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Arylated gold nanoparticles have no effect 
on the adipogenic differentiation of MG‑63 
cells nor regulate any key signaling pathway 
during the differentiation
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Abstract 

Objective:  MG-63 cells that have osteoblastic and adipogenic differentiation potential were evaluated for internaliza-
tion, and adipogenic differentiation in the presence and absence of the covalently functionalized aryl gold nanoparti-
cles (AuNPs-C6H4-4-COOH).

Results:  Inductively coupled plasma, flow cytometry and confocal microscopy analyses confirmed that gold nano-
particles were easily internalized by MG-63 cells. The MG-63 cells were differentiated into adipocytes without gold-aryl 
nanoparticles and with the gold-aryl nanoparticles at 5 µM concentration in both induction and maintenance media. 
The lipid content assay and the relative expressions of PPAR-γ, ADR1, GLUT1 and GLUT4 genes showed no significant 
variation with and without the gold nanoparticles treatment. Differential phosphorylation levels of 43 kinases phos-
phorylation sites were evaluated using the human phospho-kinase array to assess the effect of the gold nanoparticles 
on the signaling pathways during the differentiation. No kinase phosphorylation site was differentially phosphoryl-
ated with two or more folds after the nanoparticles treatment after the first day as well as at the end of MG-63 cells 
differentiation. The gold-aryl nanoparticles do not affect MG-63 cells differentiation into adipocytes neither do they 
affect any key signaling pathway. These properties make these gold nanoparticles suitable for future drug delivery 
and medical applications.
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Introduction
MG-63 cells are osteosarcoma cells but they have the 
same differentiation potential as Mesenchymal Stem cells 
(MSCs). They are the cancer form of osteoblasts. By dif-
ferentiation, these sarcoma cells regain the early state of 

MSCs characteristics and for that reason, they may be 
differentiated into cells of mesodermal origin such as 
osteoblasts and adipocytes [1, 2]. Studies have shown that 
MG-63 cells may be differentiated into adipocytes [3, 4].

Recently, we synthesized robust covalently function-
alized gold nanoparticles attached through aryl carbon 
with the structure AuNPs-C6H4-4-COOH (abbreviated 
as AuNPs-COOH) by the reduction of aryldiazonium-
AuCl4 salts [5]. These gold-aryl nanoparticles are robust 
under different pH conditions. They have shown out-
standing biocompatibility. Besides, they are not prone 
to aggregation under several physiological conditions. 
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Another important fact related to this interesting class 
of gold nanoparticles is the ability to modify the organic 
shell to synthesize highly water-soluble bioconjugates 
which can maintain small sizes in solution [6, 7]. They 
have shown outstanding biocompatibility and unique 
applications in DNA stabilization, Bovine Serum Albu-
min (BSA) delivery, cellular uptake, lysozyme biocon-
jugation for antibiotic-resistant bacteria and insulin 
defibrillation [6, 7]. Furthermore, our recent study also 
shows that these aryl-gold nanoparticles having vari-
ous protein coats are easily uptaken by MG-63 cells [8]. 
Unlike the gold nanoparticles that are reported to have 
citrate shells, gold-aryl nanoparticles have aryl functional 
groups covalently linked through carbon to the gold core 
and highly water dispersible which make them ideal for 
cellular uptake study [5]. A few classes of nanoparticles 
have been evaluated in stem cells differentiation such as 
silica nanoparticles and magnetic iron nanoparticles [9, 
10]. Size, shell and type may affect the route of stem cells 
differentiation [9–12]. Hence, nanoparticles have great 
therapeutic potential for regenerative medicine [13, 14]

The effect of gold nanoparticles on Mesenchymal Stem 
Cells (MSCs) differentiation has been reported; how-
ever, only one study reported their effect on osteoblas-
tic differentiation of MG-63 cells [15]. Conjugated gold 
nanoparticles also affect cellular proliferation and differ-
entiation. Since our gold-aryl nanoparticles are unique, 
we aim to assess the effect of gold-aryl nanoparticles on 
the adipogenic differentiation of MG-63 cells. Two sign-
aling pathways, mitogen-activated protein (MAP) kinase 
and p38 kinase, were reported to be regulated by gold 
nanoparticles during osteoblastic and adipogenic dif-
ferentiation of MSCs [16, 17]. Our study has focused on 
screening the regulation of various signaling pathways 
that may be regulated due to the presence of our unique 
gold-aryl nanoparticles. A human phospho-kinase array 
was used to assess the effects of the gold-aryl nanopar-
ticles on the phosphorylation levels of 43 kinases phos-
phorylation sites. These 43 sites consists of kinases or 
their protein substrates and they are the components of 
several key signaling pathways and we aimed to find out 
which pathways are modulated by the uptake of the gold-
aryl nanoparticles by MG-63 cells [18]. To the best of 
our knowledge, this is the first study that screens several 
signaling pathways in the presence of covalently func-
tionalized gold nanoparticles during the adipogenic dif-
ferentiation of MG-63 cells. Any gold nanoparticles that 
do not affect the cellular processes such as signaling path-
ways can be used for drug delivery and lineage tracing 
experiments during embryonic development. However, 
prior to the application of these aryl-gold nanoparticles 
in biomedicine, further research is needed to unravel the 
effects of these nanoparticles in other human cells.

Main text
Methods
Nanoparticles synthesis
The gold nanoparticles were synthesised as previ-
ously reported [5]. Briefly, [HOOC-4-C6H4N≡N]AuCl4 
(0.031 g, 0.064 mmol) was dissolved in 30 mL of DI water 
and (0.270 mL, 0.135 mmol) of 9-borabicyclo(3.3.1)non-
ane (9-BBN) was added dropwise to the salt solution. 
The reaction was vigorously stirred for 2  h. The nano-
particles formed were purified using a 30  cm length of 
dialysis tubing cellulose membrane of 25 mm width and 
AuNPs-COOH stock solution was stored in the refrig-
erator. 1 mL of AuNPs stock solution was centrifuged at 
12,000 g. The nanoparticles pellets were washed with PBS 
and resuspended in 1  ml of PBS before their use in the 
differentiation.

Internalization of the aryl gold nanoparticles by MG‑63 Cells
Some nanoparticles were tagged with FITC [8]. After-
wards, MG-63 cells were treated with the tagged gold 
nanoparticles for 24  h. Flow cytometry and confocal 
microscopy methods were used to confirm the uptakes of 
the nanoparticles [8].

MG-63 cells were treated with gold-aryl nanoparticles 
with 5, 10, 20 and 40 µM concentrations for 24 h. After-
wards, the nanoparticles were removed, and the cells 
were lysed to assess the gold concentration by Inductively 
coupled plasma spectroscopy (ICP).

MG‑63 cell differentiation into adipocytes
To assess the effects of the nanoparticles, the protocol for 
the differentiation was slightly modified from our previ-
ous studies [2, 19]. Briefly, adipogenic differentiation was 
induced by induction medium I (DMI) containing a com-
bination of 0.5  µM/mL of 3-isobutyl-1-methylxanthine 
(IBMX) and 0.1 µM/mL Indomethacin, 1 µM/mL insulin 
(INS), 0.25  µM/mL dexamethasone, 0.1  µM/mL Indo-
methacin with 5  µM/mL of the gold-aryl nanoparticles 
in the treated group and without gold-aryl nanoparticles 
in the control group. After 48 h, the media were changed 
to differentiation maintenance media II (DMII) contain-
ing 1 µg/mL insulin (INS) with 5 µM/mL gold-aryl nano-
particles in the treated group and without nanoparticles 
in the control group for 48 h. This two-steps adipogenic 
differentiation protocol was repeated for 3 cycles with 
a total of 12  days. The derived adipocytes were stained 
with Oil Red O and Nile Red [19].

Lipid content quantification
Lipid quantification was calculated from the three rep-
licas of treated and control adipocytes [19]. Briefly, Oil 
Red O stain was eluted with 500 µL of 100% isopropanol 
at room temperature. Then, 100 μL of the samples were 
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quantified by ELISA at 500  nm absorbance (O.D.) for 
treated and control adipocytes.

Gene expression study via RT‑PCR
Real-time gene expression was performed [19] to assess 
the effects of the nanoparticles on adipogenic regulatory 
genes. The primers sequences for the genes are given 
in the additional file 1. Qiagen rotor gene thermal cycle 
was used to perform real-time PCR using Go Taq qPCR 
Master Mix. The results were analyzed using Qiagen 
rotor gene qPCR software and delta-delta Ct calculation 
method [20].

Proteome profiler human phospho‑kinase array
Adipocytes cells at the end of differentiation as well as 
cells after 24  h of differentiation with and without the 
treatment of nanoparticles were subjected to lysis buffer 
provided by the manufacturer of the array kit (ARY003B, 
Minneapolis, MN 55413, USA) [21, 22]. Protein concen-
trations were calculated using Bio-Rad DC Protein Assay 
kit following manufacturer instructions. A solution of 
2.0 mL of diluted cell lysate was incubated on the array 
overnight at 2–8  °C, followed by washing with Phos-
phate-buffered saline (PBS) buffer to remove extra pro-
teins. A 1.0  mL of diluted Detection Antibody Cocktail 
A and B, for part A and B membranes, were incubated 
for 2  h at room temperature followed by three times 
washing to remove unbound and extra antibodies on the 
membrane. One mL of diluted Streptavidin- HRP was 
added into each well containing membrane for 30  min. 
Enhanced chemiluminescent detection of the protein 
blots was photographed using the Bio-Rad Gel Doc sys-
tem. Quantification and analysis were performed with 
ImageJ 1.52a software.

Statistical analysis
All experiments were performed in triplicates and results 
expressed as the means ± standard deviation of the inde-
pendent triplicate assays. Statistical significance was ana-
lyzed using two-tailed T-test considering significance at 
p-value < 0.05.

Results and discussion
Assessing the internalization of gold nanoparticles
To assess the uptake of gold-aryl nanoparticles by MG-
63 cells, the cells were treated with 5, 10, 20 and 40 μM 
concentrations for 24 h. As the treatment concentration 
increased, so was the concentration of Au detected per 
mL of the cell lysate (Fig. 1a).

Gold-aryl nanoparticles were also conjugated with 
FITC and then they were dissolved in PBS with 5  μM 
concentration. Confocal microscopy and flow cytometry 
results indicate that FITC conjugated gold nanoparticles 

were easily internalized by MG-63 cells (Figs.  1b, c, d). 
The treated cells had higher fluorescence emission and 
the confocal microscope images show the gold-aryl nan-
oparticles accumulated inside MG-63 cells.

Evaluation of the differentiation of MG‑63 cells 
into adipocytes with and without the presence of aryl‑gold 
nanoparticles
The nanoparticles at 5  μM concentration were present 
in both induction and maintenance media of the three 
cycles. Differentiation was also carried out without 
nanoparticles (control). Figure  2a displays representa-
tive images of the differentiation. The differentiation was 
evaluated by lipid content assay which shows that adipo-
genesis was not affected by the presence of the gold-aryl 
nanoparticles (Fig.  2b). Differentiation was also carried 
out with the gold nanoparticles conjugated with FITC to 
observe and confirm the presence of nanoparticles dur-
ing the entire differentiation process (Fig. 2c).

We also evaluated the adipogenic differentiation of 
MG-63 by the relative expression of specific markers: 
PPAR-γ, ADR1, GLUT1 and GLUT4 (Fig. 2d). There was 
no statistically significant differential regulation among 
these markers in the presence of gold nanoparticles nor 
was any significant variation in the lipid content.

Evaluation of phosphorylation level of the 43 kinases 
phosphorylation sites in the presence and absence 
of aryl‑gold nanoparticles
The differential phosphorylation level was studied for dif-
ferent kinases or their protein substrates which are the 
components of the key signaling pathways. We analyzed 
the phosphorylation levels of these 43 kinases phospho-
rylation sites; some of them are in the kinases and other 
are on their protein substrates. The analysis was carried 
out by using the phospho-kinase array during the adi-
pogenic differentiation. In this array, selected antibodies 
against specific phosphoproteins (sites of kinases) were 
spotted on nitrocellulose [23, 24]. After cells lysates were 
incubated on the array, a mixture of biotinylated antibod-
ies against the phosphoproteins were applied followed 
by Streptavidin conjugated with horseradish peroxidase. 
The array analysis shows that gold-aryl nanoparticles did 
not regulate any of the major signaling pathways at the 
two-point interval, 24 h and after 12 days, during the dif-
ferentiation as the phosphorylation level of none of the 
sites varied for two or more folds (Fig.  3). The two-fold 
changes were considered significant variation [25, 26].

It can be concluded that no kinase or their protein 
substrates were differentially phosphorylated with the 
presence of gold nanoparticles. We considered the 
upregulation and down regulation with two or more 
folds as significant. Any difference in phosphorylation 
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level is due to the change in chemical and biological 
environment induced by the addition of gold nano-
particles. This in turn determines the behavior of cells. 
Analysis of phosphorylation levels of the 43 kinases or 
their substrates at the end of differentiation indicates 
that no kinase or their phosphorylation of substrates 
was differentially regulated at the end of differentiation.

Nanoparticles that regulate signaling pathways will 
affect cellular behavior and will affect their physiology 
and biochemistry [27]. Our gold nanoparticles do not 
have any effects on the cellular signaling pathways and 
can be used as drug delivery vehicle to cells. Based on 
this study, these unique gold nanoparticles have great 
therapeutic application in the treatment of Osteosar-
coma and future work should be focused to unravel 
this application [28]. Furthermore, these gold-aryl 

nanoparticles may also be used in lineage tracing 
experiments during animal development.

Conclusions
The present study indicated that gold-aryl nanoparticles 
do not affect the adipogenic differentiation of MG-63 
cells. Furthermore, no key signaling pathway was affected 
by the uptake of the nanoparticles by MG-63 cells, pro-
viding a support that they may be ideal for drug deliv-
ery and tracing experiment during development. Hence, 
these gold-aryl nanoparticles can potentially be useful 
for drug delivery in Osteosarcoma patients, as they do 
not affect the cellular processes in these cancer cells. 
The cancerous cells can be potentially targeted with gold 
nanoparticles conjugated with drugs that would kill can-
cer cells. Further studies should also be done to assess 
the effects of these nanoparticles in MSC differentiation 

Fig. 1  a ICP Spectroscopy of the gold-aryl nanoparticles. As the treatment concentration of the nanoparticles increases so does the concentrations 
of gold per mL of the lysate indicating the MG-63 cells uptake the gold-aryl nanoparticles. b Confocal image of a representative MG-63 showing 
the internalization of FITC-conjugated nanoparticles. Nucleus is stained with DPI. c Representative histograms of FITC-conjugated gold-aryl 
nanoparticles internalized by MG-63 cells. d The treated cells had high emission and percentage of cells that internalized the gold nanoparticles
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Fig. 2  a Representative image of MG-63 cells, adipocytes differentiated with and without the gold nanoparticles treatment. b Lipid content assay 
of three biological replica of differentiation of MG-63 into adipocytes. The lipid assay shows no significant difference between treated and control 
samples. c Representative images of adipocytes differentiated with and without nanoparticles treatment. Nuclei were stained with DAPI. Adipocytes 
were stained with Nile red staining. Confocal images of the adipocytes differentiated with and without FITC-conjugated gold nanoparticles. d 
Real-time PCR of the 5 adipogenic markers. There was no statistically significant variation in the relative expression of these markers in the presence 
of gold nanoparticles

Fig. 3  a and b Phospho-protein array was performed on lysate after 24 h treatment with gold nanoparticles compared with control (b) during the 
first day of differentiation. c and d: Phospho-protein array was performed on lysate after end of the differentiation in the presence and absence of 
gold nanoparticles (d). No phosphorylation site was differentially phosphorylated two or more folds
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as well as the osteoblastic differentiation of the MG-63 
cells. To use these specific nanoparticles for wider medi-
cal applications, further research is warranted to unravel 
the effects of these nanoparticles on other human cells.

Limitation of the study
The study did not evaluate the effects of aryl-gold nanopar-
ticles on the differentiation of MG-63 cells into osteoblasts.
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