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Abstract The present study aimed to investigate the

osteoinductive potentiality of some selected nanos-

tructures; Hydroxyapatite (HA-NPs), Gold (Au-NPs),

Chitosan (C-NPs), Gold/hydroxyapatite (Au/HA-NPs)

and Chitosan/hydroxyapatite (CH-NPs) on bone mar-

row- derived mesenchymal stem cells (BM-MSCs).

These nanostructures were characterized using trans-

mission electron microscope and Zetasizer. MSCs

were isolated from bone marrow of rat femur bones

and their identity was documented by morphology,

flow cytometry and multi-potency capacity. The

influence of the selected nanostructures on the viabil-

ity, osteogenic differentiation and subsequent matrix

mineralization of BM-MSCs was determined by MTT

assay, molecular genetic analysis and alizarin red S

staining, respectively. MTT analysis revealed insignif-

icant toxicity of the tested nanostructures on BM-

MSCs at concentrations ranged from 2 to 25 lg/ml

over 48 h and 72 h incubation period. Notably, the

tested nanostructures potentiate the osteogenic differ-

entiation of BM-MSCs as evidenced by a prominent

over-expression of runt-related transcription factor 2

(Runx-2) and bone morphogenetic protein 2 (BMP-2)

genes after 7 days incubation. Moreover, the tested

nanostructures induced matrix mineralization of BM-

MSCs after 21 days as manifested by the formation of

calcium nodules stained with alizarin red S. Conclu-

sively, these data provide a compelling evidence for
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the functionality of the studied nanostructures as

osteoinductive materials motivating the differentia-

tion of BM-MSCs into osteoblasts with the most

prominent effect observed with Au-NPs and Au/HA-

NPs, followed by CH-NPs.

Keywords Bone marrow mesenchymal stem cells �
Osteogenic differentiation � Hydroxyapatite � Gold �
Chitosan � Nanoparticles

Introduction

During the last decades, mesenchymal stem cells

afforded a great cell source for regenerative medicine

and tissue engineering (Linard et al. 2018). In recent

years, bone marrow-derived mesenchymal stem cells

(BM-MSCs) have drawn much interest in most

researches owing to their unique characteristics such

as proliferative, self- renewal ability and low immuno-

genicity (Wang et al. 2016). BM-MSCs are capable of

differentiation into three different mesodermal lin-

eages (adipogenic, chondrogenic and osteogenic)

upon exposure to specific inducing factors in their

microenvironment. Such driving differentiation abil-

ity towards desired lineages have been extensively

employed in the context of tissue engineering whereby

differentiated cells are implanted at the site of injury

favoring tissue repair or replacement (Ullah et al.

2015). BM-MSCs express a cluster of cell surface

antigens showing positive expression of CD73, CD90

and CD105 and negative expression of CD34, CD45,

CD14 and CD19 (Müller et al. 2018). Upon the

intravenous injection of BM-MSCs into experimental

animals suffering from tissue injury, they will migrate

to the site of injury where they trigger tissue repair via

enhancing the expression of various growth factors

(Fitzsimmons et al. 2018).

Therapeutic modalities that target bone formation

process, either by increasing the resident osteoblasts’

population or stimulating their activity, could offer an

interesting approach for promoting both bone forma-

tion and regeneration. Bone regeneration through

MSCs induction could induce osteogenesis and

provide a therapeutic strategy for mitigating age-

related osteoporosis (Yao et al. 2013). Both autolo-

gous and allogeneic transplantation of stem cells have

been extensively used for the treatment of

cardiovascular diseases (Müller et al. 2018) and

neurodegenerative diseases (Mahla 2016). However,

in vivo transplantation of MSCs was unable to

motivate osteogenesis in bone owing to the non-

specificity of MSCs and their failure to be recruited to

the bone surface unless it was subjected to injury (Yao

and Lane 2015).

Nanoscale biomaterials have made a great progress

in many biomedical applications due to their unique

characteristics, including outstanding mechanical

strength and biodegradability, compared to those of

micro- and macro-structures (Roohani-Esfahani et al.

2010; Mauricio et al. 2018). Also, their similarity to

the nanostructured nature of the tissue microenviron-

ment suggests them as a promising option for tissue

engineering. Many evidences have shown that the

interaction between MSCs and biomaterials could

introduce a great therapeutic modality for tissue repair

and regeneration since this can affect the fate and

function of stem cells (Huang et al. 2012). Moreover,

it has been shown that culturing BM-MSCs with a

scaffolding material, like hydroxyapatite, augments

bone formation after subcutaneous implantation of

BM-MSCs in vivo (Akahane et al. 2012).

Many studies showed that bioactive nanomaterials

have a favorable osteoinductive activity on MSCs. For

example, a recent report of Niu et al. (2019) suggested

that molybdenum-doped bioactive glass nanoparticles

enhance both the osteogenic and mineralization ability

of adipose derived stem cells. Also, a study of Wang

et al. (2017b) reported that magnetic iron oxide

nanoparticles induce the osteogenic differentiation of

MSCs via up-regulating the long non-coding RNA

INZEB2 necessary for maintaining the osteogenesis of

MSCs. Moreover, Naruphontjirakul et al. (2019)

indicated that spherical strontium containing bioactive

glass nanoparticles are not cytotoxic and stimulate the

osteogenic differentiation of human BM-MSCs. How-

ever, a study of Nguyen et al. (2019) reported that BM-

MSCs treated with subcytotoxic concentrations of

silver nanoparticles (5 lg/mL, 10 lg/mL), obtained

from 24-h exposure assay, reduced cell proliferation

and osteogenic differentiation markers expression

after 21-day culture.

Nano-hydroxyapatite (HA-NPs), a derivative of

Calcium Phosphate crystals, has been shown to be

chemically and structurally similar to that of the

natural bone tissue (Liu et al. 2010a; Eliaz and Metoki

2017). Moreover, its excellent properties such as
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bioactivity, biocompatibility and osteoconductivity

made it a promising material for many biomedical

purposes, either for dental application or as bone

substitute (Sobczak-Kupiec et al. 2014). Nano-hy-

droxyapatite-coated tantalum scaffolds have been

found to increase new bone formation 2 weeks after

being implanted into rat calvarial bone when com-

pared to micron-sized hydroxyapatite-coated scaffolds

(Lock and Liu 2011).

Gold nanoparticles (Au-NPs) have been exten-

sively used in a variety of medical employments like

drug delivery and imaging, owing to their unique

properties, including low toxicity, colloidal stability,

biocompatibility and surface modification versatility

as compared to other types of nanoparticles (Singh

et al. 2018). Au-NPs have been used in regenerative

medicine such as cartilage and bone repair (Zhang

et al. 2014a). Moreover, it has been previously

reported that citrate-reduced Au-NPs can promote

the osteogenic differentiation of BM-MSCs via mito-

gen-activated protein kinase (MAPK) signaling axis.

Similarly, Au-NPs–hydrogel complex has been shown

to stimulate the osteogenic differentiation of fibrob-

lasts through the bone morphogenetic protein (BMP)

signaling module (Heo et al. 2014).

Chitosan, a deacetylated derivative of chitin, is

composed of Glucosamine and N-acetylglucosamine.

It is a natural biopolymer found in crustacean shells

with a structural similarity to glycosaminoglycan

found in bone (Levengood and Zhang 2014). The

outstanding properties of chitosan, including osteo-

conductivity, biocompatibility, bioactivity and

biodegradability, render it the most attractive natural

biopolymer for biomedical purposes as an alternative

to collagen in bone tissue engineering (Rodrı́guez-

Vázquez et al. 2015).

Based on the aforementioned data, the current work

was tailored to assess the potential effect of some

selected nanoparticles (HA-NPs, Au-NPs, C-NPs, Au/

HA-NPs and CH-NPs) as osteoinductive materials on

BM-MSCs in vitro. This goal was achieved through

gene expression analysis of osteoblast-specific genes

and bone matrix mineralization detection. Also, this

study sought to determine which of the studied

nanoparticles could exert the most osteogenic influ-

ence on BM-MSCs to be applied for bone tissue

engineering.

Materials and methods

Nanomaterials

Gold nanoparticles (Au-NPs) (CAS no. 7440-57-5)

were supplied from Sigma-Aldrich Co., USA, whereas

hydroxyapatite nanoparticles (HA-NPs), chitosan

nanoparticles (C-NPs), gold/hydroxyapatite (Au/HA-

NPs), and chitosan/hydroxyapatite (CH-NPs)

nanoplatforms were purchased from Nano Tech. Co.,

6th October City, Egypt. In brief, HA-NPs were

prepared by wet chemical method as previously

described by Yubao et al. (1993), while C-NPs were

prepared by ionotropic gelation process according to

Grenha et al. (2005). CH-NPs were obtained by gently

mixing the HA-NPs powder with the chitosan solution

in a final weight ratio of 1:1, while Au/HA-NPs were

prepared by mechanical mix of Au-NPs and HA-NPs

(1:1).

Characterization of nanomaterials

Transmission electron microscope (TEM) analysis of

nanoparticles All nanoparticles were characterized

using JEOL JEM-2100 high-resolution transmission

electron microscope (TEM) at an accelerating voltage

of 200 kV to determine their particle size and shape.

Samples were prepared by dispersing the

nanomaterials in phosphate buffer saline (PBS),

except chitosan nanoparticles (dispersed in dimethyl

sulfoxide, DMSO), and sonication using ultrasonic

water bath (Grant XUBA1, UK) for 10 min, followed

by applying one drop of each of these suspensions on

copper grids coated with a thin film of carbon.

Zeta potential analysis Zeta potentials of all

nanomaterials were measured using a Zetasizer Nano

ZS (Malvern Instrument, UK) equipped with a 633 nm

laser. The reference standard (DTS1230, zeta-

potential standard from Malvern) was used to qualify

the performance of the instrument. In brief, samples

(2 mg) were suspended in 1 ml of PBS, sonicated for

15 min at 40 �C using ultrasonic water bath (Grant

XUBA1, UK) to assure good dispersion, followed by

vortex for 1 min and then filtered using a 0.22 lm
filter before measurement. Each of the prepared

samples was dispensed into a clean disposable

capillary cell (DTS1060, Malvern) which was

flushed before every re-filling. Malvern Instrument’s
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Dispersion Technology software (Version 4.0) was

used for data analysis and zeta-potential values were

estimated from the measured electrophoretic mobility

data using Smoluchowski equation (Hunter 1981).

Mesenchymal stem cells (MSCs)

Isolation and cultivation of BM-MSCs

Bone marrow cells were harvested by flushing the tibia

and femur bones of eight week-old male albino rats of

Wistar strain weighing 100-120 g (procured from the

Animal facility of the National Research Centre, Giza,

Egypt) with PBS supplemented with 1% penicillin–

streptomycin (Biowest, France) under aseptic condi-

tion. After centrifugation, the cell pellet was cultured

in 25 cm2 flasks containing high glucose Dulbecco’s

modified Eagle’s medium (HG-DMEM, Biowest,

France) supplemented with 30% fetal bovine serum

(Biowest, France) and 1% penicillin–streptomycin.

Cells were then incubated at 37 �C in 5% humidified

CO2 for 2 days and non-adherent cells were removed

by changing the culture medium. Culture media were

replaced every 2-3 days for 12 days or till developing

90% cell confluence. BM-MSCs, as primary culture,

were then sub-cultured by enzymatic digestion using

0.25% trypsin/EDTA (Biowest, France) for 5 min at

37 �C. BM-MSCs cultures were propagated, till

reaching the third passage to ensure that all cells are

morphologically homogeneous.

The protocol of this study was conducted in

accordance with the ethical considerations for the

experimental animals and approved by the Ethical

Committee of Medical Research at the National

Research Centre, Giza, Egypt, which follows the

recommendations of the National Institutes of Health

Guide for the care and use of laboratory animals

(Approval code. 15106).

BM-MSCs identification

Morphology of BM-MSCs BM-MSCs identity was

confirmed by their plastic-adherent ability and their

spindle-shaped morphology through inverted

microscope examination.

Flow cytometry analysis Flow cytometry analysis

for cluster of differentiation (CD) 34, CD45, CD73,

CD90 and CD105 cell surface markers was performed

to ensure that the isolated BM-MSCs maintain their

phenotype even after propagation in culture

(Woodbury et al. 2000). In brief, BM-MSCs of third

passage were released from culture flasks using

trypsin/EDTA digestion, suspended in PBS

containing 0.5% bovine serum albumin (BSA)/

2 mmol EDTA and analyzed for surface markers

expression using anti-rat phycoerythrin (PE)-

conjugated CD73 and anti-rat PE-conjugated CD90

antibody (R&D Systems,UK), anti-rat fluorescein

isothiocyanate (FITC)-labeled CD105 antibody

(MiltenyiBiotec, Germany), anti-rat FITC-labeled

CD45 antibody and anti-rat PE-conjugated CD34

antibody (Beckman Coulter Co.,USA). Then, the cells

were rinsed twice with PBS supplemented with 2%

BSA, re-suspended in PBS followed by flow

cytometry analysis using Beckman Coulter Elite XL,

USA instrument. Isotype control matched rat

immunoglobulins was employed for auto-

fluorescence.

Tri-lineage differentiation of BM-MSCs BM-MSCs

identity was further confirmed by their ability to

differentiate into three different mesodermal lineages

(adipogenic, chondrogenic and osteogenic) using

StemPro� differentiation medium according to the

manufacturer’s manual.

• Adipogenic differentiation of BM-MSCs

Briefly, BM-MSCs of 3rd passage were seeded in

6-well culture plate at a density of 5 9 105 cells/well

and then incubated at 37 �C to allow cells to expand

till reaching 90% confluence. After that, adipogenic

differentiation of BM-MSCs were induced by replac-

ing the growth media with StemPro� adipogenesis

differentiation medium (Cat. #A1007001, Gibco,

Thermo Fisher Scientific Inc., USA). Wells, contain-

ing cells suspended in culture medium consisted of

HG-DMEM supplemented with 10% FBS and 1%

penicillin/streptomycin, was assigned as a control.

Cells were incubated at 37 �C in a humidified

atmosphere containing 5% CO2 and the media were

changed every 3 days for 17 days. Following the

adipogenic differentiation, both undifferentiated and

differentiated cells were subjected to fixation by

adding 4% formaldehyde for 30 min, washed twice

with PBS and then stained with 0.2% oil red O

working solution (Sigma-Aldrich, St. Louis, MO,

USA) and incubated for 20 min at room temperature in
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dark. Finally, cells were visualized under the inverted

microscope (Olympus, Japan) to detect the intracellu-

lar accumulation of lipid vesicles appearing as bright

red spheres.

• Chondrogenic differentiation of BM-MSCs

In brief, BM-MSCs of third passage were seeded

into 6-well culture plate at a density of 5 9 105 cells/

well and then incubated at 37 �C to allow cells to

expand till reaching 90% confluence. After that, BM-

MSCs were induced for chondrogenic differentiation

by replacing the growth media with StemPro� chon-

drogenesis differentiation medium (Cat. # A1007101,

Gibco, Thermo Fisher Scientific Inc., USA). Control

wells represented cells suspended in culture medium

consisted of HG-DMEM supplemented with 10% FBS

and1% penicillin/streptomycin. Cells were then incu-

bated at 37 �C with 5% humidified CO2 and the media

were replaced every 3 days for 17 days. Following the

chondrogenic differentiation, both undifferentiated

and differentiated cells were fixed with 4% formalde-

hyde for 30 min. After fixation, cells were washed

twice with PBS and then stained with 1% alcian blue

working solution (Sigma-Aldrich, St. Louis, MO,

USA) prepared with 3% glacial acetic acid and

incubated for 20 min at room temperature in the dark.

Finally, cells were visualized under the inverted

microscope to detect the formation of glycosamino-

glycan stained in blue color.

• Osteogenic differentiation of BM-MSCs

BM-MSCs were induced to differentiate into

osteocytes using StemPro� osteogenesis differentia-

tion medium purchased from Gibco, Thermo Fisher

Scientific Inc. (USA) (Cat. # A1007201). Control

wells contained cells suspended in culture medium

consisted of HG-DMEM supplemented with 10% FBS

and 1% penicillin/streptomycin. After 21 days of

differentiation, both undifferentiated and differenti-

ated cells were fixed with 4% formaldehyde solution

for 30 min. After fixation, the wells were rinsed with

PBS and the cells were stained with 2% alizarin red S

solution (pH 4.2) (Sigma-Aldrich, St. Louis, MO,

USA) for 20 min. Then, the cells were visualized

under the inverted microscope to detect the formation

of mineralized nodules of the extracellular matrix.

In vitro study

MTT assay

Influence of the tested nanoparticles on rat BM-MSCs

viability was quantified by using 3-[4,5-dimethylthi-

azol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT)

assay (SERVA Electrophoresis GmbH Heidelberg,

Germany, CAS No.298-93-1), as previously described

by Van Meerloo et al. (2011). In Brief, BM-MSCs of

third passage were seeded into 96-well tissue culture

plates at a density of 1 9 104cells/well and incubated

at 37 �C (in 5% CO2 and 90% humidity) for 24 h.

Then, each of the studied nanomaterials at different

concentrations (2, 5, 10, 15, 20 and 25 lg/ml) was

added into their specific wells (treated wells) in

triplicate. Control wells represented cells treated with

vehicle (DMSO in case of C-NPs and 0.1% ascorbic

acid in case of CH-NPs) or left untreated, whereas

blank wells referred to that containing culture medium

only (without cells). After 48 h and 72 h incubation

period, the cells were washed with PBS and then MTT

solution (dissolved in serum-containing media) of

0.5 mg/ml concentration was added to each well

followed by incubating the plates at 37 �C for 4 h.

After incubation, formazan crystals, formed upon

reduction of MTT by metabolically active cells, were

then dissolved by DMSO. The optical density (OD) of

each well was measured at 492 nm and a reference

wavelength of 630 nm, using a microplate reader

(Model 4300; Chromate Instrument, Awareness tech-

nology, Inc., Palm City, USA). The percentage of cell

viability compared with the control was calculated

according to the following equation:

Percentage of cell viability ¼ ODt� ODb

ODc� ODb
� 100

where ODt is the mean value of the measured OD of

the treated wells, ODc is the mean value of the

measured OD of the control wells, ODb is the mean

value of the measured OD of the blank wells.

Differentiation of BM-MSCs into osteoblasts

BM-MSCs cultures of the third passage (90% cell

confluence) were induced to differentiate into osteo-

blasts upon culturing in osteogenic medium (OS)

containing 5.0 mM b-glycerophosphate, 50 lg/ml

ascorbic acid and 0.1 lM dexamethasone (all
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purchased from Sigma-Aldrich, St. Louis, MO, USA)

(Yi et al. 2010), in combination with one of the tested

nanomaterials for 14 days at a concentration selected

based on MTT results.

Gene expression analysis

RNA extraction and qRT-PCR

Following the differentiation of BM-MSCs into

osteoblasts using OS medium in the presence or

absence of the selected nanoparticles for 7 days, total

RNA was extracted from undifferentiated and differ-

entiated BM-MSCs cultures (osteoblasts) using the

RNeasy mini kit for total RNA purification from

animal cells (Cat. #74104, Qiagen, Germany), accord-

ing to the manufacturer’s protocol. RNA concentra-

tion was determined in duplicate using Nano Drop

2000 (Thermo Fisher Scientific, Rockford, IL, USA)

and 260/280 nm ratio was assessed to ensure RNA

purity. RNA samples were pre-treated with RNase-

free DNase I (1U/ll) (Cat # EN0521, Thermo Fisher

Scientific Inc., USA) before being reverse transcribed

into cDNA, using Revert Aid first strand cDNA

synthesis kit (Cat# K1621, Thermo Fisher Scientific,

Inc., Lithuania) according to the manufacturer’s

instructions. The expression levels of Runt-related

transcription factor 2 (Runx-2) and bone morpho-

genetic protein 2 (BMP-2) genes were determined by

quantitative real-time PCR (qRT-PCR) using Quan-

tiTect SYBR Green PCR Kit (Cat# 204141, Qiagen,

Germany) and 10XQuantitect Primer Assays (Qiagen,

Germany): Runx-2 (Cat# QT01620647), BMP-2

genes (Cat# QT00495096) and b-actin (Cat#

QT00193473). The StepOne Real Time PCR instru-

ment (Applied Biosystems, USA) was used for real-

time analysis. The reaction mixture contained 12.5 ll
SYBR master mix, 2.5 ll primer assay (1X), cDNA

template (100 ng) and nuclease-free water, in a final

volume of 25 ll. The thermal conditions were

adjusted as follows: initial denaturation step at 95 �C
for 15 min, followed by 40 repetitive cycles of

denaturation at 94 �C for 15 s, annealing at 55 �C
for 30 s and extension at 72 �C for 30 s, as well as a

final extension step at 72 �C for 5 min. The quantifi-

cation of the relative mRNA expression was deter-

mined using the 2-DDCt method (Livak and

Schmittgen 2001).

Alizarin red S staining

BM-MSCs were seeded into 6-well tissue culture

plates at a density of 5 9 105 cells/well and incubated

at 37 �C in 5% CO2 humidified incubator till forming

90% confluent cell sheet. The media were then

replaced by either OS medium alone or combined

with one of the selected nanomaterials for 21 days.

The formation of mineralized matrix nodules was

detected by alizarin red S staining (Sigma-Aldrich, St.

Louis, MO, USA). In brief, the cells were washed

twice with PBS and then fixed in 4% buffered

formaldehyde for 15 min at room temperature. After

that, the cells were washed three times with distilled

water, followed by staining with 1% alizarin red S

solution (pH 4.2) for 20 min at room temperature. The

alizarin red S solution was aspirated from wells

followed by rinsing cells twice with distilled water.

PBS was added to each well to avoid cell dryness.

Orange-red staining indicates the formation of miner-

alized matrix nodules that were visualized through the

inverted microscope (Huang et al. 2009).

Statistical analysis

All data were represented as mean ± standard devi-

ation (SD). Statistical analysis was carried out by two-

way analysis of variance (ANOVA) using GraphPad

Prism 7 software (La Jolla, CA, USA) and the

Turkey’s multiple comparisons test was employed to

compare the significance between groups. The signif-

icance level was set at P\ 0.05.

Results

Characterization of nanomaterials

TEM analysis results

High-resolution transmission electron microscopy

was employed to characterize the morphology and

size distribution of the selected nanomaterials. TEM

imaging of HA-NPs showed that they have a rod shape

with a size range from 80 to 125.4 nm in length and 35

to 45.7 nm in width. Meanwhile, that of Au-NPs

indicated that they have spherical shape with diameter

ranged between 30.2 and 40.7 nm. Also, TEM anal-

ysis of C-NPs revealed that they are spherical in shape
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with a size range of 35.8–64.3 nm. Lastly, TEM

analysis of Au/HA and CH nanostructures denoted

that both Au-NPs and C-NPs were successfully

adsorbed on HA-NPs surface forming nanoplatforms

as shown in Fig. 1.

Zeta potential findings

Malvern Zetasizer system measurements indorsed that

the representative zeta potential of HA-NPs is

(- 3.18 mV), (- 29.3 mV) for Au-NPs,

(- 21.3 mV) for Au/HA-NPs, (34.8 mV) for C-NPs

Fig. 1 High-resolution transmission electron microscopy images of: a HA-NPs, b Au-NPs, c C-NPs, d Au/HA-NPs and e CH-NPs
showing the particles size and shape
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and (- 31.5 mV) for CH-NPs as illustrated in

Table 1.

Characterization of BM-MSCs

Microscopic features and photodocumentation

Inverted microscope examination displayed plastic-

adherent spindle-shaped BM-MSCs in colonies, as

shown in Fig. 2, which confirms the identity of BM-

MSCs.

Flow cytometry analysis

Flow cytometry analysis showed that isolated BM-

MSCs were positive for CD73 (89.8%), CD105

(85.7%), CD90 (83.5%), and negative for CD34

(8.1%) and CD 45 (0.6%) (Fig. 3).

Tri-lineage differentiation of BM-MSCs

BM-MSCs were successfully induced to differentiate

into adipocytes upon culturing in adipogenic differ-

entiation media. The synthesis of intracellular lipid

droplets in adipocytes was confirmed by staining with

oil red O (Fig. 4a). Also, BM-MSCs were differenti-

ated into chondrocytes which was confirmed by alcian

blue staining (Fig. 4b). Moreover, osteogenic differ-

entiation of BM-MSCs was documented by alizarin

red S staining as shown in Fig. 4c.

In vitro study data

The influence of nanomaterials on BM-MSCs viability

The cytotoxic effect of the tested nanomaterials on

BM-MSCs viability was assessed with six different

concentrations (2, 5, 10, 15, 20 and 25 lg/ml) at 48 h

and 72 h using MTT assay.

It was noticed that all studied nanomaterials

displayed insignificant toxicity on BM-MSCs at the

suggested concentrations after 48 h incubation except

for CH-NPs and C-NPs at certain concentrations. With

further extension of the incubation time to 72 h, all

nanomaterials still exhibited negligible cytotoxic

impact even at the highest concentration of 25 lg/
ml, with the exception of C-NPs (Fig. 5e).

The percent of BM-MSCs viability after being

exposed to 5 lg/ml Au-NPs was 99.9 ± 0.68 and

110.6 ± 7.6% after 48 h and 72 h incubation, respec-

tively, with no significant difference from control

Table 1 Representative zeta potential stability of the selected

nanostructures using Malvern ZetaSizer system

Nanostructure Zeta potential value (mV)

HA-NPs - 3.18

Au-NPs - 29.3

Au/HA-NPs - 21.3

C-NPs 34.8

CH-NPs - 31.5

Fig. 2 Microscopic features of rat BM-MSCs (passage 3) in culture flasks showing confluent cell sheet of spindle-shaped morphology
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(P[ 0.05). Similarly, the viability of BM-MSCs after

treatment with 5 lg/ml Au/HA-NPs was 109.7 ± 7.4

and 102.02 ± 14.1% after 48 h and 72 h incubation,

respectively, showing insignificant difference

(P[ 0.05) from control. Also, 5 lg/ml concentration

of CH-NPs revealed insignificant cytotoxicity

(P[ 0.05) as compared to control and BM-MSCs

viability was found to be 91.5 ± 1.6 and

103.02 ± 5.6% after 48 h and 72 h, respectively.

Whereas, BM-MSCs displayed a percent of viability

Fig. 3 Flow cytometry

analysis of BM-MSCs

a cluster of differentiation

(CD) 73 (89.8%), b CD105

(85.7%), c CD90 (83.5%),

d CD34 (8.1%) and e CD45
(0.6%), antibodies; where

CD73, CD105 and CD90

stand for the fluorescent-

tagged antibodies used to

detect the surface antigens

that are positively expressed

on mesenchymal stem cells

(MSCs), while CD34 and

CD45 stand for the

fluorescent-tagged

antibodies used to detect the

cell surface antigens that are

only expressed on the

hematopoietic stem cells

and are negatively expressed

on MSCs. The horizontal

line in each panel represents

the channel in the flow

cytometry that detects the

fluorescent-tagged

antibodies used for detection

of the expression of these

markers on the MSCs
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of 112.2 ± 4.2 and 116.5 ± 14.8% after being treated

with 10 lg/ml of HA-NPs for 48 h and 72 h, respec-

tively, indicating insignificant change (P[ 0.05) as

compared to control. For C-NPs, 5 lg/ml concentra-

tions resulted in a percentage cell viability of

111.9 ± 4.3 and 109.6 ± 10.3% after 48 h and 72 h

incubation, respectively, without any significant dif-

ference from control (P[ 0.05). Therefore, the con-

centration of 10 lg/ml for HA-NPs and 5 lg/ml for

Au-NPs, Au/HA-NPs, CH-NPs and C-NPs were

selected to be used later in all osteogenic differenti-

ation experiments, since such selected concentrations

revealed the least insignificant cytotoxic action on

BM-MSCs as compared to control.

It would be pertinent to mention that BM-MSCs

treated with all nanoparticles, at some studied con-

centrations over 48 h and 72 h incubation periods,

presented slightly higher proliferation than that of the

control cells (insignificant difference) as cell viability

showed a slight increase (only 10–20%) with no

noticeable dose or time-dependent tendency. This

means that such nanoparticles have no effect on BM-

MSCs proliferation or the pattern of cell behavior.

Gene expression profile

The osteospecific gene expression profile for both

differentiated and undifferentiated BM-MSCs

assessed after 7 days of culture is represented in

Fig. 6. The results indicated that the gene expression

level of Runx-2 was significantly up-regulated

(P\ 0.05) to 3.1 folds upon culturing of BM-MSCs

in osteogenic medium alone (BM-MSCs ? OS) when

compared with undifferentiated BM-MSCs (con-

trol).While culturing BM-MSCs in osteogenic med-

ium coupled with Au-NPs or Au/HA-NPs elicited

significant up-regulation (P\ 0.05) of Runx-2 gene

expression level to 4.6 and 1.8 folds, respectively, as

compared to BM-MSCs ? OS. However, Runx-2

gene expression level revealed insignificant over-

expression (P[ 0.05) to 1.4 and 1.2 folds upon

culturing BM-MSCs in osteogenic medium combined

Fig. 4 Photomicrographs of BM-MSCs differentiated into:

a adipocytes (yellow block arrows refer to intracellular lipid

droplets) stained with oil red O stain, b chondrocytes showing

the blue-stained proteoglycan using alcian blue stain, and

c osteocytes indicating the accumulation of mineralized matrix

stained in red orange color using alizarin red S stain. (Color

figure online)
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Fig. 5 Percent viability of BM-MSCs treated with the tested

nanoparticles: a Au-NPs, b Au/HA-NPs, c CH-NPs, d HA-NPs

and e C-NPs at different concentrations for 48 h and 72 h. Data

are represented as mean of percent cell growth ± SD. Three

replicates were set up for each treatment group (n = 3) with

experiments repeated in duplicate. a Means are significantly

different from the control at P\ 0.05
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with CH-NPs or HA-NPs, respectively, as opposed to

BM-MSCs ? OS. Also, BM-MSCs cultured in osteo-

genic medium supplemented with C-NPs displayed

insignificant change (P[ 0.05) in Runx-2 gene

expression level by 0.5 fold versus BM-MSCs ? OS.

BMP-2 gene expression level exhibited insignificant

amplification (P[ 0.05) to 1.7 fold upon culturing

BM-MSCs in osteogenic medium alone relative to that

of control. Whereas, when BM-MSCs were cultured

with Au-NPs, Au/HA-NPs or CH-NPs in the presence

of osteogenic medium, the gene expression level of

BMP-2 was significantly up-regulated (P\ 0.05) by

4.9, 3.7 and 2.3 fold change, respectively, compared to

that of BM-MSCs ? OS. On the other side, culturing

BM-MSCs in osteogenic medium in combination with

HA-NPs or C-NPs evoked insignificant up-regulation

(P[ 0.05) of BMP-2 gene expression level to 1.2 and

1.25 folds, respectively, as compared to BM-

MSCs ? OS.

Of note, culturing BM-MSCs with Au-NPs in

combination with OS medium brought about the most

prominent significant up-regulation (P\ 0.05) in both

Runx-2 and BMP-2 gene expression levels in com-

parison with those of BM-MSCs cultured in OS

medium containing Au/HA-NPs, CH-NPs, HA-NPs or

RUNX-2
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Fig. 6 Relative gene expression analysis of osteoblast-specific

genes (Runx-2 and BMP-2) in both differentiated and undiffer-

entiated BM-MSCs. Data are expressed as mean ± SD,

obtained from three independent experiments (n = 3). a signif-

icance difference from undifferentiated BM-MSCs at P\ 0.05,

b significance difference from OS (BM-MSCs cultured in OS

medium alone) at P\ 0.05, c significance difference from Au-

NPs (BM-MSCs cultured in OS medium containing Au-NPs) at

P\ 0.05, d significance difference from Au/HA-NPs (BM-

MSCs cultured in OS medium containing Au/HA-NPs) at

P\ 0.05 and e: significance difference from CH-NPs (BM-

MSCs cultured in OS medium containing CH-NPs) at P\ 0.05

cFig. 7 Alizarin red S staining of a undifferentiated BM-MSCs,

b differentiated BM-MSCs upon culturing in OS medium only,

c differentiated BM-MSCs upon culturing in OS medium

supplemented with HA-NPs, d differentiated BM-MSCs upon

culturing in OS medium supplemented with Au-NPs, e differ-

entiated BM-MSCs upon culturing in OSmedium supplemented

with Au/HA-NPs, f differentiated BM-MSCs upon culturing in

OS medium supplemented with C-NPs and g differentiated BM-

MSCs upon culturing in OS medium supplemented with CH-

NPs. (Color figure online)
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C-NPs. Also, BM-MSCs incubated with Au/HA-NPs

plus OS medium yielded a significant over-expression

(P\ 0.05) of BMP-2 gene expression level compared

with that cultured in OS medium supplemented with

CH-NPs, HA-NPs or C-NPs. Additionally, BM-MSCs

cultured in OS medium in the presence of CH-NPs

provoked significant enhancement (P\ 0.05) of

BMP-2 gene expression level as compared with that

cultured in OS medium containing HA-NPs or C-NPs.

The aforementioned data indicated that Au-NPs

followed by Au/HA-NPs and CH-NPs exhibited the

most osteoinductive effect on BM-MSCs through up-

regulating Runx-2 and BMP-2 gene expression levels.

Alizarin red S staining of the differentiated BM-

MSCs

The mineralized matrix nodules representing osteo-

blast-phenotypic markers speak for the successful

osteogenic differentiation of MSCs. Therefore, the

osteoinductive effect of the chosen nanoparticles on

BM-MSCs was further investigated by alizarin red S

staining assay. The photomicrographs in Fig. 7

revealed that the BM-MSCs were successfully moti-

vated to generate osteoblasts upon culturing with OS

medium, either alone (Fig. 7b) or in the presence of

the tested nanomaterials (HA-NPs, Au-NPs, Au/HA-

NPs, C-NPs or CH-NPs) for 21 days, as indicated by

alizarin red S staining of calcium nodules precipitates

(Fig. 7c, d, e, f, g, respectively). Meanwhile, the

undifferentiated BM-MSCs represented no calcium

nodules deposition (Fig. 7a). Of note, BM-MSCs

morphology was observed to be changed from spindle

to polygonal shape after 21 days of culture in the

osteogenic medium in the presence of nanoparticles.

Discussion

Currently, MSCs have been shown to be the most

prominent therapeutic options in regenerative medi-

cine, especially in bone tissue engineering owing to

their differentiation potency in addition to non-

immunogenic characteristics. Nanoplatforms have

been considered as a promising alternative for

implantable devices due to their ability to induce cell

proliferation and differentiation with the least cell

toxicity (Crisan et al. 2015). It has been stated that

nanoparticles can stimulate specific signaling path-

ways in stem cells, resulting in their osteoinduction

(Yi et al. 2010; Yang et al. 2013). Various pathways

are believed to be implicated in coordinating the

cellular uptake of nanoparticles, including endocyto-

sis, phagocytosis and pinocytosis (Zhao et al. 2011).

Most of the nanoparticles used in the current study

have a spherical morphology, except hydroxyapatite

nanoparticles (HA-NPs), since it has been reported

that spherical-shaped nanoparticles are better than

their rod or star-shaped counterparts regarding cellular

uptake (Freese et al. 2012a), as they induce a

diminished cell toxicity by restraining the cell mem-

brane from direct diffusion (Freese et al. 2012b). For

example, the uptake of spherical gold nanoparticles

(Au-NPs) by cells was found to be considerably easier

compared to rod-shaped Au-NPs. Spherical Au-NPs

are capable of targeting cells through active and

passive means (Pissuwan et al. 2007a, b), which is

likely to induce physiological changes, following the

cellular interaction between the Au-NPs and target

cells in vivo (Chen et al. 2013).

However, we have selected the rod shape for HA-

NPs to mimic that of the natural bone, as we need to

simulate the same natural osteogenic activity of HA-

NPs of the native bone tissue. Since the natural bone

tissue is known to be made up of 70% nanohydrox-

yapatite having rod-like-shaped morphology (Okada

and Matsumoto 2015; Mansour et al. 2017). More-

over, a study of Lu et al. (2011) reported that rod-

shaped HA-NPs incorporated in poly(e-caprolactone)
(PCL) film mimic the natural bone and best enable

human osteoblasts to exert their biological function-

ality providing the right and sustainable signals for

adipose tissue-derived stem cells (ASCs) osteogenic

differentiation, whereas the human osteoblasts on PCL

films or PCL incorporated with spherical HA-NPs lack

the right phenotype and the sustainable capability for

steeling osteogenic differentiation of ASCs.

In the present approach, TEM micrograph of HA-

NPs showed relatively uniform rod shape particles

with a size matching to that of nanohydroxyapatite of

the natural bone microenvironment in vivo (Vandiver

et al. 2005). This finding coincides with that of Zainol

et al. (2008) who identified the rod-shaped hydroxya-

patite nanoparticles with a size of about 40 nm in

width and 70 –100 nm in length upon TEM analysis.

Moreover, zeta potential analysis of HA-NPs revealed

negatively charged particles. This is in consistent with
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the study of Cai et al. (2007), who demonstrated

negatively charged rod shaped HA-NPs with a zeta

potential of - 7.1 mV.

In the present study, TEM investigation of Au-NPs

revealed uniform spherical-shaped particles with

negative charges indicating no particles aggregation

upon dispersion. These results are in harmony with the

study of Li and his colleagues (2016), who reported

spherical-shaped gold nanoparticles with 40 nm size

and zeta potential of - 23.15 mV.

As shown in the present attempt, TEM analysis for

Au/HA-NPs was performed to confirm the adsorption

of Au-NPs on the surface of HA-NPs forming

nanocomposite. This observation is in agreement with

that of the studies of Crisan et al. (2015) and Ferreira

dos Santos et al. (2015).

The current findings indicated spherical-shaped

C-NPs upon TEM investigation. This result is com-

parable to that of the study of Iswanti et al. (2019).

Chitosan is characterized by its positive zeta potential

value (Uskoković and Desai 2014). Zetasizer analysis

indicated the formation of positive charges on C-NPs.

This is in concert with the result of Wan et al. (2007),

who indicated positively charged C-NPs of 28.5 mV.

As the value of the zeta potential of the nanoparticles

increases, the amount of charge on their surface

increases, resulting in a strong repelling reaction

between the particles providing high stability and

better uniformity in size.

It is known that the incorporation of chitosan with

hydroxyapatite could reduce the degree of HA-NPs

aggregation, which is responsible for cell toxicity

(Muller et al. 2014). TEM characterization of CH-NPs

revealed the integration of C-NPs with HA-NPs

forming CH-NPs nanostructure containing both inor-

ganic and organic materials simulating that of the

native bone matrix. This finding is congruent with that

of Prajatelistia and colleagues (2015), who demon-

strated the formation of CH-NPs using TEM analysis.

Our study showed negatively charged CH-NPs as

indicated from zeta potential analysis. This finding

comes in contrast to the study of Uskoković and Desai

(2014), who reported the formation of positively

charged CH-NPs with zeta potential of 3.9 mV. This

subtle difference in characteristics between our nanos-

tructure and that in the previous study could be due to

the variation in surface chemistry and particle size. It

is assumed that nanoparticles obtained from different

manufacturers have slight variations in surface

chemistry and degree of crystallinity that may affect

their zeta potential values.

Microscopic follow up and flow cytometry charac-

terization of the rat BM-MSCs confirmed the identity

of MSCs. These findings are in correspondence with

those of Muniswami et al. (2018) and Yusop et al.

(2018). Furthermore, the isolated BM-MSCs were

further identified by their tri-lineage differentiation

capacity (adipogenic, chondrogenic and osteogenic).

BM-MSCs were successfully differentiated into

adipocytes and this comes in line with that of Bayati

et al. (2013) and Yusop et al. (2018). Moreover,

alizarin red S staining documented the osteogenic

differentiation of BM-MSCs. In addition, alcian blue

staining of BM-MSCs emphasized the successful

chondrogenic differentiation of BM-MSCs. These

results are greatly supported by those of the study of

Sangeetha et al. (2017).

According to MTT results, treatment of BM-MSCS

with HA-NPs at the studied concentrations, particu-

larly at 10 lg/ml, did not cause any significant toxicity

to BM-MSCs versus control cells. This finding is

greatly supported by that of Remya et al. (2014), who

demonstrated that the percentage viability of mouse

BM-MSCs treated with 10 lg/ml of rod-shaped HA-

NPs is comparable to that of the negative control.

High concentrations of Au-NPs have been shown to

drive the cells towards apoptotic pathways (Connor

et al. 2005), and too low concentrations of Au-NPs

have been found to be not effective for cell differen-

tiation. Therefore, the optimum concentration of Au-

NPs was chosen according to MTT assay to be

evaluated later on BM-MSCs behavior regarding cell

viability and differentiation. It was established that

5 lg/ml of Au-NPs did not display any obvious

toxicity towards BM-MSCs over 48 h and 72 h

incubation periods. This observation is in accordance

with that of the study of Ko et al. (2015), who

mentioned that spherical Au-NPs of 50 nm size have

no significant toxicity on adipose tissue derived-MSCs

(ADSCs) over the course of 7 days incubation.

Likewise, BM-MSCs exposed to a concentration of

5 lg/ml of Au/HA-NPs did not show any significant

cytotoxicity after 48 h and 72 h incubation. This result

is in harmony with that of Ferreira dos Santos et al.

(2015), who reported that human MSCs subjected to a

range of Au/HA-NPs concentrations (1–100 lg/ml)

did not display any alteration in cell viability com-

pared with the control cells.
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In a similar pattern, neither CH-NPs nor C-NPs

exert any significant toxicity to BM-MSCs at 5 lg/ml

concentration after 48 h and 72 h incubation. This

finding is on par with that of Chen et al. (2012), who

observed that murine calvarial osteoblasts (MC3T3-

E1) seeded with chitosan/nano-hydroxyapatite/colla-

gen scaffold did not induce any prominent toxicity

when compared to the control cells.

In order to assess the functional features of the

differentiated BM-MSCs into osteoblasts, we deter-

mined the gene expression levels of Runx-2 and BMP-

2. Runx-2 is regarded as the earliest transcription

factor determinant for directing MSCs towards

osteoblast lineage (Li et al. 2016). Runx-2 is known

to be governed by mitogen-activated protein kinase

(MAPK) signaling pathway (Xiao et al. 2000), which

in turn activates other osteoblast-specific gene expres-

sion such as osteopontin (OPN), osteocalcin (OCN)

and collagen type I alpha (Col-1a) essential for the
functional entity of osteoblasts (Komori 2003; Yi et al.

2010). BMP-2 is a member of the transforming growth

factor beta (TGF-b) superfamily acting as a cell–cell

signaling molecule during bone formation and repair

(Benoit et al. 2007). BMP-2 signaling is required for

the activation of Runx-2 through the Smad andMAPK

intracellular signaling modules (Phimphilai et al.

2006; Khatiwala et al. 2009). BMP activates the

downstream Smad-dependent signaling pathway.

Activated BMP receptors phosphorylate Smad1/5/8,

which then combine with Smad 4 forming a complex

transported to the nucleus, where it regulates the

transcriptional activation of downstream genes,

including Runx-2 and osterix. BMP-2 also activates

a series of Smad-independent signaling pathways,

including MAPK pathway components such as p38,

c-Jun N-terminal kinase (JNK), and extracellular

signal-regulated kinase (ERK). These pathways are

implicated in stimulating BMP-mediated osteogenic

process (Zhang et al. 2014b). Moreover, BMPs are

accountable for enhancing osteoblastic differentiation

and subsequent bone matrix mineralization through

promotion of the expression of bone structural

proteins, such as Col-1a and OCN (Yi et al. 2010).

The current results indicated that incubating BM-

MSCs in OS medium alone led to significant up-

regulation of Runx-2 and insignificant over-expres-

sion of BMP-2 gene expression levels as compared to

undifferentiated BM-MSCs. This finding is greatly

supported by the study of Wang and co-workers

(2017a), who reported that the Runx-2 gene expres-

sion level is significantly up-regulated in BM-MSCs

cultured in the osteogenic medium (dexamethasone,

ascorbic acid and b-glycerophosphate) as compared to

that cultured in basic medium without osteoinductive

supplements. Such bioactive supplements in the

osteogenic medium act synergistically to stimulate

the osteogenic differentiation through regulating sev-

eral regulatory mechanisms. Dexamethasone, a syn-

thetic glucocorticoid, acts to amplify the expression

level of Runx-2 via mediating the transcriptional

activation of WNT/b-catenin signaling axis. Hami-

douche and his colleagues (2008) observed that four

and a half LIM domains protein 2 (FHL-2) gene

expressions is stimulated in response to dexametha-

sone treatment as a result of interaction with a

glucocorticoid response element in the promoter of

FHL-2. After that, FHL-2 binds to b-catenin leading to
b-catenin translocation to the nucleus, where it binds

to T cell factor/lymphoid enhancer factor-1 (TCF/

LEF-1), resulting in transcriptional activation of

Runx-2. Ascorbic acid induces the osteogenic differ-

entiation via increasing the secretion of Col-1a into

the extracellular matrix leading to a2b1 integrins

binding to Col-1a, which in turn resulting in extracel-

lular-related kinase (ERK1/2) phosphorylation in the

MAPK signaling cascade, followed by translocation

of the phosphorylated ERK1/2 into the nucleus, where

it binds to Runx-2, resulting in its activation and

subsequent stimulation of other osteogenic gene

expression (Wang et al. 2017a). Since ascorbic acid

acts as a cofactor for enzymes responsible for proline

and lysine hydroxylation in pro-collagen, resulting in

the formation of collagen helical chain (Vater et al.

2011). b-glycerophosphate was found to facilitate

matrix mineralization process via donating phosphate

group needed to produce the hydroxyapatite mineral

(Ca10(PO4)6(OH)2) and promote osteoblast-related

gene expression via phosphorylation of ERK. Phos-

phate acts as an intracellular signaling molecule

entering the cell, resulting in ERK signaling pathway

activation, which in turn leads to stimulation of other

osteogenic gene expression such as BMP-2 (Wang

et al. 2017a). Moreover, Tada et al. (2011) commented

that phosphate stimulates the transcriptional activation

of BMP-2 via inducing the cyclic-AMP/protein

kinase-A pathway.

The current data showed that incubation of BM-

MSCs in OS medium containing HA-NPs results in
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insignificant up-regulation in the expression levels of

Runx-2 and BMP-2 genes as compared to that

incubated in OS medium alone. These data are in

conformity with the study of Huang et al. (2012), who

documented that rat BM-MSCs treated with OS

medium containing 200 lg/ml nano-hydroxyapatite

(n-HA) exhibit significant up-regulation of Runx-2

gene expression level. This could be going back to the

virtue that n-HA modifies the microenvironments of

the cell culture which mostly affect MSCs differen-

tiation (Yuan et al. 2011). Since n-HA acts through

adsorbing proteins forming a neo-matrix and hence

stimulating osteogenesis. Moreover, the results of the

study of Kim et al. (2011) demonstrated that seeding

rat BM-MSCs with poly (propylene fumarate) (PPF)/

hydroxyapatite nanocomposite scaffolds greatly moti-

vated their osteogenic differentiation through induc-

ing the over-expression of BMP-2 and Runx-2. This

might be explained by the possibility that BMP-2

activation leads to Runx-2 stimulation via both the

Smad and MAPK pathways (Lian et al. 2006; Zhang

et al. 2014b).

Gene profiling results indicated that the expression

of Runx-2 and BMP-2 are significantly up-regulated

upon the incubation of BM-MSCs with Au-NPs in

combination with OS medium versus that incubated in

OS medium alone. This finding is in harmony with the

study of Zhang et al. (2014a), who mentioned that

20-nm and 40-nm Au-NPs stimulated the differenti-

ation and matrix mineralization of mouse primary

osteoblasts through the up-regulation of both Runx-2

and BMP-2 gene expression levels. Such up-regula-

tion is mediated via the activation of extracellular

signal-regulated kinase (ERK)/MAPK cascade.

Moreover, Yi and co-workers (2010) showed three

folds increase in Runx-2 and BMP-2 gene expression

when MSCs are treated with Au-NPs, indicating that

Au-NPs preferentially promote the differentiation of

MSCs towards the osteoblastic phenotype. They

supposed that Au-NPs interact with the cell mem-

brane, enter the cell by receptor-mediated endocytosis

into the cytoplasm where they bind with cytoplasmic

proteins leading to the induction of osteogenic differ-

entiation via activating the p38 MAPK pathway. The

activation of p38 MAPK signaling pathway leads to

the up-regulation of Runx-2 (Wang et al. 2002) with

consequent up-regulation of Col-1a and BMP-2 at

early stages of differentiation (Liu et al. 2010b),

hence, motivating MSCs differentiation towards

osteogenic lineage. Incubating cells in media contain-

ing nanomaterials leads to the adsorption of serum

proteins to their surface, triggering their entry into

cells via endocytosis (Khan et al. 2007; Verma and

Stellacci 2010). These proteins, adsorbed on Au-NPs

surface, interfere with the ERK signaling axis, which

is known to be essential for osteogenic differentiation

of MSCs (Zhang et al. 2014a).

The results of the BM-MSCs incubated with Au/

HA-NPs plus OS medium denoted a significant up-

regulation of both Runx-2 and BMP-2 gene expression

levels when compared with that cultured in OS

medium alone. These findings echo those of Xia and

his colleagues (2018), who reported that gold nanopar-

ticles incorporated with Calcium Phosphate cement

drive the cells towards osteogenic lineage via up-

regulation of the gene expression level of Runx-2.

Chitosan-based scaffolds have been previously

reported to support the attachment and proliferation

of both osteoblasts and osteoclasts, which represent an

emerging approach for bone tissue engineering appli-

cations (Jones et al. 2009). However, such scaffolds

alone are not sufficient to mimic the natural bone

architecture. As they only work to induce the organic

phase and hence represent an incomplete matrix.

Therefore, the incorporation of hydroxyapatite nano-

crystalline, as an inorganic phase, within these scaf-

folds may represent a perfect candidate comparable to

the natural bone microenvironment in order to support

bone regeneration.

Our results demonstrated that incubating BM-

MSCs with C-NPs-containing OS medium resulted

in insignificant alteration in the expression of Runx-2

and BMP-2 gene expression level relative to that

incubated in OS medium alone. This finding is in

compliance with that of Dhivya et al. (2015), who

reported that nano-hydroxyapatite-free chitosan com-

posite insignificantly stimulates the expression of

Runx-2 gene in osteoblast-like cells as compared to

that containing nanohydroxyapatite. Ma et al. (2018)

demonstrated that culturing rat osteoblasts on titanium

implants coated with nano-HA/chitosan composite

stimulates osteogenesis through activation of the focal

adhesion kinase (FAK), which in turn stimulates the

activation of BMP-2/Smad pathway. This could be

attributed to the favorable wettability of chitosan

providing a support for osteoblasts adhesion and

osteoblasts differentiation via regulating wettability-

sensitive integrins expression. This leads to increased
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expression of a1, a2 and b1 integrin subunits, which in
turn affects integrin-BMP/Smad signaling module

through phosphorylation of FAK, hence, activating

the transcription factors Smad1/5/8 via BMP-2 sig-

naling activation, leading to the transcriptional acti-

vation of Runx-2, resulting in stimulation of

osteoblastic differentiation.

In the current study, we incorporate chitosan with

HA-NPs in the presence of OS medium to improve the

material’s osteoinductive potential and support the

adhesion of MSCs over time in culture. Incorporation

of HA-NPs with chistosan nanoparticles triggered

significant over-expression of BMP-2 in concomitant

with insignificant up-regulation of Runx-2 gene

expression levels as compared to BM-MSCs incubated

in OS medium alone. This finding is in coherence with

that of Peng et al. (2012), who recorded that nHA-

chitosan scaffolds support better attachment and

proliferation of MSCs and up-regulate osteogenic

gene markers, including Col-1a, Runx-2, ALP, and
OCN in the absence of OS medium. A possible

mechanism responsible for such effect on MSCs

proliferation and osteogenic differentiation may be

due to the nanoscale surface structure of these

scaffolds, which enhances adhesion of cells to HA-

NPs. Such scale also permits much great surface area

and reactivity, which in turn induces the scaffold’s

ability to guide cell mitogenic behavior (Hu et al.

2014).

The osteoinductive effect of CH-NPs onMSCsmay

be ascribed to the sustained dissolution and re-

precipitation of Calcium and Phosphate ions once

Calcium Phosphate-based scaffolds get hydrated into

cell culture media. This generates intense carbonated

apatite layer over the scaffold surface similar to that of

the native bone and hence may stimulate functional

osteogenic differentiation and matrix mineralization

(Chen et al. 2012).

Alizarin red S assay has been extensively employed

to identify the calcium-rich deposits formed during

MSCs differentiation as a tool for evaluating their

osteogenic differentiation capacity (Macri-Pellizzeri

et al. 2018). The current data showed that Calcium

Phosphate precipitates are detected by alizarin red S

stain in the BM-MSCs cultured in OSmedium coupled

with HA-NPs. This is in concert with the report by

Lock and Liu (2011), which proved enhanced calcium

deposition by human BM-MSCs upon incubation with

nano-hydroxyapatite.

In the present study, alizarin red S staining revealed

the presence of Calcium Phosphate precipitates in the

cellular matrix of BM-MSCs cultured in OS medium

containing Au-NPs. This result converges with the

study conducted by Li et al. (2016), who demonstrated

that the incubation of humanMSCswith Au-NPs leads

to the enhancement of the osteogenic differentiation

documented by remarkable Calcium Phosphate depo-

sition upon staining with alizarin red S. This study

suggested that the mechanism underlying the promo-

tion of the osteogenic differentiation of hMSCs by Au-

NPs may be due to the regulation of Yes-associated

protein (YAP) activity.

In our study, BM-MSCs exposed to Au/HA-NPs

coupled with OS medium displayed an increased

matrix mineralization confirmed by alizarin red stain-

ing of calcium precipitates. This corroborates the

finding of Xia et al. (2018), who demonstrated that

incorporation of gold nanoparticles with Calcium

Phosphate greatly induces more calcium deposition.

Choi et al. (2015) suggested that chitosan-conjugated

Au-NPs promotes the ostegenic differentiation of

ADSCs via stimulating Wnt/b-catenin signaling cas-

cade known to be implicated in osteogenic differen-

tiation of MSCs (Guidotti et al. 2013), leading to the

increase in calcium deposition.

Our results detected the formation of mineralized

calcium nodules after incubating BM-MSCs with CH-

NPs containing OS medium. This finding coincides

with that of Rogina and co-workers (2017), who

emphasized the great impact of chitosan-hydroxyap-

atite scaffolds on human MSCs osteogenesis as

evidenced by the strong calcium deposits staining.

On the contrary, culturing of BM-MSCs in OS

medium supplemented with C-NPs shows slight

calcium deposition as compared to that of HA-

incorporated chitosan composite. This finding is in

harmony with that of Chen et al. (2012), who observed

that mouse calvarial preosteoblasts incubated with

chitosan-only scaffold show slight osteoblasts miner-

alization, as shown by alizarin assay, compared to

those cultured with nano-hydroxyapatite-conjugated

chitosan scaffold,since chitosan scaffold insignifi-

cantly stimulates the osteogenic markers production,

including ALP, Col-1a, OCN and Runx-2.
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Conclusion

The present study emphasizes the potency of the

studied nanomaterials in triggering BM-MSCs

towards osteogenic lineage. Noteworthy, the dominant

osteoinductive effect was observed for Au-NPs fol-

lowed by Au/HA-NPs and CH-NPs, as evidenced by

gene expression analysis and alizarin red assay, which

afforded a strong document for their promising role to

be used for bone tissue engineering.
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