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Abstract: Umbilical cord-derived mesenchymal stem cells (UCDMSC) are attractive candidates for cell-based regenerative
medicine. However, they are susceptible to replicative senescence during repetitive passaging for in-vitro expansion and
induced senescence in an oxidative, inflammatory microenvironment in vivo. Aim of this study is to investigate if honey-
incorporated matrices can be employed to reduce senescence of UCDMSC. Matrices were prepared by electrospinning
solutions of honey with poly-vinyl alcohol (PVA). PVA:honey matrices exhibited free radical scavenging activity. Culture of
UCDMSC on PVA:honey matrices showed improvement in cell proliferation compared to pure PVA nanofibres. Expression of
vimentin indicated that mesenchymal phenotype is preserved after culturing on these matrices. Further, UCDMSC were serially
subcultured and cells of two passages (P2 and P6) were evaluated for reactive oxygen species (ROS) load and senescence
parameters. P6 cells showed a higher ROS load and B-galactosidase (-gal) positive senescent cells compared to P2. However,
culturing on PVA:honey substrates significantly reduced both ROS and B-gal markers compared to cells on PVA substrates.
Honey contains several antioxidant and anti-inflammatory components, which can reduce the ROS-related senescence. Thus, it
is concluded that honey containing nanofibres can be effective substrates for stem cell-based wound healing and regenerative

medicine.

1 Introduction

Umbilical cord-derived mesenchymal stem cells (UCDMSC)
possess immense potential in tissue engineering and regenerative
medicine. In comparison to stem cell obtained from other sources,
UCDMSC are ethically compliant repository and have proven
potential to differentiate into different cellular lineages like
neurons, adipocytes, chondrocytes, hepatocytes, endothelial,
epithelial, both in vitro and in vivo [1]. UCDMSC do not elicit
strong immunologic reactions due to the presence of low levels of
MHC Class-II isotype antigens. However, similar to stem cell from
other sources (adult or embryonic), UCDMSC are susceptible to
progressive loss of regenerative and differentiation potential due to
replicative senescence [2, 3]. Replicative senescence has been
identified as one of the major constrains in the clinical translation
of stem cells [4]. Under in vitro conditions, repetitive passaging
[2], and endogenous reactive oxygen species (ROS) and DNA
damage [5] are associated with stem cell senescence. Moreover, the
presence of an inflammatory microenvironment both in vitro or in
vivo can induce cellular senescence [6]. On the other hand, a
hypoxic condition has shown to preserve stem cell integrity in
long-term cultures [7]. As senescence is a progressive
phenomenon, genetic factors and age of the donor also pre-dispose
stem cells harvested for clinical applications to limited ex vivo
expansion depending upon the senescence status of harvested cells.

In vitro stem cell expansion by subculturing on tissue culture
polystyrene causes cellular biochemical, genetic and epigenetic
alterations in cells as well as ROS accumulation with implications
on cellular functionalities and senescence [2, 8, 9]. Cellular
senescence is associated with characteristic changes in cellular
morphology, progressive telomere shortening, cytoskeletal changes
and extracellular matrix modification before undergoing permanent
growth arrest. One of the key factors identified for such
observations is the difference between in vitro and in vivo
microenvironment. Natural extracellular matrix is known to
provide an assortment of biochemical, biophysical and
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macromolecular cues to maintain stem cell functionality [10].
Presently, biomaterial strategies are increasingly being explored for
efficient expansion, maintenance and directed differentiation of
stem cells [11]. Consequently, it becomes imperative that
biomaterial-based scalable, cost-effective ex-vivo culturing
strategies and stem cell delivery matrices are also developed with
potential to provide a micro-environment conducive of reducing
senescence of cultured stem cells [12].

To date, interesting results have been reported by Zhou et al. [3]
who observed that cell-derived extracellular matrix can mitigate
hydrogen peroxide-induced senescence in UCDMSC. Senescence-
associated P-galactosidase-positive cells were markedly fewer on
cell-deposited matrix compared to polystyrene culture plates.
Previously, coating tissue culture polystyrene with Wharton Jelly
extract has also been shown to reduce the occurrence of replicative
senescence in mesenchymal stem cells. The same work also
showed that the extract reduces senescence by controlling ROS in
subcultured cells [13]. Similar observations on reduction in stem
cell senescence have been reported with flavones-loaded nanofibre
membranes [14] and resveratrol-doped-polyurethane—polylactide
matrices on adipose derived stem cells [15], while chitosan
scaffolds have shown similar potential for culture of human
foreskin fibroblasts [16]. However, such extract scaffolds pose
significant difficulty in scale-up and maintaining cost effectiveness
for scaffold fabrication. Therefore, the development of alternative
matrices with easily available sources merits investigations.

The regenerative healing potential of honey, a natural material
has been effectively employed to fabricate nanofibre matrices with
antioxidant and anti-inflammatory properties as scaffolds for
wound healing [17]. While the nanofibre architecture provides a
favourable surface for cell attachment, honey components can
provide the assortment of biochemical cues for maintaining
antioxidant and anti-inflammatory microenvironment for cell
proliferation. Several components have been identified in honey
which provide these necessary functionalities [18]. Considering the
bioactive roles of honey-loaded nanofibres, the present study
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hypothesised that honey-loaded substrates can reduce senescence
during ex-vivo culture of UCDMSCs and it can be developed as
delivery matrices in regenerative medicine. Nanofibre substrates
are employed for culturing cells after different passage numbers
and ROS level and senescence markers of cultured cells are
examined.

2 Materials and methods
2.1 Materials

Poly-vinyl alcohol (PVA) with molecular weight — 89-90 kDa was
purchased from Sigma Aldrich (USA). Dabur Honey (Lot No.
NP4722, Dabur India Limited, Kolkata, India) was purchased from
a local market and stored at 4°C. HiMesoXL™ Mesenchymal
Stem Cell Expansion Medium (HiMedia, India), antibiotic—
antimycotic (100x) (ThermoFisher Scientific, USA), MTT assay
kit from HiMedia, India; Live/Dead Double Staining Kit from
Merck, USA; DCFDA (2',7-dichlorofluorescin  diacetate)
(DCFDA/H2DCFDA - cellular ROS assay kit from Abcam, USA);
senescence histochemical staining kit from G Biosciences, USA
and foetal bovine serum from Invitrogen, USA were purchased for
cell culture studies. All experiments were performed in triplicate.

2.1.1  Substrate  fabrication  using  electrospinning
technique: PVA solution was obtained by dissolving 12 g PVA
powder in deionised water (Wasserlab, Spain) by stirring at 80°C.
Weighed amounts of honey were added to the PVA solution as 0.2,
0.5 and 1g. The volume was adjusted to obtain the final
concentrations of 12% PVA-0.2% honey (12PHO0.2), 12% PVA-
0.5% honey (12PHO0.5) and 12% PVA—1% honey (12PH1). These
concentrations were selected to obtain smooth electrospun
nanofibres based on a previous work [19]. Solutions were
homogenously stirred at room temperature for 24 h. Nanofibre
membranes were prepared by an electrospinning machine (E-SPIN
NANOTECH, SUPER ES-1, Kanpur, India). A 5 ml syringe was
loaded with different PVA/honey solutions and the voltage was set
at 22 kV. The collector to needle distance was kept at 12 cm and
the flow rate was set at 0.3 ml/h. The nanofibre membranes were
crosslinked with 2 M glutaraldehyde in HCI and acetone for 2 h
after electrospinning. All scaffolds were washed thrice with PBS
for 10 min at room temperature and dried before sterilising them
with UV irradiation for 1 h [20].

2.2 Physico-chemical characterisation

2.2.1 Scanning electron microscopy (SEM): SEM micrographs
were captured to visualise the morphology of nanofibres using
HITACHI 3400N scanning electron microscope at a voltage of 15
kV. Gold sputter coating was performed on samples before
imaging.

2.2.2 Contact angle measurement: Surface tensiometer
SURFECTENS 4.5 (OEG GmbH, Germany) was used to evaluate
the surface wettabilities of the electrospun membranes for the
measurement of water contact angle. The wettability of the
nanofibre membranes were determined by dropping distilled water
on membrane using the sessile drop technique. The images of the
droplets on the scaffolds were visualised using an image analyser.
The contact angle was measured ten times from different positions
for the different nanofibre membranes and average values are
reported.

2.2.3 Antioxidant release study by 2,2-diphenyl-1-
picrylhydrazyl  hydrate (DPPH) and 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic ~ acid)  (ABTS)  radical
scavenging assay: DPPH assay was used to estimate the PVA—
honey nanofibres’ radical scavenging activity (RSA). Ethanolic
solution of 200 mM DPPH (Sigma Aldrich, USA) was left in dark
for 30 min. The nanofibre membranes were placed in PBS for 3
and 5 days, respectively, and the supernatant was incubated with
the working solution of DPPH for 30 min at room temperature in
dark. Absorbance at 517nm was measured using UV-Vis
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spectrophotometer (MultiSkan GO Microplate Spectrophotometer,
Thermo Fischer Scientific, Ratastie 2, FI-01620 Vantaa, Finland)
and the RSA was calculated using the following formula:

RSA% = 100 — [(Abssample - Absblank)/Abscomrol]

where Abssample, AbSplank and Abscongrol signify the absorbance of
the sample, blank and control, respectively, at 517 nm.

Ascorbic acid solution in different concentrations was used as
standard. The DPPH assay was performed in triplicates for all the
test samples.

A 190 pl of ABTS working solution (7 mM) was added to each
of the scaffolds on 96-well plates and incubated for 30 min in dark
at 37°C. The absorbance was taken with the help of an UV-Vis
spectrophotometer at 734 nm. The same standard was used for this
assay. All the experiments were performed in triplicate. The %
ABTS RSA was determined by using the formula

ABTS radical scavenging activity (%) =
(Abscontrol - Abssample)/Abscontrol

where AbS¢onirol 18 the absorbance of ABTS radical in methanol
and Absgapple s the absorbance of ABTS radical solution mixed
with sample.

2.3 Cell culture study

2.3.1 UcbMsC isolation, identification and
characterisation: Umbilical cord (UC) was obtained after normal
deliveries under informed written consent and approval from the
Institutional Ethics Committee of IIEST, Shibpur. UCDMSCs were
isolated and cultured according to the protocol described by
Mennan et al., 2013, with minor modifications. In brief, UC was
washed three times with PBS containing 1% antibiotic solution and
20% betadine (standardised microbiocidal solution, 10%) with
gradual reduction in betadine concentration after each wash. UC
was then dissected into ~2-3 cm of length and artery, vein and
Wharton's jelly were removed from each section. After mincing the
UC into 5-6 mm3 fragments, samples were incubated with
complete HiMeso Stem Cell Expansion Medium (HiMedia, India).
Cells were incubated at 37°C, 5% CO,. After 21 days, the tissue
explants were removed. The cells were subcultured upon reaching
60-80% confluency at a density of 1x10*cm™2 for further
expansion [21].

2.3.2 UCDMSC biomarkers: Isolated cells were stained with
positive (CD105) and negative (CD45) markers for identification
of UCDMSC. Four percent paraformaldehyde was used to fix the
cells for 15 min at room temperature and scaffolds were washed
with PBS thrice. Cell suspensions (5x 10° cells) were incubated
with mouse anti-CD105 antibody and mouse anti-CD45 antibody
at a dilution of 1:200 (Dako, North America Inc.) overnight in a
humidifying chamber at 4°C. Cells were stained with fluorescein
isothiocyanate (FITC)-conjugated goat-anti-mouse IgG secondary
antibody (1:500) (Santa Cruz Biotechnology, Inc., USA) and
incubated at room temperature for 2 h in dark. Immunostained cells
were counterstained with 4,6-diamidino-2-phenilindole (DAPI)
(Sigma Aldrich, Saint Louis, MO, USA).

2.3.3 Culture of UCDMSC on nanofibres: For biological
assays, the nanofibre substrates were seeded with UCDMSC at a

concentration of 5 x 10 cells/ml and cultured in as described for
each experiment.

2.3.4 MTT cell viability test: The viability of cells cultured on
nanofibres was assessed through MTT assay (EZcount™ MTT cell
Assay Kit, HiMedia, Mumbai, India). UCDMSC were trypsinised
and suspended in 100 pl of HiMeso mesenchymal stem cell
expansion medium/well at a final concentration of 5 x 10% cells/
well and cultured in 96-well plate. After 3 days incubation, MTT
solution was added to each well along with serum-free cell culture
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media. Cells were incubated for another 4 h at 37°C and 100 pl of
solubilisation buffer was added to the well plates and were put on a
shaker for 10 min. Then, the nanofibre membranes were taken out
and 100 pl of the supernatant from each test group was pipetted
into a fresh 96-well plate. The optical density at 570 and 670 nm
was measured using an UV-Vis multi-plate spectrophotometer
(Thermo  Scientific™  Multiskan™ GO Microplate
Spectrophotometer, Finland). Same procedure was repeated by
culturing cells on the nanofibre membranes for 5 days for
estimating the cell viability. Percentage of cell viability was
calculated by the following formula:

% cell Viability = [(Abstest - Absblank)/AbScontrol - Absblank]
x 100

where Absiegi, Absplank and Absconror Signify the absorbance of the
sample, blank and control, respectively, at 570 nm.

2.3.5 Live/dead cell viability test: Cells cultured on nanofibre
membrane for 5 days were stained with the 100 pl staining solution
and incubated for 15 min at 37°C according to manufacturer's
protocol (QIA76 Live/Dead Double Staining kit, Merck, India).
After incubation, cells were analysed under a fluorescence
microscope (Nikon eclipse Ti U, Japan).

2.3.6 Expression of vimentin and CD105: Cells cultured on
nanofibre membranes after 5 days were fixed with 4%
paraformaldehyde for 15 min and permeabilised with 0.1% Triton
X-100 at room temperature. Cells were incubated with anti-
vimentin primary antibody (1:200) (MAB3400, Merck, India) and
mouse anti-CD105 antibody (1:200) (Dako, North America Inc.)
overnight at 4°C after blocking with 1% bovine serum albumin
(BSA) in PBS. After thorough washing, cells were incubated with
goat anti-rabbit IgG conjugated with FITC (1:200) (Santa Cruz
Technology, Shanghai) secondary antibody for 2h at room
temperature. Immunostained cells were counterstained with DAPI
(Sigma Aldrich, Saint Louis, MO, USA). Mounting media (Sigma
Aldrich) was used to mount the cells on the slide after thorough
washing of the cells with 1X PBS.

2.3.7 Phalloidin staining: After culturing for 5 days, nanofibre-
cell constructs were washed in PBS (pH 7.4) and fixed in 4%
paraformaldehyde for 15 min. After washing with PBS, constructs
were incubated with 50 pg/ml rhodamine-conjugated phalloidin
(Invitrogen, CA, USA) for 90 min and counterstained with 1 pg/ml
of DAPI for 1 min.

2.3.8 Measurement of ROS by DCFDA staining and nitro
blue tetrazolium chloride (NBT) assay: ROS production of cells
(P=2 and P=6) cultured on nanofibre membranes were assessed
with DCFDA (DCFDA/H2DCFDA - cellular ROS detection assay
kit). UCDMSC seeded on scaffolds were cultured at passage 2 (P2)
and passage 6 (P6) for 5 days. The media were discarded and
washed with 1X PBS. Cell-seeded substrates were incubated with
incomplete media and DCFDA at a concentration of 20 pM for 30
min at 37°C and 5% CO, in dark condition. Cells were finally
washed with PBS before image acquisition.

NBT (nitro BT) (extrapure AR, 99%) at a concentration of 0.1
mg/ml in 1x PBS was used as working solution. For assay,
UCDMSC cultured on PVA:honey nanofibre membranes was
trypsinised and incubated with 300 ul of the working solution for
15 min at room temperature. The cells were washed thoroughly
with 1x PBS and the formazan crystals that were formed were
dissolved by adding 300 ul DMSO. A 100 pul of the dissolved
solution from each test group was aliquot in 96-well plate and the
measurement was taken at 630 nm using an UV—Vis multi-plate
spectrophotometer  (Thermo  Scientific™ Multiskan™ GO
Microplate Spectrophotometer, Finland).

For differential interference contrast (DIC) and fluorescence
microscopy, images were acquired through inverted fluorescence
microscope (Nikon eclipse Ti U, Japan) equipped with 20x%
objective. Fluorescence intensity of the images was measured using
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Image] software (version 1.44p). For intensity estimation in ROS,
the green fluorescent intensity of cells was calculated from five
field of views (FOVs). For each study groups, ~75 cells were
considered for the analysis. The fluorescence intensity of
individual cell was calculated and averaged for each image frame
using image] software (version 1.44p). Representative DIC/
fluorescence merged images were obtained with the help of NIS-
Elements software [22, 23].

2.3.9 Senescence-associated [-galactosidase staining for
senescence detection: UCDMSC cultured on PVA and honey-
loaded nanofibre substrates at P=2 and P =6 were fixed with 1x
fixing solution provided in the kit for 10 min at room temperature.
About 200 ul of staining solution (senescence histochemical
staining kit, G-Biosciences, USA) was added to each well
according to manufacturer's protocol. The well plates were
incubated at 37°C for 12 h.

For B-gal study, cell imaging was performed through bright-
field mode using 20x objective. Total number of positively stained
cells (blue) was counted from ~60 cells from each study group
using ImageJ software. The percentages of positively stained cell
were estimated by using the formula: % of B-gal positive cells =
total number of blue cells (B-gal positive)/total number of cells
(number of B-gal positive cells + number of B-gal negative cells) x
100 [24, 25].

2.3.10 Determination of senescence associated secretory
phenotype cytokine, IL-6 by immunocytochemistry: UCDMSC
cultured on nanofibre membranes after 5 days were fixed with 4%
paraformaldehyde for 15 min and permeabilised with 0.1% Triton
X-100 at room temperature. Cells were incubated with mouse anti-
IL-6 primary antibody (1:22) (4 ug/ml) in 1% BSA in PBST
(Developmental Studies Hybridoma Bank, lowa, USA) for 2 h at
room temperature After thorough washing, cells were incubated
with goat anti-rabbit IgG conjugated with FITC (1:200) (Santa
Cruz Technology, Shanghai) secondary antibody for 2 h at room
temperature. Immunostained cells were counterstained with DAPI
(Sigma Aldrich, Saint Louis, MO, USA). Mounting media (Sigma
Aldrich) were used to mount the cells on the slide after thorough
washing of the cells with 1x PBS.

2.4 Image acquisition

For fluorescence microscopy, images were acquired through
inverted fluorescence microscope (Nikon eclipse Ti U, Japan)
equipped with 20x objective. Three different fluorescence filters
(Aex340-380nm  and Ay 435485 nm, A,465-495 nm  and
Aem315-555 nm, A, 512-552 nm and A, 565-615 nm for blue,
green and red emission, respectively) were used for imaging.
Fluorescence intensity of the images was measured using ImagelJ
software (version 1.44p). For B-gal study, cell imaging was
performed through bright-field mode using 20x objective. For
intensity estimation for vimentin, ROS and IL6 expression, five
FOVs consisting of five to six cells were selected from each study
groups and each experiment was performed in triplicate. The
fluorescence intensity of individual cell was calculated and
averaged for each image frame using Image] software (version
1.44p). The dimension of fluorescence and bright field images are
1280 x 1024 and 2560 x 1920 pixel, respectively.

2.5 Statistical analysis

All values are expressed as meantstandard deviation of at least
three experiments for each batch of PVA-honey nanofibre
membrane using one-way ANOVA with Dunnett post-hoc test.
Comparison between different experimental groups was performed.
Values of p<0.05 and p<0.0001 were considered to be
statistically significant. The significance value was calculated by
using Prism 5.04, Graphpad Software, CA, USA [26].
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Fig. 1 SEM images of electrospun nanofibres
(@) 12PHO, (b) 12PH0.2, (c) 12PH0.5, (d) 12PH]1 at 10,000x magnification
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Fig. 2 Frequency distribution histogram plot for nanofibre diameters of
(a) 12PHO, (b) 12PH0.2, (¢) 12PHO.5, (d) 12PH1

3 Results

3.1 Physico-chemical
membranes

characterisation of nanofibres

Surface morphology of the nanofibre matrices (Figs. 1a—d) showed
formation of uniform, bead-free nanofibres for all the combinations
evaluated.

It was also evident that honey incorporation increased the
diameter of the nanofibres. The diameter of nanofibres was 144 +
27, 184+36, 255+44 and 305+43 nm for 12PVA, 12PH0.2,
12PHO0.5 and 12PHI, respectively, as depicted in the frequency
distribution graph (Figs. 2a—d). Detailed analysis of nanofibre
dimension was measured from the SEM images with Imagel
software. Approximately 200 fibre strands were analysed for each
study group.

These observations corroborated with previous reports where
increase in fibre dimensions due to honey incorporation has been
attributed to increase in viscosity and hygroscopicity of the
nanofibres. Previous studies have also reported that PVA-based
nanofibre substrates with similar characteristic are ideal for cell
culture [27]. Further, honey incorporation in PVA nanofibres also
increased the hydrophilic character of the matrices as the measured
water contact angles decreased to 52°, 47° and 46° for 12PH0.2,
12PHO0.5 and 12PH1, respectively, from 57° measured for pure
PVA nanofibre matrices (Fig. 3). Generally, it is assumed that
increased hydrophilicity improves the attachment of stem cells
[28]. In the present study, hydrophilic behaviour of membranes is

IET Nanobiotechnol., 2020, Vol. 14 Iss. 9, pp. 870-880
© The Institution of Engineering and Technology 2020

65 -

= =

50 -
=

PHO PHO.2 PHO.5 PHI1

‘Water contact angle (°)

15

Fig. 3 Graphical representation of water contact angle of 12PHO,
12PH0.2, 12PH0.5 and 12PH1 nanofiber membranes
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Fig. 4 Antioxidant release from PVA—honey nanofibre membranes
measured by DPPH radical scavenging assay showing the optimum
antioxidant activity provided by 12PH0.5 compared to the other nanofibre
membrane groups

later corroborated with the adhesion and proliferation of
UCDMSC.

3.2 Antioxidant property of the nanofibre membranes

The DPPH reagent shows absorbance at 517 nm wavelength and
contains stable free radicals, which are scavenged by antioxidants
released from the nanofibre membranes, therefore providing
quantitative information on antioxidant property. As shown in
Fig. 4, the PVA nanofibre showed 38% RSA. The scavenging
activity was significantly increased in 12PH0.2 (51.3%) and further
in 12PHO0.5 (52.5%). However, no significant difference was found
between 12PH0.5 and 12PH1 (51.4%). The RSA of honey is
defined by antioxidant phenolic contents such as benzoic acid,
cinnamic acid and their ester derivatives [29]. However, honey also
contains pro-oxidants like H,O, and low concentrations of honey
are known to produce low hydrogen peroxide levels and therefore,
a balance level between antioxidants and pro-oxidants are observed
[30]. Several other investigators have also found optimal honey
concentrations for antioxidant activities in both raw honey
dilutions and scaffold forms [31]. Similar trend was observed in
ABTS assay as shown in Fig. 5.

3.3 Characteristics of isolated UCDMSC

Isolated UCDMSC showed alteration in morphology after few days
of culture compared to morphology obtained in immediately after
isolation. Cells first attached on day 6 of isolation and assumed
polygonal, spindle and spread-out morphologies gradually. Isolated
cells showed positive expression of CDI105 and negative
expression for CD45 (Fig. 6). It confirms the stemness of the
isolated cells obtained from UC [32].
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Fig. 5 Antioxidant release from PVA-honey nanofiber membranes
measured by ABTS radical scavenging assay shows the optimum
antioxidant activity provided by 12PH0.5 compared to the other nanofiber
membrane groups. The experiment was performed in triplicate
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Fig. 6 Expression of positive (CD105) and negative (CD45) markers on
isolated MSCs

3.4 Cell viability assay

MTT assay results were further confirmed by live/dead assay as
represented in Fig. 7b. In all the substrates, number of live cells
was greater than dead cells, though the proportion of live to dead
cells increased along with increased honey concentration of the
substrates, i.e. 63, 74, 87 and 83% in 12PHO, 12PHO0.2, 12PHO0.5
and 12PH1, respectively.

To evaluate the cytocompatibility of matrices with stem cells,
viability of UCDMSC cultured on nanofibre membranes was
studied through MTT assay (Fig. 7a) after 3 and 5 days of culture.
The cellular viability in control group was considered as 100%.
The highest cell viability was observed in 12PHO0.5 with ~117 and
~128% for 3 and 5 days, respectively. On the other hand, 12PHO
showed the lowest viability of UCDMSC for both 3 days (~75%)
and 5 days (~93%) of culture. A significant increase in cellular
viability was observed between honey-containing membranes and
pure PVA membrane after 5 days of culture. However, in between
12PHO0.5 and 12PH]1, no significant change in cellular activity was
observed. Result indicates that honey incorporation in scaffolds
improved the compatibility of nanofibre substrates of PVA with
UCDMSC, as is seen with other cell types like fibroblasts and
osteoblasts [27, 33]. However, this is the first study on interaction
of honey-based substrates with any type of mesenchymal stem
cells.

3.5 Cytoskeleton arrangement
Phalloidin staining (Figs. 8a—d) showed the distribution of actin
filament of attached UCDMSC on different substrates.

3.6 Vimentin and CD105 expression

After ensuring the non-cytotoxic nature of the honey-incorporated
nanofibres, the ability of nanofibres to maintain the integrity of
UCDMSC was evaluated by quantifying the expression of
vimentin. Vimentin is an intermediate filament (IF) protein
expressed in mesenchymal stem cells [34]. The expression of
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Fig. 7 Representing the viability of UCDSMSC on different nanofibre

membranes at 3 and 5 days of culture by
(a) MTT assay, (b) Live/dead double staining assay
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Fig. 8 F-actin filaments showing cytoskeletal network of UCDMSC
cultured on different PVA—honey nanofibre membranes
(@) 12PHO, (b) 12PH0.2, (¢) 12PHO.5, (d) 12PH1

vimentin is higher in undifferentiated stem cells whereas
expression of this marker is markedly reduced as cells fate change
towards differentiated lineages [35].

Researchers have identified four markers, CD29, CD44, CD105
and vimentin, strongly expressed in undifferentiated mesenchymal
stem cells [36, 37]. In the present study, the expression of vimentin
(green) (Fig. 9a) in 12PHO is visibly less in comparison to PVA—
honey nanofibres (Figs. 9b—d). Quantitative analysis of the
expression (Fig. 10) further revealed that the intensity was lowest
in 12PHO (~40 arbitrary unit, i.e. au) which significantly increased
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Fig. 9 Expression of vimentin in UCDSMSC cultured on
(@) 12PHO, () 12PH0.2, (¢) 12PHO.5, (d) 12PH1
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Fig. 10 Intensity distribution of vimentin in different study groups

in PHO.2 (~50 au), PHO.5 (~79 au) and PH1 (~80 au). UCDMSC
showed similar expression trend with CD105 on the different
nanofibre membranes as shown in Figs. 11 and 12.

It becomes evident that honey matrices help in maintenance of
the stemness of UCDMSC. Further, expression of vimentin also
has a correlation with the cellular ROS. Generally with prolonged
culture, increase in cell membrane ROS concentration in culture
media is enhanced, which can induce stem cell differentiation into
certain lineages [38]. It is observed that vimentin expression
significantly reduces in the presence of oxidative agents [9]. In
addition, ROS accumulation causes vimentin to be replaced by
other IF which initiate cellular differentiation [39].

3.7 ROS production

For application in clinical regenerative medicine, UCDMSC are
required at large numbers for which serial passaging is essential.
However, increase in each passage number invariably results in
loss of cell viability, stem-cell properties and driving the cells
towards senescence [40]. Accumulation of increased ROS loads
has been identified to be one of the factors leading to stem cell
ageing and death. The relationship between ROS production with
proliferation of stem cells is also well established [41]. ROS are
generated due to activity of mitochondrial complexes and lower
ROS level facilitates cellular proliferation and differentiation [42].
However, higher concentration of these free radicals induces
damage in important biomolecules including DNA, proteins and
lipids as well as causes cellular dysfunction, induction of
senescence [43] or aberrant differentiation. In a study by Estrada et
al. [44], it has been demonstrated that ROS-induced senescence of
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c

Fig. 11 Expression of CD-105 in serially subcultured cells at P2 on
(a) 12PHO, (b) 12PHO0.2, (c) 12PHO.5, (d) 12PH1

c

Fig. 12 Expression of CD-105 in serially subcultured cells at P6 on
(a) 12PHO, (b) 12PH0.2, (¢) 12PHO.5, (d) 12PH1

UCDMSC originates exclusively from mitochondria, observed
with enhanced mitochondrial oxygen consumption rate with
increase in passage numbers of stem cells.

In the present study, the effect of honey incorporation in the
nanofibres on ROS mitigation of stem cells at different cellular
passage numbers (P =2 and 6) was examined and is represented in
Figs. 13 and 14. Higher accumulation of ROS was observed in
UCDMSC in P6 in comparison to P2 in all study groups (Fig. 14).
The intensity analysis (Fig. 15) for ROS at P2 showed ROS
accumulation decreased with incorporation of honey. In P2, the
PVA substrates showed average ROS intensity of ~18.9 au
whereas with incorporation of honey the ROS accumulation was
significantly (p <0.05) decreased.

Nanofibre membranes of 12PH0.2, 12PH 0.5 and 12PHI1
showed intensity values of ~17.29, 16.8 and 18.6 au, respectively.
Although the difference in ROS intensity value between PVA and
honey containing substrates were statistically significant, among
honey containing nanofibres, no significant difference in ROS was
observed at P2. While comparing the ROS accumulation at P2 and
P6, the higher ROS was observed at P6 in comparison to P2 for all
the study groups. The difference between ROS intensity values at
P2 and P6 was highest in 12PHO nanofibres and was significant
(~18.9 and 21.8 au, respectively). For 12PH0.2 and 12PHI, the
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Fig. 13 Expression of endogenous ROS load in serially subcultured cells
at P2 on 12PHO (A, Al, A2), 12PH0.2 (B, B1, B2), 12PH0.5 (C, C1, C2)
and 12PHI (D, D1, D2) as represented by DIC, fluorescence and DIC/
fluorescence merged images, respectively

DIC Fluorescence DIC/Fluorescence

- -
B2

12PHO.2

12PHO.5

12PHL

Fig. 14 Expression of endogenous ROS load in serially subcultured cells
at P6 on 12PHO (A, Al, A2), 12PH0.2 (B, Bl, B2), 12PH0.5(C, Cl1, C2)
and 12PHI1 (D, D1, D2) as represented by DIC, fluorescence and DIC/
fluorescence merged images, respectively. Scale bar: 100 um

ROS level was significantly (p <0.05) increased at P6 though the
difference between ROS at P2 and P6 was not significantly
different in 12PHO0.5. Moreover, the ROS intensities in 12PHO0.5
and 12PH]1 were significantly lower in comparison to 12PHO0.2 for
both the passages. In 12PHO0.5, the ROS intensity was lowest and
its difference with PH1 group was not significant.

A similar trend was observed when NBT assay was performed
as shown in Fig. 16. This indicates that probably a higher ROS has
been generated due to high proliferation activity on the different
nanofibre membranes. The ROS level is effectively reduced by
culturing cells on 12PHO0.5 nanofibres, suggesting that
concentration optimisation with respect to biological properties
may drive better selection of materials (Fig. 17).
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Fig. 15 [Intensity graph representing ROS accumulation on 12PHO,
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Fig. 16 Quantification of ROS using a colorimetric NBT assay. ROS
generation by cells from different nanofiber membranes was measured by
using the colorimetric NBT assay done in triplicate set. Graphical
representation shows there is significant decrease in ROS generation in
cells cultured on 12PHO0.5 and 12PH]1 as compared to control
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Fig. 17 Proliferative potential of MSCs at P2 and P6

3.8 Senescence-associated 3-gal staining

On examination of reducing ROS load of UCDMSC by honey
containing substrates, their ability to affect senescence was
evaluated. B-gal is an important marker associated with senescence
of mesenchymal stem cells. Research has showed that loss of -gal
and gain of vimentin delayed the senescence onset on cultured
stem cells [24]. Similar to the intensity value for ROS, the B-gal
expressions in cultured cells were increased from P2 to P6
(Figs. 18 and 19).
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Fig. 18 Expression of f-gal positive cells cultured on different nanofibre
membranes

(a) 12PHO, (b) 12PHO0.2, (¢) 12PHO0.5, (d) 12PH1 at P2. The red and green arrows
indicate the expression of B-gal positive and negative cells

/ "{1

N

A _)/jal' h\

Fig. 19 Expression of p-gal positive cells cultured on different nanofibre
membranes

(a) 12PHO, (b) 12PHO.2, (c) 12PHO0.5, (d) 12PH1 at P6. The red and green arrows
indicate the expression of B-gal positive and negative cells

At P2, the number of -gal positive cells was visibly lower in
honey incorporated substrates in comparison to pure PVA fibres
(Figs. 18a—d). The percentage of B-gal positive cells is lowest in
12PHO0.5 in comparison to 12PHO and 12PHO0.2. However, there is
no significant difference in percentage between 12PHO0.5 and
12PH1 for P2. For P6 (Figs. 19a—d), the number of positively
stained cells was increased in all study groups. The percentage
(Fig. 20) of B-gal positive cells was measured for all study groups
at both P2 and P6.

It was observed that percentage of B-gal positive cells was
highest in cells cultured on PVA nanofibres (59 and 74 au). For P2
and P6, with increasing honey concentration in membrane, the
percentage of B-gal positive cells significantly reduced. At P6, the
percentage of B-gal positive cells was significantly reduced in
12PHO0.5 in comparison to 12PHO and 12PHO0.2. It was also
observed that intensity of IL-6 was highest in cells cultured on
12PHO and for P2 and P6, with increasing honey concentration in
the nanofibre membrane, IL-6 showed decreased expression
(Figs. 21 and 22). At P6, intensity of IL-6 was significantly
reduced in 12PHO0.5 in comparison to 12PHO and 12PH0.2
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Fig. 20 Percentage of f-gal positive cells cultured on different study
groups at P2 and P6 passages

c d

Fig. 21 Expression of IL-6 in UCDSMSC cultured at P2 on
(a) 12PHO, (b) 12PHO0.2, (¢) 12PH0.5, (d) 12PHI1. The red arrows indicate the
expression of IL-6

e d

Fig. 22 Expression of IL-6 in UCDSMSC cultured at P6 on
(a) 12PHO, () 12PHO0.2, (¢) 12PHO0.5, (d) 12PHI1. The red arrows indicate the
expression of IL-6

877



p=0.032

5 p=0.0007
p=0.0050 p=0.043
45
4
535
<
= 3
] mpP=) mWP=6
2125
S 2.
=
2 2
@
2
S 15
1
0.5
0
12PHO 12PH0.2 12PH0.5 12PHI

Fig. 23 Intensity graph of IL-6 on different study groups at P2 and P6
passages

following similar trend as estimated by showing [p-gal activity
(Fig. 23).

4 Discussion

Honey is a biologic wound dressing with documented efficacy in
traditional literature as well as in modern clinical applications [45].
Recently, the antibacterial properties of Manuka honey against
antibiotic resistant strains of bacteria have attracted attention in
biomaterial scaffold fabrication for bone regeneration [31]. Such
activity has been ascribed to the presence of methylglyoxal content
through a non-peroxide mediated mechanism [46]. Similarly, the
antioxidant and anti-inflammatory components of honey have
found extensive investigation in biomaterial application [47]. On
the other hand, senescence of stem cells has remained as the
principal mechanism undermining their long-term expansion and in
vivo delivery for clinical applications. Senescence in stem cells
accrues due to serial sub-culturing. The role of oxidative stress
accumulation in determining such cellular response has been
elucidated [48]. To evaluate the extent of replicative senescence,
cells can be stained by senescence-associated f-gal. Although a
basal level of oxidative stress is present in every cell, they become
compromised when the physiological balance between oxidant and
antioxidant species gets perturbed giving rise to a high level of
ROS within the cell. Superoxide radicals and hydrogen peroxide
are important ROS having identified the role in the augmentation
of ageing and related diseases [49, 50]. The action of antioxidant
enzymes decreases with age and homeostasis, which otherwise
maintains the balance between pro-oxidants and antioxidants
resulting in increased expression of ROS [51].

Mitochondrial pathways are known to contribute to priming the
senescence process, through the alteration of mitochondrial redox
state [52, 53]. In recent years, natural antioxidants have been
explored extensively for regulating cellular behaviour. Polyphenols
are the most abundant antioxidants having redox properties. Free
radicals such as hydrogen donors, singlet oxygen quenchers, metal
chelators and reductants of ferryl haemoglobin are scavenged by
polyphenols [54]. Honey, in this context offers a promising
proposition to reduce cellular senescence by release of different
flavonoids and polyphenols from the fabricated substrates [S5].
Therefore, it was of interest to see if honey-based substrates can be
fabricated to reduce senescence of stem cells. Moreover, after in-
vivo implantation, inflammatory mediators also act to induce
senescence of stem cells and the various anti-inflammatory
components of honey are expected to provide complimentary
support.

In a previous work, PVA—honey electrospun nanofibre matrices
were fabricated with different honey concentrations as anti-
inflammatory matrices for wound healing. The same compositions
were selected as PVA is one of the most conveniently electro-
spinnable polymers and allows incorporation of low levels of
honey in beads free nano-fibre matrices. Secondly, PVA matrices
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are inherently inert to most of the cells and hence can act as a
suitable substrate for investigating the role of additives. Honey—
PVA nanofibres in the range of 180-300 nm were fabricated, a
dimension range which approximates other PVA—honey nanofibre
mats are reported in the literature [19]. UCDMSC were isolated by
maintaining the standard protocol. In our work, it was found that
the cells were of rounded morphology until they adhered on the
tissue culture flask at day 6, after which the cells gradually get
transformed to elongated shape. After day 21, as the cells reached
confluency, the explants were removed from the flasks. The
isolation of mesenchymal stem cell was confirmed by performing
immunocytochemistry and detecting the expression of positive
mesenchymal stem cell marker CD105 and absence of negative
mesenchymal stem cell marker CD45. Leveraging the traditional
knowledge of honey in wound healing, several studies have already
shown the biocompatibility of honey nanofibres with keratinocytes
and osteoblasts [31]. All studies have concluded that honey
incorporation can significantly improve cell compatibility of
scaffolds. However, compatibility of honey scaffolds with stem
cells and their proliferation behaviour was not known. Therefore,
viability and proliferation behaviour of UCDMSC was investigated
by an MTT assay and visualised by live/dead staining assay while
their cytoskeletal morphology was ascertained by phalloidin
rhodamine staining. It was evident that honey-based substrates
promoted cell growth over the inert PVA matrices. We observed
that 0.5 or 1% honey incorporation significantly increases cell
proliferation compared to a 0.2% honey substrate which
corroborating with the study by Hixon et al. [55], which showed
increased viability of MG63 cells cultured on honey-biomaterial
matrices containing 1-10% honey. Moreover, the ability of the
matrix to preserve mesenchymal phenotype was confirmed by
vimentin staining.

The maintenance of the cellular status of UCDMSC has direct
implications on their therapeutic usefulness. Estimation of ROS
load in the UCDMSC when cultured on these nanofibre substrates
was the first functional test performed in a passage-dependent
manner as it is well known that cells cannot grow indefinitely and
undergo the Hayflick phenomenon induced by replicative
senescence. A decrease in the ROS load of cells by culture on
poly(ethylene glycol)-polcaprolactone matrices has been reported
by Balikov ef al. [56]. Similarly, our study hypothesised that the
passage-dependent ROS load increase in cells can be reduced by
culturing  UCDMSC on antioxidant PVA:honey nanofibre
substrates. Previously, Tan et al. [57] have found that culturing
corneal progenitor cells with 0.0004-0.4% of Tulang honey
reduces oxidative stress of cells. Their results have also shown that
concentrations of honey as media supplement above 3.33% may be
toxic to the cells. Moreover, the balancing act of pro-oxidant and
antioxidant components of honey in reducing cellular stress was
also evident from their study. The senescent status of the
UCDMSC cultivated on nanofibre substrates in this study at both
early (P=2) and late stages (P=6) was confirmed by the
decreased activity of endosomal B-D-galactosidase. Interestingly,
both ROS load and senescent positive cells were lower in P6
cultured on 12PH0.5 compared to P2 cells cultured on 12PVA,
suggesting significant recovery of cellular damage mediated by
ROS.

Though the underlying molecular mechanisms associated with
replicative senescence are not yet extricated in details, it is known
to have consequences for stem cell therapy [2]. We have
demonstrated that UCDMSCs cultured on honey-blended PVA
substrate under standard condition decreases the ROS load. As the
ROS load decreased, the fraction of senescent cells also decreased.

5 Conclusions

In this study, we have explored the consequences of culturing
UCDMSC on electrospun PVA-honey nanofibre substrates to
reduce their senescence in regenerative medicine applications.
Incorporation of honey into the substrates exhibited antioxidant
property, which could be observed up to day 5 indicating the
release of antioxidant from the nanofibre membranes. Increased
intracellular ROS load generated due to successive subculturing
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was reduced by culturing UCDMSC on honey-loaded substrates. It
can be concluded that honey incorporation played significant role
in the reduction of ROS load in a passage-dependent manner.
PVA-honey substrates were also effective in reducing senescence-
associated changes of UCDMSC in a passage-dependent manner.

From these complementary observations,

the 0.5% honey

concentration was considered optimum. Furthermore, these results
suggested that the electrospun PVA—honey nanofibre membrane
can be used as a suitable extracellular niche for the maintenance of
UCDMSCs as well as used as a carrier for stem cell delivery in
wound healing, regenerative medicine and tissue-engineering
applications.
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