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A B S T R A C T

Background: Bone marrow mesenchymal stem cells (BM-MSCs) are undifferentiated cells that can proliferate and
differentiate into specialized cells for tissue self-repair. Low-level laser (LLL) can induce biomodulatory effects
such as cellular proliferation, differentiation, and migration. We investigated the biomodulatory effects of the
photoactive compound chloroaluminum phthalocyanine nanoemulsion (AlClPc/NE) on the adipogenic differ-
entiation of BM-MSCs, when combined with LLL (AlClPc/NE-LLL).
Methods: The BM-MSCs used in this work were isolated from green fluorescent protein-positive (GFP+) C57BL6
mice. Cells were first treated with AlClPc/NE, a well-designed photoactive nano-drug and were then subjected to
in vitro expansion, morphological and immunophenotypic characterization, and cellular cytotoxicity analysis.
Subsequently, BM-MSCs were induced to differentiate into adipocytes by photo-induced biomodulation with
AlClPc/NE-LLL.
Results: Our results showed that the isolated cell population was consistent with murine BM-MSCs. The cellular
cytotoxicity analysis revealed that the optimal nanoemulsion dose to induce BM-MSC biomodulation was 5.0
μmol/L. Twenty-four hours following treatment with AlClPc/NE, BM-MSC were subjected to visible light irra-
diation of 20 mJ/cm2 at 670 nm. Six days after photo-induced biomodulation, cells maintained high GFP ex-
pression level, and expressed detectable mRNA levels of adipogenic genes (lipoprotein lipase and PPARγ); for-
mation of lipid vacuoles was observed, and the cells did not show any tumorigenic potential in vivo.
Conclusions: Our results indicated that photo-induced biomodulation via visible light using AlClPc/NE and LLL
can induce adipogenic differentiation of murine BM-MSCs. Therefore, cell therapy with BM-MSCs and photo-
induced biomodulation may contribute to the development of new therapeutic strategies that are faster and more
effective than traditional methods to trigger MSC differentiation.

1. Introduction

Mesenchymal stem cells (MSCs) are multipotent cells that are iso-
lated from bone marrow (BM-MSCs), and exhibit fibroblast-like mor-
phology [1]. BM-MSCs are capable of extensive self-renewal without
malignant changes and can differentiate into cells of different lineages.
Thus, they hold promise for many clinical applications [2]. MSCs may
be used to repair damaged tissue, such as in reconstructive surgeries

[3,4]. MSCs exhibit immunomodulatory properties, as these do not cells
express costimulatory molecules or major histocompatibility complex
(MHC) class II and do not trigger immune responses in allogeneic re-
cipients [5].

The MSC lineage has been shown to be sensitive to biophysical and
biochemical properties of the extracellular matrix, such as the type of
adhesion ligands that are present in the microenvironment [6].
Therefore, extensive studies have been conducted on MSC isolation,
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culture, and differentiation. While there is now greater understanding
of MSC biology, and its availability has increased, an alternative
method for adipogenic differentiation of BM-MSCs that is faster and
more reliable is still lacking. In 2011, Cristancho and Lazar reported
that adipogenesis proceeds in two stages. The first stage is known as
pre-adipocytic differentiation; during this time period, MSCs are regu-
lated by biophysical and biochemical signals such as cell shape and
matrix ligands. The second stage is known as terminal differentiation,
were adipocytes mature upon activation of peroxisome proliferator-
activated receptor γ (PPARγ) [7].

Adipogenic differentiation of MSCs has generated much interest
among researchers in many areas of medicine. From a clinical point of
view, physicians need to face challenging reconstructive cases, such as
soft tissue resorption [8]. For instance, human immunodeficiency virus
(HIV)-infected patients that use highly active antiretroviral therapy
develop facial lipodystrophy, which can become an aesthetic problem
[9]. Additionally, burn patients also often experience soft tissue atrophy
[10]. These patients may benefit from tissue engineering for re-
construction of adipose tissues via regenerative medicine. Thus, it is
necessary to develop faster and more reliable methods for triggering
adipogenic differentiation of BM-MSCs.

Studies have shown that the higher the proliferation rates of MSCs,
the greater is the regenerative and healing capacity of the tissues they
reside in. Within this context, low-level laser (LLL) irradiation has been
shown to be effective in a variety of medical conditions such as mucosal
healing, skin ulcers, dermatitis, and mucositis by exerting positive
biomodulatory effects on MSCs [11]. Photo-induced biomodulation is
achieved through visible light sources with low power, such as light-
emitting diodes (LEDs), low-level laser light (LLL), or light emitters in
the visible red to near-infrared (NIR) region [12]. However, the un-
derlying molecular mechanisms of this process are not completely un-
derstood. It has been suggested that the energy of the laser is absorbed
by intracellular chromophores, and is converted into metabolic energy,
which is then used by the mitochondrial respiratory chain to produce
ATP; this enhances DNA activity and synthesis of RNA and proteins
[11]. Thus, the effective of the energy absorbed by the laser would be
highly significant. One such mechanism is photodynamic therapy
(PDT). PDT involves the transfer of energy from a photosensitizer that
absorbs visible light to molecular oxygen, which results in generation of
excited state singlet oxygen [13]. Studies have shown associations be-
tween the epidermal growth factor receptor (EGFR) pathway and PDT
cancer stem cells cytotoxicity [13,14]. LLL is widely used for tissue
regeneration, especially to stimulate growth of osteoblasts [15]. Studies
have shown that combination therapy based on MSCs and low-level
laser irradiation may yield positive results in therapeutic approaches
[16].

Chloroaluminum phthalocyanine (AlClPc) has been used as a pho-
tosensitizer (PS) in various nano-drug delivery systems in the form of a
nanoemulsions (AlClPc/NE). It can be excited by visible light (660 nm),
and has demonstrated clinical effectiveness in skin cancer therapy
(based by PDT) or wound healing process [17,18]. Kushibiki et al.
(2015) demonstrated that multipotent stem cells can differentiate into
osteoblasts with LLL doses above 3 J/cm2 [19]. In addition, our group
has shown that LLL irradiation can effectively promote photo-induced
biomodulation of osteoblast cell cultures [20]. Nonetheless, the differ-
entiation of BM-MSCs into adipocytes or biomodulation of adipocyte
growth by means of LLL has not been elucidated.

Therefore, in this study, we investigated the photo-induced bio-
modulatory effects of AlClPc/NE and visible range LLL (AlClPc/NE-LLL)
on the differentiation of BM-MSCs into adipocytes. We hypothesized
that a low concentration of AlClPc/NE combined with LLL may trigger
cellular proliferation and differentiation without significant cytotoxi-
city. This may improve adipogenic differentiation of BM-MSCs and
enhance regenerative protocols in the future.

2. Materials and methods

2.1. Animals

C57BL/6-GFP+ mice were provided by Biotery II from the School of
Pharmaceutical Sciences of Ribeirão Preto, University of São Paulo,
Brazil. Mice in all the experiments were 6–8 weeks old, and weighed
25–30 g. All animals were maintained at temperatures between
21–23 °C, and were kept on a 12-h light–dark cycle. All the experiments
were approved by the local administrative authority; animals received
care in accordance to guidelines provided by the Ethics Committee on
Animal Use of the Faculty of Medicine of Ribeirao Preto, University of
São Paulo (CEUA of the Campus of Ribeirão Preto – USP, under protocol
number 11.1.1332.53.0).

2.2. Isolation and expansion of cells

C57BL/6-GFP+ male mice were sacrificed by cervical dislocation;
the femurs, humeri, and tibiae were carefully cleaned from the adherent
soft tissues. BM-MSCs were harvested by inserting a 23-gauge syringe
needle into one end of the bone, followed by flushing with 10% PBS at
pH 7.2. Cells were centrifuged in Eppendorf tubes at 1200 rpm for
10min, after which they were resuspended in Minimum Essential
Medium, Alpha Modification (αMEM), supplemented with 15% foetal
bovine serum (FBS), 100 μg/mL penicillin, and 100 U/mL streptomycin.
Cells were seeded into 75-cm2 tissue culture flasks, and were cultured in
a humidified incubator at 37 °C and 5% CO2 for 72 h. Non-adherent
cells were removed by washing with PBS (1×), and the medium was
changed. When cultures reached 80–90% confluence, sub-culturing was
performed; the split ratio was 1:4. The culture medium was changed
every 3–4 days.

2.3. Flow cytometric analysis of immunophenotype

The immunophenotypic characterization of BM-MSCs was per-
formed by flow cytometry. Cells were dissociated with trypsin and
EDTA and washed twice with 10% PBS. Cell pellets were diluted with
PBS and incubated with a phycoerythrin (PE)-conjugated rat anti-
mouse or allophycocyanin (APC)-conjugated rat anti-mouse IgG anti-
bodies (1 μg per 106 cells) at room temperature for 30min. Cells were
then washed twice with PBS and stained with 1 μg of propidium iodide
prior to analysis. Primary antibodies were specific for surface antigens
CD73 (PE conjugate), CD44 (APC conjugate), CD117 (APC), CD105
(PE), Sca-1 (APC), CD34 (PE), CD31 (APC), CD45 (APC), and CD11b
(PE) (BD Pharmingen). Cells were also stained with the APC- or PE-
labelled rat anti-mouse IgG antibody, which served as negative con-
trols. Cells were pelleted by centrifugation, washed twice with PBS, and
fixed with 1% paraformaldehyde in 1× PBS. Fluorescence-activated
cell sorting (FACS) analysis was performed on a FACSCalibur flow
cytometer (BD Biosciences). Ten thousand events were acquired, and
analysis was conducted with the CellQuest software (BD Biosciences).

2.4. Morphological analysis and imaging

BM-MSC cultures were routinely examined under an inverted phase
contrast microscope (Zeiss). Images were captured with a digital
camera (AxioCam; Zeiss) coupled to an inverted microscope (AxioVert;
Zeiss), using the AxioVision 3.1 software (Zeiss).

2.5. Nanostructured system preparation: NE

Preparation of NEs, either empty or with AlClPc, was carried out
according to the modified protocol described by Primo et al. (2008).
The spontaneous emulsification oil in water (o/w) process [21], as
previously described by Tabosa do Egito et al. (1993) [22] was used,
followed by the interfacial deposition of photoactive drugs. Briefly, an
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organic phase with spectroscopic-grade acetone containing phospholi-
pids Epikuron® 170/Span 80® (Lucas Meyer, France/Aldrich) was pre-
pared. AlClPc (Sigma-Aldrich) was pre-dissolved in Miglyol 812 N
(Stallergenes S.A.) and was added to the organic solution; this was
slowly injected into the aqueous phase containing Poloxamer 188 (ICI),
with magnetic stirring. The organic solvent was removed by evapora-
tion under reduced pressure, as previously described [21].

2.6. Cytotoxicity assay of AlClPc/NE in the dark

To assess the intrinsic cytotoxic effect of AlClPc/NE, BM-MSCs were
seeded at 103 cells/well in a 96-well plate. After 24 h, BM-MSCs were
incubated with fresh medium with AlClPc/NE at final concentrations of
0.5, 1.0, 2.5, 5.0, or 7.5 μmol/L−1 at 37 °C and 5% CO2 for 3 h in the
dark. Following the incubation period, the medium containing the NE
dispersion was discarded. Cells were washed twice with 10% PBS, fol-
lowed by incubation in fresh medium for an additional 24 h; cell via-
bility was assessed via MTT. Control cells were incubated with the
culture medium alone (no-treatment group) or with the nano-emulsion
without AlClPc in the dark. Experiments were carried out in triplicates,
and 16 wells were used for each AlClPc/NE concentration.

2.7. The MTT assay

The MTT cell proliferation assay [23] assesses cell viability after
cytotoxic or photo-cytotoxic assays. Briefly, 80 μL of the MTT solution
(5mgmL−1) and 420 μL of the medium without phenol red were added
to each well. Cells were then incubated at 37 °C and 5% CO2 for 4 h for
the formazan-forming reaction to proceed. Following incubation, the
medium was removed, and the formazan crystals were dissolved in 2-
propanol. Optical density was measured at 570 and 690 nm using a
Safire2 microplate reader (TECAN Group Ltd.). Results were presented
as the percentage of cell survival relative to negative control (untreated
cells).

2.8. AlClPc/NE-LLL-induced adipogenic differentiation

To investigate the possible photo-induced biomodulatory effect of
AlClPc/NE-LLL on adipogenic differentiation of BM-MSCs in vitro, cells
were seeded at 104/well in 6-well plates. After 24 h, BM-MSCs were
treated with medium containing AlClPc/NE at 2.5 or 5.0 μmol/L−1 (5%
CO2, 37 °C) for 3 h. The medium was removed, and cells were rinsed
twice with PBS, followed by incubation in fresh medium for an addi-
tional 24 h. For photo-induced biomodulation assays, fresh medium
without phenol red was added, and cells were irradiated with a diode
Eagle laser (Quantum Tech) at 660 nm; average power was 100mW,
with an irradiance of 14mW/cm2. Cells were exposed to light doses at
20 and 40mJ/cm2. The parameters used in the present experiment are
shown in Table 1. After irradiation, the colourless medium was re-
moved, and cells were incubated (5% CO2, 37 °C) in fresh medium; the
medium was changed two times per week. Control cells were incubated
with the culture medium alone without irradiation (no-treatment

control), or with AlClPc/NE without irradiation (AlClPc/NE control).
Medium alone with LLL (LLL control) served as negative control. All
assays were carried out in triplicate. BM-MSCs were analysed every day,
and adipocytes were easily distinguished from undifferentiated cells via
phase-contrast microscopy. Sudan II-Scarlet staining (Oil Red O; Sigma-
Aldrich) was applied to better visualize lipid-rich vacuoles.

2.9. Cytotoxicity assay of adipogenic differentiation induced by AlClPc/NE-
LLL

To assess the possible intrinsic photo-cytotoxic effect of AlClPc/NE-
LLL on adipogenic differentiation, BM-MSCs were seeded at 103 cells/
well in 24-well plates, and AlClPc/NE-LLL adipogenic differentiation
was conducted as described above. After BM-MSCs were subjected to
AlClPc/NE-LLL, cells were incubated with fresh medium for growth
curve analyses (1–7 days) by MTT. Control cells (no-treatment group)
and adipocytes (experimental group) were incubated with fresh culture
medium. Experiments were carried out in triplicates.

2.10. Conventional adipogenic differentiation assays

BM-MSCs were tested for their potential to differentiate into adi-
pocytes by induction. Cells from each source (104) were seeded on glass
coverslips (GoldLabl) in 24-well plates (Corning) and were incubated
with the conventional differentiation medium. For adipogenic differ-
entiation, cells were grown in α-MEM (Gibco-Invitrogen) supplemented
with 15% FBS (Thermo Scientific HyClone), 1 mM dexamethasone
(Sigma-Aldrich), 2.5 mg/mL insulin, and 0.5 mM iso-
butylmethylxanthine (Sigma-Aldrich). Sudan II-Scarlet staining (Oil
Red O; Sigma-Aldrich) was used to visualize lipid-rich vacuoles. Control
groups were cultured in standard α-MEM (Gibco-Invitrogen) with 15%
FBS (Thermo Scientific HyClone) in the same period. The cells were
analysed with an AxioScope equipped with an AxioCam HR (Carl Zeiss).

2.11. RNA isolation and cDNA synthesis

Total RNA was extracted from BM-MSCs with the RNeasy Mini kit
(Qiagen) and stored at −80 °C. RNA was quantified using a NanoVue
system (GE Healthcare). RNA quality was determined by assessing the
integrity of the 28S and 18S rRNA bands on a 1% agarose gel.
Complementary DNA (cDNA) was synthesized from 2 μg total RNA with
a High Capacity cDNA Archive Kit (Applied Biosystems).

2.12. qPCR analysis

Gene expression levels of peroxisome proliferator-activated re-
ceptors (PPARγ), lipoprotein lipase (LPL), and green fluorescent protein
(GFP) were assessed in control and treated BM-MSCs. Quantitative real-
time PCR (qPCR) [27] was conducted in 15 μL reaction mixtures for 40
cycles using universal cycling conditions (40 cycles at 95 °C for 15 s;
60 °C for 1min) on an ABI Prism 7500 Sequence Detection System
(Applied Biosystems); SYBR® Green PCR Master Mix with efficiency
values between 1.22–0.93 and TaqMan® Universal PCR Master Mix
(Applied Biosystems) were used. Concentrations of SYBR primers were
2.5 μM. Gene expression was normalized to that of GAPDH, and relative
gene expression levels in the different cells types were determined as
described previously [24]. cDNAs were diluted 5-fold with nuclease-
free H2O for all qPCR reactions. The sequences of SYBR green primers
(forward/reverse) were: LPL F, 5′-CTTTTCTGGGACTGAGGATG and R-,
5′−CCGTGTAAATCAAGAAAGGAGT; PPARγ F 5′-ACATAAAGTCCTTC
CCGCTG and R 5′-GGGTGATATGTTTGAACTTGAT; and GFP F 5′-CAC
CATCTTCTTCAAGGACG and R 5′-GTGCTCAGGTAGTGGTTGTC.

2.13. In vivo tumorigenic assay tumorigenic assay

Approximately 106 BM-MSCs were resuspended in 200 μL sterile

Table 1
Parameters used in the low-level laser experiment.

20mJ/cm2 40mJ/cm2

Power (W) 0.05 0.05
6-well plates, well diameter (cm) 3.4 3.4
Irradiation time (s) 15 15
Irradiance (mW/cm2) 1 1
Energy (J) 0.75 1.50
Time (sec) 15 30
Wavelength (nm) 650 650

*Parameters of low laser irradiation were adjusted when using 24-well plates
(1.5 cm diameter wells).
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PBS, and were injected subcutaneously (sc) into the dorsal midline of
three mice (C57BL/6-GFP+) with a 25-gauge needle attached to a 1-mL
syringe (BD Bioscience). Injected mice were monitored daily for ap-
pearance of palpable tumours. As experimental controls, PBS-only and
BM-MSC-only were injected sc into female mice. After 21 days, all
animals were euthanised for examination of tumour formation.

2.14. Histological examination

Tissue samples (BM-MSCs subjected or not subjected to adipogenic
differentiation induction with AlClPc/NE-LLL) were fixed in 3.7% for-
maldehyde for at least 24 h. Next, tissue samples were dehydrated in
serial ethanol/xylene dilutions, embedded in paraffin blocks, and sec-
tioned to 5-μm thickness. Tissue sections were stained with haema-
toxylin-eosin (H&E) for histopathologic analysis under a light micro-
scope (AxioScope) equipped with an AxioCam HR (Carl Zeiss).

2.15. Statistical analysis

Assays were conducted on cells isolated from at least three mice
(from the bone marrow) and were carried out in triplicate. To evaluate
differences between control and experimental group after induction of
adipogenic differentiation, we used ANOVA followed by Tukey’s mul-
tiple comparison test. Results were expressed as mean ± standard
deviation (SD). P < 0.05 was considered to be significant. All statis-
tical analyses were conducted with the GraphPad Prism 7.0 software
(La Jolla).

3. Results

3.1. Isolation and characterization of murine BM-MSCs

BM-MSCs were isolated from the bone marrow cavity of C57BL/6-
GFP+ mice (n=8); the marrow was flushed out with 1×PBS. BM-
MSCs were seeded in 75-cm2 tissue culture flasks (Fig. 1A–C) and were

cultured for 7–10 days (Fig. 1D). During the first medium change after
48 h (Day 2), non-adherent cells were carefully discarded along with
the old medium, and 10mL of fresh medium was added (Fig. 1C). Some
fibroblast-like cells were attached to the flask, and were observed
48–72 h after initial cultivation (Fig. 1C and D). Accordingly, adherent
cells {passage 0 (P0)} were washed with PBS (1×), and the medium
was refreshed every 3 days. Adherent cells gradually grew and formed
cellular isolate colonies with fibroblast-like morphology with short and
long processes. Adherent fibroblast-like cells became more confluent
(Fig. 1D) and reached 80% confluence within 7–10 days. After the
second trypsinization {passage 2 (P2)}, BM-MSCs began to grow
homogeneously, and fibroblast-like cells occupied the entire plastic
surface (Fig. 1E). BM-MSCs were reseeded under the same conditions
for the next passages. At P4 (passage 4), non-adherent cells were en-
tirely eliminated, and BM-MSCs were deemed ready for experimenta-
tion (Fig. 1F).

To analyse the immunophenotype of isolated cells at P4, murine
surface markers were probed by flow cytometry. Accordingly, isolated
cells showed murine MSC-specific markers, including CD73
(64.1%±9.5% of all cells), CD44 (21.2%±8.9%), CD117
(28.2%±7.3%), and CD105 (26.1%±11%). Sca-1 is the most reliable
murine BM-MSC marker and was strongly expressed (90.9%±4%).
The classical hematopoietic stem cell markers CD31 (0.63%±0.4%),
CD11b (0.24%±0.3%), and CD34 (3%±1.6%), as well as the en-
dothelial marker CD45 (20.7%±9.4%) were not expressed or were
only detectable in a small proportion of cells (Table 2). The expression
patterns of murine BM-MSC surface markers suggested that the isolated
murine BM-MSCs were typical murine MSCs (Fig. 2).

To evaluate the adipogenic potential of murine BM-MSCs, we sub-
jected the cells (obtained at P4) to adipogenic differentiation. After 14
days of culturing in the conventional adipogenic-differentiation inducer
medium, BM-MSCs showed adipogenic characteristics such as acquisi-
tion of intracellular lipid droplets, as evidenced by Sudan II/Scarlet
staining (Fig. 3J). This was not observed in control BM-MSCs (Fig. 3E).
These results further confirmed expression of murine BM-MSC-like

Fig. 1. Cell culture of isolated primary murine BM-MSCs Images were taken using an inverted phase-contrast microscope. P0 of BM-MSCs (panels A–D). Day 0
(panel A) and day 1 (panel B) showed several non-adherent cells in the culture medium. On day 2 a few adherent fibroblast-like cells that began attaching to plastic
dish were observed (panel C). Day 4, the non-adherent cells were eliminated by washing with a PBS (1X) and fresh α-MEM medium supplemented with 15% FBS
(panel D). P2, second process of trypsinization, cells were plastic-adherent with a spindle-shaped morphology and began to growth in a homogeneous manner (panel
E). P4, fourth process of trypsinization, nonadherent cells are totally eliminated, BM-MSCs occupied the whole plastic surface and were ready to be submitted to the
experimental studies (panel F). The scale bars represent 20 μm (panels E and F), 50 μm (panel C), 100 μm (panels A and B) and 200 μm (panel D).
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characteristics.

3.2. AlClPc/NE

The choice of NE as a drug delivery system (DDS) should take in
account analysis of the influence of the DDS on photophysical para-
meters of the system compared with its behaviour in a homogeneous
solution and in micro heterogeneous systems. In addition to improving
cellular uptake, the DDS should mimic most biological systems and be
relatively safe (to have low toxicity). The absorption spectrum of AlClPc
in an organic medium and in NE systems was typical of non-aggregated
species (data not shown). The absorption spectra revealed the char-
acteristic Soret band of PS (between 300 and 410 nm), which arises due
to electronic transitions of the π-π* type. The spectra also contained a
set of Q bands located between 630 and 740 nm. Fluorescence spec-
troscopy also mediated characterization of the photophysical properties
of AlClPc incorporated into the DDS. There was a small Stokes shift in
the fluorescence spectrum of AlClPc/NE when we compared its values
in ethanol (674 nm) to those at 681 nm (incorporated into the NE
system). This shift was associated with the ability of the DDS to stabilize
the excited state of AlClPc. Therefore, the DDS used not significantly
alter the absorption and fluorescence spectra of AlClPc.

The mean size distributions of the NE were determined by photon
correlation spectroscopy using a Zetasizer Nano ZS from Malvern
Instruments (Worcestershire). This method allows for determination of
the mean diameter of particles (hydrodynamic radius), polydispersity
index (PdI), and zeta potential of the particle population. The reported
values were expressed as mean ± SD of at least three different batches
of each formulation. Dynamic light scattering (DLS) analyses showed
appropriate PdI values (< 0.3) for AlClPc/NE, which suggested a
monodisperse distribution in the colloidal medium. The size and PdI
were 178.0 nm (±2.0) and 0.24, respectively, which were in agree-
ment with previous reports on polymeric NEs and photosensitizers.

A previous study on AlClPc (free or incorporated into a DDS) de-
scribed a stable second-generation photosensitizer drug with optimal
wavelengths in 610–660 nm [25,26]. Our study showed that the pho-
toactivation process induced BM-MSCs to differentiate into adipocytes
by photo-induced biomodulation with LLL at a dose of 20mJ/cm2 in
the presence of AlClPc/NE (5.0 μmol/L).

3.3. A high dose of AlClPc/NE is toxic for murine BM-MSCs

The MTT assay was conducted to assess the intrinsic cytotoxic effect
of AlClPc/NE, and to evaluate the viability of BM-MSCs at various
AlClPc/NE concentrations. The viability of control BM-MSCs was 100%
(±0.05%). Following incubation with AlClPc/NE at concentrations of
0.5, 1.0, 2.5, 5.0, and 7.5 μM, cell viability was maintained at ap-
proximately 99.2% (±4.7%), 96.7% (±4.5%), 94.7% (± 10.5%),
91.2% (±8.5%), and 26.9% (±3.1%) (P<0.05), respectively
(Fig. 2A). Cytotoxicity at doses of 0.5 and 1.0 μM was comparable to
that of control cells; a dose of 7.5 μM AlClPc/NE resulted in significant
reduction in BM-MSC viability. Since lower cytotoxic effects were ob-
served with 2.5 and 5.0 μM AlClPc/NE relative to other doses, further
photo-induced biostimulation experiments on AlClPc/NE were con-
ducted at these doses to ensure safety.

3.4. Low photo-cytotoxic effects AlClPc/NE-LLL on BM-MSCs

To evaluate the potential effect of visible light at 660 nm, we ap-
plied a combination of AlClPc/NE and LLL to murine BM-MSCs, and
examined photo-induced biomodulation via adipogenic differentiation
assays in vitro. Twenty-four hours after treatment with 2.5 or 5.0 μM
AlClPc/NE plus LLL at 40 or 20mJ/cm2, no statistically significant
decrease (P<0.05) in the percentage of viable cells was observed. The
use of LLL in the absence of AlClPc/NE, as well as empty NE in the
absence of LLL did not affect any of the parameters studied (data not
shown). Consequently, these results revealed that a combination of 5.0
μM and 20mJ/cm2 is optimal for studying dipogenic differentiation by
photo-biostimulation.

The MTT assay was performed 1–7 days after treatment with 5.0 μM
AlClPc/NE, at a light dose of 20mJ/cm2 (AlClPc/NE-LLL), to evaluate
the growth curve of BM-MSCs. With the same photosensitizer con-
centration and time of illumination, it was possible to maintain cell
viability at approximately 99.2% (± 4.7%) on day 1, 96.7% (±4.5%)
on day 2, 94.7% (± 10.5%) on day 3, 91.2% (± 8.5%) on day 4,
26.9% (±3.1%) on day 5, 26.9% (± 3.1%) on day 6, and 26.9%
(±3.1%) on day 7 (p < 0.05; Fig. 3 B). It was noted that in the control
groups – LLL in the absence of AlClPc/NE and empty NE in the absence
of LLL – cultured BM-MSCs showed similar growth curves as compared
with that of control cells that did not receive any treatments (data not
shown). Taken together, these results confirmed again that the combi-
nation of 5.0 μM AlClPc/NE and 20mJ/cm2 LLL is the most suitable for

Table 2
AlClPc/NE-LLL changes the mesenchymal immunophenotypic profile of
experimental group of BM-MSCs. Percentage data presented is the
mean ± SD of triplicate cultures.

Surface
Markers

No treatment
Control
Group

LLL Control
Group

AlClPc/NE Control
Group

AlClPc/NE-LLL
Experimental
Group

CD73 64.1 ± 9.5 59.8 ± 16.9 62.5 ± 2.2 5.9 ± 6.1
CD44 21.2 ± 8.9 51.7 ± 5.6 27 ± 14.9 10.9 ± 10.1
CD117 28.2 ± 7.3 7.8 ± 4.5 14.7 ± 7.2 2.2 ± 0.6
CD105 26.1 ± 11 16 ± 10.3 5.4 ± 2.3 2.8 ± 1.1
SCA 1 90.9 ± 4 97.9 ± 2.7 81.9 ± 17.8 79.8 ± 17.6
CD34 3.0 ± 1.6 2.0 ± 0.9 2.0 ± 1.2 1.5 ± 0.6
CD31 0.6 ± 0.4 1.6 ± 0.7 1.9 ± 0.3 1.2 ± 0.5
CD11b 0.2 ± 0.3 6.2 ± 10.7 18.5 ± 28.3 1.8 ± 1
CD45 20.7 ± 9.4 3.1 ± 3.9 2.1 ± 1.8 2.6 ± 1.5

Fig. 2. Murine BM-MSCs proliferation, as analysed by the MTT assay. (A) High dose AlClPc/NE dose. Twenty-four hours after the nanoemulsion treatment, the MTT
test was performed for cells viability with several doses of AlClPc/NE. (B) Growth curve of BM-MSCs treatment with 5.0 μM AlClPc/NE and at a light dose of 20mJ/
cm2; MTT test was conducted every day during the one-week (Day 1–7) post-irradiation period. No treatment control group refer to BM-MSCs culture without any
LLL or AlClPc/NE. LLL control group refers to BM-MSCs culture without AlClPc/NE. Values are expressed as mean ± SD of three samples. *p < 0.05 for experi-
mental group related as compared to control groups.
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studying photo-induced biostimulation.

3.5. AlClPc/NE-LLL induces adipogenic differentiation of BM-MSCs

After primary culture in fresh medium and expansion to the fourth
passage (Fig. 1F), BM-MSCs were subjected to phot-induced biomodu-
lation for differentiation into adipocytes. The control and experimental
BM-MSC groups were examined daily, and images were captured via
phase contrast microscopy. Three days following the adipogenic
AlClPc/NE-LLL induction protocol, we observed that experimental BM-
MSCs exhibited changes in morphology; the elongated fibroblastic ap-
pearance was converted to a rounder shape. Five to six days after LLL
irradiation of BM-MSCs pre-treated with AlClPc/NE, lipid-filled cells
were observed (Fig. 3D). We noticed that the appearance of control BM-
MSCs (no treatment, only AlClPc/NE, and LLL alone) did not undergo
any morphological alterations (Fig. 3A–C).

Adipogenic characteristics were confirmed in the experimental BM-
MSC group by positive Sudan II/Scarlet staining, which was used to
assess acquisition of intracellular lipid droplets throughout the cell
cytoplasm following induction of differentiation by AlClPc/NE-LLL
(Fig. 3I). On the other hand, control BM-MSCs (no treatment, AlClPc/
NE, and LLL) did not stain (Fig. 3F–H).

Expression levels of genes that are highly expressed in adipocytes
were confirmed by qPCR in experimental murine BM-MSCs six days
after AlClPc/NE-LLL stimulation. The expression of marker PPARγ was
11.8× higher in experimental (AlClPc/NE-LLL) BM-MSCs as compared

with that in controls groups (Fig. 4A); expression of marker LPL was
9.3× higher in experimental (AlClPc/NE-LLL) BM-MSCs as compared
with that in control groups (Fig. 4B). However, these markers were
almost absent in control groups (Fig. 4A and B).

Next, we evaluated expression of mouse MSC surface markers six
days after AlClPc/NE-LLL by flow cytometry. The experimental BM-
MSC group expressed lower levels of murine BM-MSC markers such as
CD73 (5.9%±6.1% of all cells), CD44 (10.9%±10.1%), CD117
(2.2%±0.6%), CD105 (2.8%±1.1%), and SCA1 (79.8%±17.6%) as
compared with those of control groups (no treatment, AlClPc/NE, and
LLL)(Table 2). The experimental BM-MSC group showed very low ex-
pression of classical hematopoietic markers CD45 (2.6%±1.5%),
CD34 (1.5%±0.6%), and CD11b (1.8%±1%), as well as the classical
endothelial marker CD31 (1.2%±0.5%; Table 2). Therefore, experi-
mental BM-MSCs almost completely lost MSC characteristics.

3.6. Continuous GFP expression

In parallel, the visibility and intensity of GFP expression in murine
BM-MSCs were evaluated in this study. Images obtained by fluorescence
microscopy showed high expression of GFP in bone marrow cell culture
at P2 (Fig. 5A), and this high expression seemed to have increased at P4
(Fig. 5B). Besides, fluorescence microscopy suggested that there was no
significant decrease in GFP expression after adipogenic differentiation
treatment of BM-MSCs with AlClPc/NE-LLL when compared with the
control groups (data not shown). By flow cytometry, we observed that

Fig. 3. Adipogenic differentiation of murine BM-MSCs induced by AlClPc/NE-LLL. All cell groups were cultured with α-MEM medium supplemented with 15% of FBS
and were observed through an inverted phase-contrast microscope (panels A–D). Control cells groups were analysed by Sudan II/Scarlet staining: No treatment
control cells (panel F), AlClPc/NE control cells (panel G), and LLL control cells (panel H). Adipogenic induction by AlClPc/NE-LLL was analysed by Sudan II/Scarlet
staining of lipid vacuoles: Experimental group (panel I). No treatment control group refer to BM-MSCs culture without any treatment, AlClPc/NE control group refer
to BM-MSCs that received only nanoemulsion containing AlClPc, LLL control group refer to BM-MSCs that received only low laser light, and Experimental group refer
to BM-MSCs that received AlClPc/NE-LLL. Scale bars represent 20 μm (panels A, B and D), 50 μm (panel C) and 200 μm (panels E, F, G, H, I and J).

Fig. 4. BM-MSCs differentiated into adipocytes express transcripts associated with adipogenesis. Cellular differentiation induced by AlClPc/NE-LLL was analysed by
mRNA expression of the PPARγ (A) and LPL genes (B) via qPCR. Gene expression was normalized relative to the reference gene GAPDH. No treatment control group
refers to BM-MSCs culture without any treatment, AlClPc/NE control group refers to BM-MSCs that received only nanoemulsion containing AlClPc, LLL control group
refers to BM-MSCs that received only low laser light therapy, and Experimental group refer to BM-MSCs that received AlClPc/NE-LLL. Results are expressed as
mean ± SD of three samples, p < 0.05.
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during the entire process of isolation and expansion of BM-MSCs, en-
dogenous GFP expression was high; it was 82.3% (± 1.9%) at P2
(Fig. 5C) and 86.3% (±8.8%) at P4 (Fig. 5D), without any statistically
significant decrease. Following photo-induced biomodulation at P4,
experimental (AlClPc/NE-LLL) BM-MSCs differentiated into adipocytes;
high GFP expression was maintained (75.5%±5%; Fig. 5E). AlClPc/NE
and LLL control cells expressed GFP at 82.3% (±15.2%) and 89%
(±12.1%), respectively; these values were not significantly different
from those in the experimental group (Fig. 5E). Moreover, qPCR ana-
lysis demonstrated that GFP expression was higher in control groups as
compared with that in experimental groups: no treatment
(9288.3 ± 141.4 relative expression units), AlClPc/NE
(8701.3 ± 707.1 relative expression units), LLL (7783.2 ± 730.4 re-
lative expression units), and experimental (7363.1 ± 184.9 relative
expression units; Fig. 5F). Accordingly, GFP expression stayed high in
all murine BM-MSC groups.

3.7. Experimental AlClPc/NE-LLL BM-MSCs do not induce tumorigenesis in
vivo

To ensure that the experimental AlClPc/NE-LLL BM-MSCs group did
not contain cells with abnormal proliferative characteristics, we ex-
amined their tumorigenic potential in vivo. After 21 days, tumour for-
mation was not observed in C57BL/6-GFP+ mice. Histopathological
analysis showed absence of morphological changes in muscles of mice
that received sc infusion of experimental BM-MSCs (Fig. 6D). These
results indicated that the AlClPc/NE-LLL protocol is safe, and experi-
mental AlClPc/NE-LLL BM-MSCs are free of cells capable of malignant
transformation.

4. Discussion

In the present study, we showed that controlled release of a pho-
tosensitizer agent (AlClPc/NE) in combination with LLL can induce
adipogenic differentiation of murine BM-MSCs via photo-induced bio-
modulation. We stably expressed GFP (as a transgene) as a marker, and
visualized induction of intracellular lipid droplets throughout the cy-
toplasm and expression of adipogenic-differentiation markers. For this

purpose, we isolated MSCs from murine bone marrow; these cells had
morphological, immunophenotypic, and differentiation characteristics
similar to those of BM-MSCs, as described by Friedenstein et al. (1970)
[1]. Isolated murine BM-MSCs provided a fast, reliable, and low-cost
method for studying adipogenic differentiation potential.

Adipogenically differentiated cells from BM-MSCs can be used to set
up models of tissue regeneration and tissue engineering, and offers an
alternative method for producing new autologous tissue [28]. In addi-
tion, adipose tissue engineering exhibits high potential for regenerative
and aesthetic medicine, such as reconstruction of defective areas caused
by trauma or cancer [29]. For these reasons, primary murine BM-MSCs
were the most attractive sources of cells for our purposes.

Some researchers have stated that LLL therapy can stimulate MSC
proliferation and growth of differentiated cells [30,31]. Kushibiki et al.
(2015) showed that laser irradiation of MSCs directs their differentia-
tion toward osteocytes and chondrocytes [32]. Primo et al. (2011) re-
ported a photo-modulation process that stimulates BM-MSCs with LLL
therapy and a therapeutic photosensitizer agent (AlClPc) encapsulated
within polymeric NEs (AlClPc/NE) to induce wound healing [17]. On
the other hand, the use of combination therapy using AlClPc/NE and
LLL to induce adipogenic differentiation of murine BM-MSCs has not
been previously studied.

Some studies indicate that age contributes significantly to bone
marrow adipogenesis [33,34]. Ortin-Martinez et al. (2017) demon-
strated that GFP from the jellyfish Aequorea victoria is a useful gene
reporter in regenerative medicine studies [35]. Therefore, all our ex-
periments were carried out with the fourth passage (P4) of homo-
geneously labelled BM-MSCs from GFP transgenic mice.

Cell growth curve of the experimental group showed only a slight
decline in the proportion of viable cells, which continued to proliferate
six days post photo-induced biomodulation with 5.0 μM AlClPc/NE and
a 660-nm laser at 20mJ/cm2. Pogrel et al. (1997) have previously
demonstrated that LLL does not induce proliferation of fibroblasts and
keratinocytes in vitro [36]. Mvula et al. (2010) reported that LLL at 5 J/
cm2 and 636 nm, when applied to adult adipose tissue-derived stem
cells (ADSCs) and combined with epidermal growth factor (EGFR) pre-
treatment, increases cellular viability and proliferation [30]. Moore
et al. (2005) showed that primary fibroblasts proliferate effectively

Fig. 5. Endogenous GFP expression level remained high in murine BM-MSCs after AlClPc/NE-LLL. Fluorescence microscopic images showing GFP expression in BM-
MSCs at P2 (panel A) and P4 (panel B). Flow cytometry of cells marked with endogenous GFP protein at P2 (panel C) and at P4 (panel D). After photo-induced
biomodulation at P4, all groups were analysed for percentage of cells expressing GFP protein (panel E). Comparative analyses of GFP mRNAs in all groups; gene
expression was normalized relative to the reference gene GAPDH (panel F). No treatment control group refers to BM-MSCs culture without any treatment, AlClPc/NE
control group refers to BM-MSCs that received only nanoemulsion containing AlClPc, LLL control group refers to BM-MSCs that received only low laser light therapy,
and Experimental group refers to BM-MSCs that received AlClPc/NE-LLL. Results are expressed as mean ± SD of three samples, p < 0.05.
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after irradiation at 665 and 675 nm, while 810-nm irradiation inhibited
cell proliferation [37]. De Villiers et al. (2011) exposed ADSCs to 636-
nm light at 5 J/cm2 and observed increased cellular viability [38]. In
general, irradiation in the range of 600–700 nm yielded satisfactory
photo-induced biomodulation in MSCs [39,19,32].

To meet the criteria of the International Society for Cellular Therapy
(ISCT) [40], we examined primary murine BM-MSCs, the AlClPc/NE
control group, the LLL control group, and the experimental group,
which were adipogenically differentiated BM-MSCs induced by AlClPc/
NE-LLL. Morphological analysis showed that primary murine BM-MSCs
and all control groups of cultured cells were adherent and exhibited
spindle shape, which is typical of fibroblasts [41]. On the other hand,
the experimental cell culture group contained lipid-filled cells six days
after AlClPc/NE-LLL, thus confirming adipogenic differentiation.

Flow cytometric analyses showed that expression levels of MSC
surface markers were considerably lower in the experimental group as
compared with those in the control groups (no treatment, AlClPc/NE,
and LLL). In addition, cells in all groups (control and experimental)
lacked hematopoietic and endothelial markers; this was similar to
findings by Karp et al. (2009) [49]. Our results suggested that cells in
the experimental group were not closely related to either hematopoietic
or endothelial lineages but expressed only 1.1-fold less SCA1 (MSC
marker) when compared with the no-treatment group. In summary,
cells in the experimental group lost almost all MSC characteristics after
AlClPc/NE-LLL, which suggested that this group of cells differentiated
into adipocytes.

In order to examine the molecular mechanisms in more detail, we
evaluated the expression of adipogenesis marker genes. Our results
revealed that adipogenic genes (at the mRNA level) that are usually
expressed in pre-mature and mature adipocytes were also significantly
up-regulated in our experimental group cells, especially six days post-
cultivation. PPARγ is a nuclear receptor that is activated during adi-
pogenic differentiation, and acts as a key transcriptional regulator of
adipocytic conversion. Absence of PPARγ prevents precursor cells from
differentiating into mature adipocytes [42,43]. Furthermore, PPARγ is
expressed in stem cells and in more specific progenitor cells [48].
Therefore, we detected only basal levels of PPARγ in all our control

groups.
It is known that the LPL gene participates in lipoprotein metabolism

by breaking triglycerides (from a molecule of fatty acids) into chylo-
micron and very low-density lipoprotein (VLDL) to facilitate absorption
of lipids [44]. LPL gene expression is observed mainly in mature adi-
pocytes, and its transcription pattern depends on the stage of adipo-
genesis [45,42]. In line with these data, we confirmed increased LPL
mRNA expression following AlClPc/NE-LLL treatment in our experi-
mental group cells.

Similar to results from other studies [46,35,50], among murine BM-
MSCs, we observed terminally differentiated cells with elevated GFP
expression via flow cytometry and qPCR. This confirmed that photo-
induced biomodulation by AlClPc/NE-LLL and adipogenic differentia-
tion does not affect GFP expression. BM-MSCs with stably-expressed
GFP (transgene) after treatment with AlClPc/NE-LLL seem to be an
attractive source for research on tissue regeneration and tissue en-
gineering in vivo.

Furthermore, MSCs have negligible immunogenicity; therefore,
these cells are strong candidates for cell-based therapies [47]. We de-
termined whether expression of endogenous GFP and differentiation
into adipocytes by AlClPc/NE-LLL in murine BM-MSCs can generate
tumours in vivo. In all treated mice, no significant histopathological
changes were observed following the transplant, suggesting that the
AlClPc/NE-LLL method is safe for in vivo studies.

In conclusion, we described characteristics of labelled BM-MSCs
from GFP transgenic mice, and investigated the effects of AlClPc/NE
alone, LLL alone, or combined AlClPc/NE-LLL in BM-MSCs. This is the
first paper that describes a cellular photo induced biomodulation pro-
cedure that induces adipogenesis; this process was involves the com-
bined treatment of a photosensitive agent (AlClPc/NE) with a low laser
irradiation dose. Based on the results, we showed that cell therapy
based on BM-MSCs and photo-induced biomodulation using AlClPc/NE-
LLL may contribute to the development of new therapeutic strategies
that are faster and more effective than traditional methods for re-
generative medicine; the new upcoming protocol will be detailed in
Tissue Engineering.

Fig. 6. Experimental AlClPc/NE-LLL BM-MSCs
do not exhibit tumorigenesis potential in vivo.
Treated and untreated murine BM-MSCs were
subcutaneously (sc) infused into C57BL/6-
GFP+ mice, and the presence of tumour muscle
tissue was analysed after 21 days. The H&E
staining of control mouse tissue (panel A);
control mouse tissue with sc infusion of PBS
(1x) (panel B); control mouse tissue with sc
infusion of untreated BM-MSCs (panel C);
mouse tissue with sc infusion of differentiated
BM-MSCs into adipocytes by AlClPc/NE-LLL
(panel D). The scale bars represent 20 μm.
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