at 10/1 and 5/1 DOTMA/DNA ratio respectively, in absence (N-SUC) 

or presence (SUC) of sucrose, for 24 h. Magnification 20X. Scale: 50 µm. 
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Figure S6. Cytotoxicity after transfection using nioplexes in non-senescent and senescent 

UC-MSCs. Representative FACs profile showing the PI (PE-A) in front of Annexin V (APC-A) using BD 

FACSDiva software (BD Science, San Jose, CA, USA) in non-senescent and senescent UC-MSCs 

transfected with Lipofectamine (LPF) or with niosome formulations of squalene (SQ) or cholesterol (CH) 

at 5/1 and 10/1 DOTMA/DNA ratios prepared in absence (N-SUC) or presence (SUC) of sucrose for 

24 h. 

Figure S7. Evaluation of endocytosis pathways by confocal microscopy. Representative confocal 

GFP fluorescence images of non-senescent (N-SEN) and senescent (SEN) UC-MSCs transfected with 

LPF or with niosome formulations of squalene (SQ) or cholesterol (CH) at 10/1 and 5/1 DOTMA/DNA 

ratios respectively, in absence (N-SUC) or presence (SUC) of sucrose. Transfection was performed 

after preincubation with the endocytosis inhibitors methyl-β-cyclodextrin (MβC) or amiloride (AMI). Control 

conditions (CT) included cells transfected in absence of inhibitors. Magnification 20X. Scale: 100 µm. 
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Figure S8. Relative expression levels of senescence markers. Evaluation of senescent phenotype 

by analyzing p21/vinculin expression ratio in non-senescent (N-SEN) and in senescent (SEN) cells, 

measured at 72 hours post-transfection using niosome formulations of squalene (SQ) or cholesterol 

(CH) prepared in absence or presence of sucrose (S) at DOTMA/DNA ratios of 10/1 and 5/1, 

respectively. 
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Table S1. Polydispersity index (PDI) of squalene (SQ) or cholesterol (CH) niosome (A) and nioplex (B) 

formulations prepared in absence (N-SUC) or presence (SUC) of sucrose. 

A 
 

Parameters 
Formulation Niosomes 

Helper lipid SQ CH 

 

PDI 
SUC 0.331 ± 0.011 0.312 ± 0.012 

N-SUC 0.331 ± 0.008 0.340 ± 0.022 

B 
 

 
Parameters 

Formulation Nioplexes 

Helper lipid SQ CH 

DOTMA / 

DNA ratios 
5/1 10/1 15/1 20/1 5/1 10/1 15/1 20/1 

 

 
PDI 

SUC 
0.361 ± 

0.010 

0.328 ± 

0.025 

0.400 ± 

0.032 

0.301 ± 

0.062 

0.256 ± 

0.072 

0.296 ± 

0.041 

0.355 ± 

0.061 

0.394 ± 

0.015 

N-SUC 
0.225 ± 

0.021 

0.282 ± 

0.027 

0.328 ± 

0.008 

0.304 ± 

0.003 

0.363 ± 

0.024 

0.429 ± 

0.022 

0.300 ± 

0.036 

0.361± 

0.029 

 
 

Table S2. List of antibodies for FACS and Immunoblot. 
 

Target Forward Reverse 
CD90 554898 BD PharmigenTM 

CD73 561260 BD PharmigenTM 

CD105 561443 BD PharmigenTM 

CD34 555822 BD PharmigenTM 

CD45 555489 BD PharmigenTM 

Isotype FICT 556647 BD PharmigenTM 

Isotype PE 558595 BD PharmigenTM 

Isotype PECy5 550818 BD PharmigenTM 

Rabbit Monoclonal p21 ab109520 Abcam 

Mouse Monoclonal Anti- 
Vinculin 

Vin-11-5 Sigma-Aldrich 

Goat Anti-mouse HRP P0447 DAKO 

Goat Anti-rabbit HRP P0448 DAKO 

 

Table S3. List of primers sequence for qRT-PCR. 
 

Target Forward Reverse 
NANOG ATGCCTCACACGGAGACTGT AAGTGGGTTGTTTGCCTTTG 

SOX2 CTCCGGGACATGATCAGC GGTAGTGCTGGGACATGTGAA 

OCT4 CTCCTGGAGGGCCAGGAATC ATATACACAGGCCGATGTGG 

REX1 CGCAATCGCTTGTCCTCAGAGT GCTCTCAACGAACGCTTTCCCA 

CDKN1A (p21CIP) CCAGTCCATTTGATCAGCGG ACATCTTTCTCCCGGGTCTG 

IL-8 GAGTGGACCACACTGCGCCA TCCACAACCCTCTGCACCCAGT 

IL-6 CCAGGAGCCCAGCTATGAAC CCCAGGGAGAAGGCAACTG 

ACTB AGAGCTACGAGCTGCCTGAC GGATGCCACAGGACTCCA 
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