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Abstract Gold nanoparticles are very attractive for

biomedical products. However, there is a serious lack

of information concerning the biological activity of

nanosized gold in human tissue cells. An influence of

nanoparticles on stem cells might lead to unforeseen

consequences to organ and tissue functions as long as

all cells arising from the initial stem cell might be

subsequently damaged. Therefore the effect of nega-

tively charged gold nanoparticles (9 and 95 nm),

which are certified as reference material for preclinical

biomedical research, on the adipogenic differentiation

of human mesenchymal stem cells (hMSCs) is inves-

tigated here. Bone marrow hMSCs are chosen as

differentiation model since bone marrow hMSCs are

well characterized and their differentiation into the

adipogenic lineage shows clear and easily detectable

differentiation. In this study effects of gold nanopar-

ticles on adipogenic differentiation are analyzed

regarding fat storage and mitochondrial activity after

different exposure times (4–21 days). Using time

lapse microscopy the differentiation progress under

chronically gold nanoparticle treatment is continu-

ously investigated. In this preliminary study, chroni-

cally treatment of adipogenic differentiating hMSCs

with gold nanoparticles resulted in a reduced number

and size of lipid vacuoles and reduced mitochondrial

activity depending on the applied concentration and

the surface charge of the particles.

Keywords Gold nanoparticles �
Human mesenchymal stem cells �
Adipogenic differentiation � Toxicity �
Cellular uptake � Health effects

Introduction

In the medical field, gold has been used already for a

very long time. Due to their unique physical and

chemical properties and their common synthesis gold

nanoparticles (AuNPs) are very attractive for their use

in biomedical products. Several approaches in the

developing nanomedical sector are designed on the

basis of AuNPs. Some examples are the planned
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application of AuNPs as contrast agent for biomedical

imaging or their usage in targeted cancer therapies

(Boisselier and Astruc 2009; Hainfeld et al. 2006; Kuo

et al. 2010; Rush et al. 1987). Since it is well-known

that the physical and chemical properties of nanosized

materials can be changed in comparison to bulk

materials, cytotoxic effects of AuNPs were investi-

gated extensively by many scientific groups (Alkilany

et al. 2009; Braydich-Stolle et al. 2005; Brandenberger

et al. 2010; Brown et al. 2008; Connor et al. 2005; De

Jong et al. 2008; Diegoli et al. 2008; Di Guglielmo

et al. 2010; Goodman et al. 2004; Hauck et al. 2008;

Kittler et al. 2009; Kong et al. 2008; Liu et al. 2010;

Male et al. 2008; Murphy et al. 2008; Pan et al. 2007;

Pernodet et al. 2006; Sereemaspun et al. 2008).

However, there is still a serious lack of information

concerning the biological activity of nanosized gold in

human tissue cells. The human tissues consist of many

specialized cell types, e.g., epidermal skin cells,

mesenchymal bone cells, neuronal cells, or immune

cells. The process leading to different cell types is

called differentiation. During this process, necessary

genes are activated and unnecessary genes are deac-

tivated, leading to specialized structures and protein

production representative for a specific cell type.

Nevertheless, in an organism not every cell is allowed

to proliferate and differentiate. In general, only stem

cells and progenitor cells are able to differentiate into

specialized cell types. Stem cells are found in embryos

and adults and are able to reproduce themselves for a

limited or unlimited period of time (Pittenger et al.

1999). Therefore, an influence of nanoparticles on stem

cells might lead to unforeseen consequences to organ

and tissue functions as long as all cells arising from the

initial stem cell might be subsequently damaged.

In this study we investigated the effect of AuNPs on

the adipogenic differentiation process in human mes-

enchymal stem cells (hMSCs). The hMSCs and

hMSC-like cells, respectively, are found in different

tissues, such as bone marrow, fat, and muscle and are

involved in tissue homeostasis, tissue regeneration,

and tissue repair (Kittler et al. 2009; Pittenger et al.

1999; Zhu et al. 2007).

Bone marrow hMSCs are chosen as differentiation

model since bone marrow hMSCs are well character-

ized and their differentiation into the adipogenic

lineage shows clear and easily detectable differentia-

tion. Beside some preliminary studies (Fan et al. 2009,

Yi et al. 2010) there is no journal publication

describing the effect of characterized uncoated AuNPs

on the differentiation of hMSCs so far. In our study,

we use characterized reference nanoparticles to enable

a comparability of the results. As size-dependent

cytotoxicity has been reported for AuNPs (Pan et al.

2007), and only AuNPs smaller than 15 nm are

considered as toxic, we investigated smaller (9 nm)

and larger (95 nm) AuNPs on their effect on adipo-

genic differentiation of hMSCs.

Experimental section

To insure a good comparability of our results we have

chosen for this study, nanoparticles which have been

selected by the National Institute of Standards and

Technology (NIST) as certified reference materials for

preclinical biomedical research (NanoTech Gold

News 2008).

For the experiments, nanoparticles which are

commercially available, synthesized by the Frens

method (Frens 1973), were purchased from BBInter-

national (Cardiff, Great Britain). A gold chloride

solution is reduced to AuNPs by the action of sodium

citrate. The autoclaved water-dispersed spherical

AuNPs have a citrate shell and are named in this

article as GC10 and GC80 (GC, gold colloidal,

manufacturer declaration).

Nanoparticle characterization

The nanoparticles were characterized by transmission

electron microscopy (TEM), dynamic light scattering,

by absorption spectroscopy, and z-potential analysis.

In addition to the physicochemical characterization of

the nanoparticle stock solution, the physicochemical

properties of the AuNPs incubated in proliferation and

differentiation cell culture medium was analyzed.

Therefore the colloidal nanoparticle suspension was

centrifuged, the nanoparticle pellet was suspended in

the cell culture medium, supplemented and incubated

at 37 �C for 24 h. Afterward the z-potential was

determined.

For determining the size distribution of the nano-

particles dynamic light scattering measurements have

been performed on a Malvern Zeta Sizer Nano ZS

(Malvern Instruments Ltd., Worcestershire, UK) using

disposable clear zeta cells (DTS 1060C). The average

diameter and polydispersity index (PDI) were

6790 J Nanopart Res (2011) 13:6789–6803
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provided by the instrument using general purpose

analysis. The zeta average diameter and PDI reported

herein were obtained as the average of three indepen-

dent measurements (each measurement involved ten

repetitions) performed on each sample.

Zeta potential measurements were performed with

AuNPs in the stock solution, as well as resuspended in

proliferation and differentiation medium using a

Malvern Instruments Zetasizer Nano (Malvern Instru-

ments Ltd., Worcestershire, UK), operating with a

variable power (5–50 mW) He–Ne laser at 632 nm.

Measurements were taken in zeta cells (DTS 1060C)

at 25 �C and repeated three independent times (each

measurement involved ten repetitions) on each sam-

ple. Before and between measurements, the flow-

through cell was washed three times with ultra high

pure water before adding the next sample. The zeta

potential of AuNPs was assessed at pH 7.4 to describe

the initial conditions under which NP-bio interactions

will occur.

Transmission electron microscopy data for AuNPs

was obtained using a FEI Tecnai F30 electron

microscope operating at 30 kV. The nanoparticle

stock solution was centrifuged and the nanoparticle

pellet was washed twice with distilled water. After

resuspending the AuNPs in distilled water, 10 ll of the

AuNPs solution was drop-casted on the TEM grids

(S162) and dried at room temperature (21 �C). After-

ward AuNPs were visualized by TEM.

UV–visible absorption spectra were taken on a two-

beam UV/VIS spectrometer (Lambda 950, Perkin

Elmer, USA). The UV–visible absorption spectra of

both AuNPs suspensions were recorded at room

temperature. For the experiments the wavelength

ranged from 250 to 700 nm was used.

Isolation, cultivation, and adipogenic

differentiation of hMSCs

The hMSCs were isolated from the bone marrow

(femoral head) according to the protocol given in

literature (Pittenger et al. 1999). In brief, trabecular

bone was removed from the femoral head, minced, and

cells were separated from bone pieces by filtering

them through a 70 lm cell strainer (Becton–Dickin-

son, Franklin Lakes, USA). That was followed by a

ficoll (GE Healthcare, Uppsala, Sweden) gradient

centrifugation step whereby mononuclear cells were

separated from erythrocytes and granulocytes. Cells

were washed with PBS (Invitrogen, Karlsruhe, Ger-

many) and cultured in a T 75 culture flask (Greiner Bio

One, Frickenhausen, Germany) in growth medium

consisting of 85% alpha-MEM, 15% FCS, 100 U/mL

penicillin, 100 mg/mL streptomycin (all Invitrogen,

Karlsruhe, Germany). One week after seeding, non-

adherent cells were removed by medium change. After

reaching 70% confluence, hMSCs were trypsinized

and replated at 2,000 cells/cm2. The culture medium

was changed three times a week. For adipogenic

differentiation 3,000 cells were plated in one well of a

96-well cell culture plate. As soon as the cultured cells

were confluent the growth medium was exchanged by

adipogenic differentiation medium (85% alpha-MEM,

15% heat-inactivated FCS, 100 U/mL penicillin,

100 lg/mL streptomycin (all Invitrogen), with

100 nM dexamethasone, 500 lM isobutylmethylxan-

thine, 200 lM indomethacin, and 0.1 lg/mL insulin).

To monitor the effect of AuNPs on hMSCs during

adipogenic differentiation, hMSCs were cultured in

differentiation medium supplemented with AuNPs.

The following concentrations were investigated: 0

(control), 5.8, 11.7, 17.5, and 22.8 lg/mL. To achieve

the final concentrations in the range of 5.8–22.8 lg/

mL the stock nanoparticles were suspended in differ-

entiation medium. The AuNPs-supplemented differ-

entiation medium was changed two times a week.

Oil red O staining for detection of lipid droplet

formation

Characteristic for adipogenic differentiation is the

accumulation of lipid vacuoles inside the cells. For

proving the presence of lipid vacuoles in the cells, Oil

red O staining was carried out as follows (Lillie and

Ashburn 1943). After culturing the cells for 21 days

with adipogenic culture medium, cells were washed

with PBS and fixed in 10% formalin (Sigma-Aldrich

GmbH, Schnelldorf, Germany), incubated for 3 min in

60% isopropyl alcohol (Sigma-Aldrich GmbH, Sch-

nelldorf, Germany) and stained for 5 min with a

0.18% Oil red O (Sigma-Aldrich GmbH, Schnelldorf,

Germany) solution (60% isopropyl alcohol in water).

The cells were documented by inverse light micros-

copy (Olympus IX 70, Hamburg, Germany). The

percentage of Oil red O stained areas was quantified

based on the image data using the image program

GIMP2 (settings: polarize level 3, threshold (color)

J Nanopart Res (2011) 13:6789–6803 6791
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15%). Using these settings, the pixel number of the red

parts of the bright field images after Oil red O staining

was analyzed. The pixel number was normalized to the

nanoparticle-free control.

Scanning electron microscopy of hMSCs

after adipogenic differentiation

For characterizing the morphology of the hMSCs and

the nanoparticle internalization scanning electron

microscopy (SEM) was used. After cultivation, the

cells were washed with 0.25 M Hepes buffer (PAN,

Aidenbach, Germany) and fixed at 4 �C overnight

with 2% glutaraldehyde in 0.1 M cacodylate buffer

(Agar Scientific, Essex, UK). After that the samples

were treated with 2% osmium tetroxide (Roth, Kar-

lsruhe, Germany), 1% tannic acid (Sigma-Aldrich

GmbH, Schnelldorf, Germany), and 1% uranyl acetate

(Ted Pella Inc., Redding, CA) as published (Katsen

et al. 1998). Then the cells were dehydrated in

increased series of ethanol, dried in critical point

dryer CPD-7501 (Quorum Technologies Ltd.), and

covered with carbon. Samples were examined in a

field emission scanning electron microscope FESEM

XL30 (FEI, USA) using secondary electron (SE) and

backscattered electron (BSE) modes with 5–30 kV

accelerating voltage and 10 mm working distance. To

proof the content of AuNPs in the cells, the samples

were studied additionally with energy dispersive

X-ray spectrometry (EDX) using control software

Version 3.34 (EDAX Inc., USA).

Transmission electron microscopy of hMSCs

after adipogenic differentiation

For characterizing the nanoparticle internalization of

GC80 in the hMSCs TEM was used. After cultivation

and nanoparticle treatment, the cells were washed with

0.25 M Hepes buffer (PAN, Aidenbach, Germany)

and fixed at 4 �C overnight with 2.5% glutaraldehyde

in 0.1 M cacodylate buffer (pH 7.4) followed by 1%

osmium tetroxide in the same solution. Dehydration

was carried out using ethanol in four increasing

concentration steps (50 to 100%). For embedding,

propylene oxide plus Araldite� in four steps of

increasing Araldite� concentrations (33–100%) was

used, and after 4 h in 100% Araldite� at room

temperature polymerization of the resin occurred at

60 �C for 48 h. The 50 nm cuts were obtained using a

Leica Ultracut S microtome (Leica, Austria) with a

diamond knife (Diatome, Switzerland). The thin

sections were collected on pioloform coated copper

grids and stained first with 7% uranyl acetate in diluted

methanol for 12 min, followed by a second stain in

lead citrate for 8 min. Images were taken using a

transmission electron microscope (Philips C12) at

80 kV with a CCD camera (ES500W, Gatan, USA)

attached.

WST-1 assay for detection of mitochondrial

activity

The mitochondrial function of the incubated hMSCs

was analyzed using the WST-1 assay (Roche Diag-

nostics, Mannheim, Germany) as one important

parameter of cell viability. This assay is based on the

cleavage of stable tetrazolium salt WST-1 by mito-

chondrial active cells to an orange formazan dye.

WST-1 assay was performed after 7, 14, and 21 days

according to manufacturer’s instructions with appro-

priate controls. After exposure to nanoparticles the

cells were incubated with the ready-to-use WST-1

reagent for 4 h. Thereafter, the absorbance was

quantified at 450 nm using scanning multi-well spec-

trophotometer reader (Tecan Deutschland, Crails-

heim, Germany). The mitochondrial activity was

normalized to the activity of control according to

the formula (A1 - A2)sample/(A1 - A2)control 9 100.

[A1, optical density of nanoparticle incubated cells;

A2, optical density of nanoparticles suspended in cell

culture medium without cells (blank)]. Each experi-

ment included 1% TritonX-100 as positive control.

The experiments were replicated three independent

times. Each independent experiment included three

samples with the same nanoparticle concentration.

The mean was calculated out of at least seven values.

The data are presented as mean ± SD (Standard error

of mean). The IC50 was calculated and represents the

nanoparticle concentration that is required for 50%

inhibition of the mitochondrial activity in vitro. For

the in vitro studies, each stock solution was diluted

serially to yield the different concentrations

(0–22.8 lg/mL). Each experimental value was com-

pared to the corresponding control value for each point

in time. Statistical significance versus control (cell

culture media) was established as P \ 0.001. Statis-

tical tests were performed by two-tailed Wilcoxon–

Mann–Whitney-U-test.
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Time lapse microscopy

For time lapse microscopy of the differentiation

process of the hMSCs in absence and presence of

AuNPs proliferating hMSCs were cultured in a special

cell culture dish (ibidi GmbH, Martinsried, Germany).

The differentiation progress was induced as described

previously. The differentiation medium was supple-

mented with 22.8 lg/mL AuNPs (GC80). During the

next 18 days a long-term observation of the adipo-

genic differentiation process was performed using the

Biostation CT (Nicon GmbH, Düsseldorf, Germany).

Every 4 h a bright field image was taken. At the end of

the exposure time the single images were added to a

movie (1 s/frame).

Results

Physicochemical nanoparticle characterization

Two different sizes of AuNPs were characterized

regarding their physical properties (Fig. 1). The size

distribution of the AuNPs revealed a mean size of

95 ± 8.7 nm (GC80 nanoparticles) and 9.0 ± 0.6 nm

(GC10 nanoparticles) (Table 1). The AuNPs showed

characteristic absorption maxima at 515 and 554 nm

(Table 1). GC10 nanoparticles possessed a zeta poten-

tial (z-potential) of -33.8 ± 1.8 mV, GC80 nanopar-

ticles a zeta potential of -43.5 ± 0.3 mV (Table 1).

In addition to the characterization of the nanopar-

ticle stock solution, the physicochemical properties of

the AuNPs incubated in proliferation and differenti-

ation cell culture medium were analyzed. The replace-

ment of the solvent of the nanoparticle stock solution

with proliferation or differentiation medium does

increase the mean z-potential of the AuNPs. In

proliferation medium a mean z-potential of -7.61 ±

0.44 mV (GC10) and -10.44 ± 0.86 mV (GC80)

was determined (Table 2).

Adding differentiation medium led to a z-potential

in the range of -4.7 ± 1.8 mV (GC10) and -8.14 ±

0.32 mV (GC80) was analyzed (Table 2).

Effect of AuNPs on proliferating hMSCs

Before investigating the effects of AuNPs on the

adipogenic differentiation of hMSCs, the effect of

AuNPs on proliferating hMSCs was investigated. The

mitochondrial activity of the hMSCs was analyzed by

WST-1 assay. Undifferentiated hMSCs were exposed

to different concentrations of GC10 and GC80 (0, 5.8,

11.6, 17.4, and 22.8 lg/mL), under growth conditions

for 4 and 7 days. There was no significant (P B 0.001)

effect of the supernatant treatment for both types of

nanoparticles (Fig. 2). For the nanoparticle type GC10

no significant effect was observed after 4 days, but a

significant (P B 0.001) reduction of mitochondrial

activity after 7 days for the applied concentrations

of 17.4 and 22.8 lg/mL was observed (Fig. 2a).

The incubation of GC80 induced no significant

(P B 0.001) changes in mitochondrial activity after

four and 7 days of exposure (Fig. 2b).

Fig. 1 Transmission electron microscopic images of gold nanoparticles (AuNPs). a GC10 nanoparticles with a mean diameter of 9 nm,

scale bar 60 nm. b GC80 nanoparticles with a mean diameter of 95 nm, scale bar 200 nm
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Influence of AuNPs on the adipogenic

differentiation of hMSCs

(a) Oil red O staining

The influence of AuNPs on the adipogenic differ-

entiation of hMSCs was investigated after a period of

21 days. Therefore, the cells were stained with Oil red

O, a lipid soluble dye, and investigated optically.

Without nanoparticle exposure, hMSCs changed their

morphology from a fibroblast-like to a spherical one

and incorporated lipid droplets stained by Oil red

O (Figs. 3a1, b1, and 4a1, b1). After AuNP-treatment

of hMSCs revealed morphological changes. One of the

first noticeable effects following exposure of AuNPs

to hMSCs was the alteration in cell shape and

morphology. hMSCs treated with GC10, incorporated

less and smaller lipid droplets (Fig. 3). With increas-

ing the applied concentrations of GC10 also the

number of cells with lipid formation decreased

(Fig. 3). After treatment of the differentiating hMSCs

with the highest used concentration 22.8 lg/mL GC10

only cell debris and cell detachment was observed

(Fig. 3 a5). hMSCs treated with GC80, were still well

spread after the highest GC80 application. No distinct

change in morphology was observed, but an intensive

decrease of the amount of formed lipid vacuoles (Fig 4

b5) as well as a reduction of differentiated cells (Fig. 4

b3–b5). Mainly in the hMSC cultures treated with

11.6, 17.4, and 22.8 lg/mL GC80 a lot of cells

remained undifferentiated without incorporated lipid

droplets. The digital quantification of the Oil red

O stained areas revealed a decrease with an increasing

Table 1 Physicochemical characterization of the gold nanoparticles

Nano-

material

Mean

diameter

(nm)

Mass

concentration

(lg/mL)

Particle number

(Particles/mL)

Surface area

(lm2/particle)

z-Potential

(mV)

Absorption

maximum (nm)

PDI

Gold (GC10) 9.0 ± 0.6 57.6 5.7 9 1012 0.0003 -33.8 ± 1.8 515 ± 5 0.054

Gold (GC80) 95.0 ± 8.7 56.9 1.1 9 1010 0.02 -43.5 ± 0.3 554 ± 6 0.056

Table 2 Physicochemical

characterization of the gold

nanoparticles under cell

culture conditions

Nanomaterial z-Potential

Proliferation medium (mV) Differentiation medium (mV)

Gold (GC10) -7.61 ± 0.44 -4.70 ± 1.80

Gold (GC80) -10.44 ± 0.86 -8.14 ± 0.32

Fig. 2 Effects of GC10 and GC80 nanoparticles on the

mitochondrial activity of proliferating hMSCs. Cells were

treated with different concentrations of AuNPs 0, 5.8, 11.6, 17.4,

22.8, and 22.8 lg/mL solvent and 1% TritonX-100. Effect of

GC10 nanoparticles (a) and GC80 nanoparticles (b) on the

mitochondrial activity of proliferating hMSC after 4 and 7 days

under growth conditions was quantified by WST-1 assay. Data is

expressed as mean ± SD (n = 3). Control cells without AuNPs

treatment are 100% (*P B 0.001)
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nanoparticle concentration (Fig. 5). The decrease was

significant (P B 0.001) at applied concentrations of

11.6 lg/mL and higher, for both tested nanoparticle

types (Fig. 5).

(b) Scanning electron microscopy

Mesenchymal stem cells had a typical fibroblast-

like form (SEM data not shown). The most differen-

tiated hMSCs (control) were seen as rounded cells

with mostly acinic-like form (Fig. 6a). Inside and

outside the cells round vesicles with different size

were observed. The vesicles were good visible as

black droplets in invert BSE-mode (Fig. 6c, thin

arrows).

After 21 days of adipogenic differentiation in

presence of 22.8 lg/mL GC80, AuNPs were visible

all over the cell surface as single particles and also as

conglomerated spheres. Higher magnification shows

that the AuNP are coated within a thin film (Fig. 6e).

The AuNPs were visible not only on the cell surface

(5 kV) (Fig. 6b) but also inside the cells by investi-

gation in BSE-mode with the higher (10–20 kV)

accelerating voltage (Fig. 6d, f). Contrary, in the same

view field AuNPs were not seen in SE-mode by

studying with low voltage (Fig. 6b). The surface of the

view field in marked squares was additionally mea-

sured with X-ray element analysis (Fig. 6h, red

rectangle) detecting the gold-origin of the particles

(Fig. 6j). Thus, in the background spectrum (Fig. 6h,

white rectangle) the content of GC80 was measured

miserable, *1.7% (Fig. 6g, j) and its value has

Fig. 3 Influence of GC10 nanoparticles on hMSCs during

adipogenic differentiation. Bright field images after 21 days of

adipogenic differentiation and treatment with 0 (a1 and b1), 5.8

(a2 and b2), 11.6 (a3 and b3), 17.4 (a4 and b4), and 22.8 lg/mL

(a5 and b5) after Oil red O staining using two different

magnifications. Lipid droplets are shown in red, AuNPs in

black. Scale bar a 200 nm, b 50 nm. (Color figure online)

Fig. 4 Influence of GC80 nanoparticles on hMSC during

adipogenic differentiation. Bright field images after 21 days of

adipogenic differentiation and treatment with 0 (a1 and b1), 5.8

(a2 and b2), 11.6 (a3 and b3), 17.4 (a4 and b4), and 22.8 lg/mL

(a5 and b5) after Oil red O staining using two different

magnifications. Lipid droplets are shown in red, AuNPs in

black. Scale bar a 200 nm, b 50 nm, b5 25 nm. (Color figure

online)
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increased with a high Au-peak in spectra by measured

Au-content up to 33% (Fig. 6i, j), when the particles

evidence was considerable.

(c) Transmission electron microscopy

The internalization of AuNPs on adipogenic dif-

ferentiating hMSCs was analyzed after a period of

chronically treatment with 22.8 lg/mL GC80 of

21 days by TEM. Adipogenic differentiated hMSCs

incorporate lipid droplets with diameters [2 lm

(Fig. 7a, c, e). The lipid vacuoles are localized in the

whole cytoplasm of the cell. Via TEM the lipid

membrane of each lipid vesicle is clearly visible

(Fig. 7e). In comparison to the nanoparticle-untreated

control, GC80-treatment of the adipogenic differenti-

ating hMSCs decreased the lipid droplet existence

(Fig. 7b, d, f). The internalization of GC80 in adipo-

genic differentiating hMSCs was verified (Fig. 7b, d, f).

Notable is that the verifiable lipid vesicles were

smaller in size than those in the control cells.

(d) Mitochondrial activity

To further investigate the effect of AuNPs on the

mitochondrial activity of hMSCs during adipogenic

differentiation WST-1 assay was performed after 7,

14, and 21 days after chronically treated with the five

concentrations of GC10 and GC80. First, toxicity

studies were performed using the supernatant obtained

after centrifugation of the nanoparticle solution, which

was expected to contain excess reagents. The mito-

chondrial activity after solvent treatment (22.8 lg/

mL) was not significantly different to that of the

untreated control cells (Fig. 8). After 7 days of

exposure a significant (P B 0.001) upregulation of

the mitochondrial activity of the hMSCs exposed to

the three lowest applied concentrations (5.8, 11.6,

and 17.4 lg/mL) of GC10, was induced (Fig. 8a).

A significant (P B 0.001) up-regulating effect was

not observed under non-differentiation conditions

(Fig. 2). Even after 21 days, 5.8 and 11.6 lg/mL

GC10 did not induce any decrease in mitochondrial

activity. 17.4 lg/mL GC10 decreased the mitochon-

drial activity of the hMSCs by 3.8% and 22.8 lg/mL

by 17.3% after 3 weeks of GC10 exposure under

adipogenic differentiation conditions (Fig. 8a). GC80

did not induce any significant decrease in mitochon-

drial activity after 7, 14, and 21 days at all exposed

AuNP concentrations (Fig. 8b). After 14 days con-

centrations higher 11.6 lg/mL increased the mito-

chondrial activity. After 21 days of the mitochondrial

activity of adipogenic differentiating hMSCs

increased significantly (P B 0.001) after the treatment

with GC80 concentrations higher 17.4 lg/mL.

(e) Time-delayed lipid droplet formation by AuNPs

Time Lapse Microscopy of the adipogenic differ-

entiation of hMSCs in the absence and presence of

22.8 lg/mL GC80 was performed. The results were

Fig. 6 Scanning electron microscopy (SEM) images of adipo-

genic differentiated hMSCs treated with 22.8 lg/mL GC80 and

untreated adipogenic differentiated hMSCs. (a, c) adipogenic

differentiated hMSCs (untreated control) after 21 days. Lipid

vacuoles are visible using SE- and BSE-mode. (b, d, f) Adipo-

genic differentiated hMSCs after 21 days of chronically

exposure with 22.8 lg/mL GC80. The investigation of GC80

was performed using BSE- and SE-mode with different voltages

(5–20 kV). GC80 were seen inside the cell. e AuNPs enclosed

within a thin film. g X-ray spectrum of the element analysis of

the background of the sample. h SEM image of adipogenic

differentiated hMSCs treated with 22.8 lg/mL GC80, which

was used for element analysis. i X-ray spectrum of the element

analysis of a GC80 containing area of the sample. j Results of

X-ray element analysis. The origin of the AuNPs could be

verified. Marking: Thin arrows, lipid vesicles; White (lower)
rectangle, element measured area of the background EDX

spectrum. In this area no AuNPs were visible by SEM. Red
(upper) rectangles, element measured area of the EDX

spectrum. In this area AuNPs were visible by SEM

Fig. 5 Decrease of adipogenic differentiation in presence of

AuNPs depending on the applied concentration. After 21 days

of adipogenic differentiation and chronically treatment with 0,

5.8, 11.6, 17.4, and 22.8 lg/mL AuNPs (GC10 light gray, GC80

black) the hMSCs were stained with Oil red O and documented

by light microscopy. The percentage of Oil red O stained areas

was quantified digital. The amount of Oil red O stained areas in

images of the nanoparticle-free control was set as 100%

(*P B 0.001)

c
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comparable to those after Oil red O staining. During

the 18 days of differentiation process the most

hMSCs, cultured without GC80 formed a high amount

of lipid droplets, as expected. The GC80-treated

hMSCs also formed lipid vacuoles (Fig. 9). But

formation of lipid vacuoles was delayed in time,

fewer cells accumulated lipid vacuoles and the

vacuole size was smaller.
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Discussion

Despite the many benefits of nanoparticles in the field

of nanotechnology, some studies indicate that certain

nanoparticles may cause adverse effects because of

their small size and unique properties. Indeed, their

size makes them highly mobile in both the human

body and the environment. Nanomaterials can enter

human tissues through several ports (Hoet et al. 2004;

Oberdörster et al. 2005). In this context, a very

important part to be determined is the detection of the

effect of nanoparticles on human stem cells, and in this

field mainly the effect on stem cell proliferation and

differentiation. This study is focused on the effect of

AuNPs on the adipogenic differentiation of hMSCs.

The effect of AuNPs on adult stem cells on the

adipogenic differentiation of bone marrow hMSCs

was chosen as differentiation model since bone

marrow hMSCs are well characterized and their

differentiation into the adipogenic lineage shows clear

and easily detectable differentiation. Very little is

known about the influence of nanoparticles on stem

cells until now (Braydich-Stolle et al. 2005; Fan et al.

2009; Hackenberg et al. 2010; Kittler et al. 2009; Yi

et al. 2010; Zhu et al. 2007;). The effects of AuNPs on

stem cell differentiation have not been studied in

Fig. 7 Transmission electron microscopy (TEM) images of

adipogenic differentiated hMSCs treated with 22.8 lg/mL

GC80 and untreated adipogenic differentiated hMSCs. The

internalization of AuNPs in hMSCs was investigated by TEM

after 21 days of chronically treatment with 22.8 lg/mL GC80.

(a, c, e) After a period of 21 days hMSCs were differentiated

to adipocytes shown by incorporated lipid vesicles with

diameters [2 lm. Each vesicle is surrounded by a black protein

membrane (7e, white arrows). (b, d, f) If treated chronically

with 22.8 lg/mL GC80 during the differentiation process

hMSCs internalized the AuNPs. The AuNPs are located in

vesicles which differ in morphology (not round) and color

(bright) from the lipid vesicles in the untreated control cells
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detail yet. Few studies report the effect of AuNPs on

adipogenic differentiation of murine MSCs and

hMSCs (Fan et al. 2009; Yi et al. 2010). Fan et al.

verified the influence of citrate-coated AuNPs on

osteogenic and adipogenic differentiation capability

of hMSCs after 7 and 14 days (Fan et al. 2009). No

clear relation between the time or the applied particles

doses and the level of adipogenesis is demonstrated.

Yi et al. reported that uncoated AuNPs decrease the

adipogenic differentiation of murine MSCs in a time-

and dose-dependent manner (Yi et al. 2010). In our

study, we used characterized reference nanoparticles

to enable a comparability of the results. To character-

ize the effect of AuNPs on hMSCs we focused on

parameters widely used in the toxicological studies,

such as the ability of mitochondrial reduction of water

soluble formazan salt WST-1 and the lipid formation

for detection of differentiation.

Physicochemical characterization of nanoparticles

The behavior of the nanoparticles in cell culture

medium was investigated. The quantified z-potential is

characteristic for uncoated nanoscaled gold and cor-

relates to the data described in literature (Arnida et al.

2010; Diegoli et al. 2008; Pan et al. 2009). Diegoli

et al. (2008) specified a surface charge of -43.7 mV

for citrate stabilized unmodified nanogold. Compared

to the nanoparticle stock solution the exchange of the

solvent with cell culture medium leads to a significant

increase of z-potential. Ehrenberg et al. (2009) deter-

mined changes in z-potential and diameter after 1 h

because of binding of proteins on the surface of the

nanoparticles. In the case of carboxyl particles a

stabilizing effect on the nanoparticle size was

observed with an increase of FCS concentration in

cell culture medium; parallel the surface charge

increased in a slightly negative range (Fröhlich et al.

2009). The aggregation behavior of the nanoparticles

is intimately connected with the z-potential and

therefore the hydrodynamic particle size. Arnida

et al. verified an increase of the hydrodynamic

diameter of unmodified AuNPs after the incubation

with serum proteins (Arnida et al. 2010). An adsorp-

tion of the proteins on the surface of the nanoparticles

was assumed. An interaction with serum proteins

could be a reason for the increase of the GC10 surface

charge in differentiation medium. The physicochem-

ical characterization experiments verified the purity of

the AuNPs, which is an important challenge in

nanoparticle cytotoxicity.

Internalization of AuNPs and their effect

on the mitochondrial activity and adipogenic

differentiation of hMSCs

To check the presence of any toxic materials left over

from synthesis or used as stabilizing agent, toxicity

studies were performed using the supernatant liquid

obtained after centrifugation of the nanoparticle

solution, which was expected to contain excess

reagents. The solvent showed no evidence of cytotox-

icity, neither in proliferating hMSCs (Fig. 2), nor in

differentiating hMSCs (Fig. 8). The mitochondrial

Fig 8 Effects of GC10 and GC80 nanoparticles on the

mitochondrial activity of hMSCs during adipogenic differenti-

ation. Cells were treated with different concentrations of AuNPs

0, 5.8, 11.6, 17.4, 22.8, and 22.8 lg/mL solvent, and 1%

TritonX-100. Effect of GC10 nanoparticles (a) and GC80

nanoparticles (b) on the mitochondrial activity of cells during

adipogenic differentiating at day 7, 14, and 21 was quantified by

WST-1 assay. Data is expressed as mean ± SD (n = 3).

Control cells without AuNPs treatment are 100% (*P B 0.001)
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activity after supernatant treatment was comparable to

that of the control up to the highest tested concentra-

tion. This result demonstrates that the cytotoxic effect

is induced by the nanoparticles themselves and not by

some gold ions or parts of the solvent of the AuNP

solution. It was found that GC10 are extremely toxic to

hMSCs during adipogenic differentiation at applied

concentrations higher 5.8 lg/mL during chronically

exposure over 21 days. The addition of AuNPs to

adherent hMSCs led to a time-dependent cytotoxic

effect which is also depending on the applied particle

concentration (Figs. 3, 4 and 8).

Because of the exchange of nanoparticle-contain-

ing differentiation medium two times a week over

21 day, the nanoparticles accumulated inside the

MSCs after NP internalization. The uptake of GC80

was verified by SEM and TEM. SEM images of

hMSCs after adipogenic differentiation with 22.8 lg/

mL GC80 indicate the presence of AuNPs inside the

hMSCs (Fig. 6b, d–f, h). By studying of the same field

of vision in BSE-mode, a lot of AuNP conglomerates

were seen inside of the cells (Fig. 6d, f). Manifestation

of internalized AuNPs is confirmed by its appearance

studying in SE-mode with low accelerating voltage

(Fig. 6b). The presence of AuNPs inside the cells was

approved also with X-ray microanalysis (Fig. 6g–j).

The light increasing of gold-content in background

can be explained with nearly lying GC80 (Fig. 6j).

The mechanism of internalization depends on the

surface charge of the nanoparticles, the NP-modifica-

tion and the size of the nanoparticles. For the tested

AuNPs endocytosis is a possible uptake mechanism.

The detection of AuNPs inside and outside of hMSCs

by SEM can be speculated with different phases of

AuNPs internalization: first, interaction of AuNPs

with the membrane of hMSCs and second, the

following endocytosis of the AuNPs. The enclosing

of AuNPs with a thin mantle (Fig. 6e) can be

recognized as interaction of the particles with the cell

surface as beginning of endocytosis. The mechanism

of AuNPs pathway is unknown and must be proved,

but the upregulation of hMSCs during adipogenic

Fig. 9 Time-dependent influence of GC80 nanoparticles on

hMSCs during adipogenic differentiation. Time lapse experi-

ments were performed over 18 days of adipogenic differenti-

ation in the absence and presence of 22.8 lg/mL GC80. Every

4 h a bright field image was taken. This figure shows sections of

the adipogenic differentiation process at day 0, 3, 7, 10, 14, and

18. Scale bar 200 lm

b
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differentiation by AuNPs treatment can be manifested.

Due to their surface charge the AuNPs might have

absorbed serum proteins and entered the hMSCs via an

endocytosis pathway, which resulted in cytotoxicity

and decrease in adipogenic differentiation. After

internalization the AuNPs could trigger different

molecular mechanisms. Beside oxidative stress,

inflammation, necrosis, and apoptosis, genotoxicity

like DNA strand breaks could be induced. In literature

the upregulation of the expression of proinflammatory

genes like Interleukin-1, Interleukin-6, and tumor

necrosis factor (TNF) by AuNPs is described already

(Yen et al. 2009). Pan et al. (2009) and Schaeublin

et al. (2011) discuss ligand chemistry and surface

charge as critical parameter determining the type of

cell death and the degree of cytotoxicity. In human

keratinocytes negatively charged AuNPs (smaller

2 nm in size) induced significantly mitochondrial

stress, increased Caspase-3 expression, upregulation

of apoptotic genes and accumulation in the nucleus

(Schaeublin et al. 2011). With regard to these results it

could be assumed that the AuNPs tested in our study

induce inflammation-mediated apoptosis. To clear the

specific mechanism of toxicity of the used AuNPs

further experiments have to be performed. Yi et al.

(2010) demonstrated the promotion of osteogenic

differentiation of mouse MSCs through p38 MAPK

pathway by AuNPs. This group also showed an

inhibition of adipogenic differentiation of hMSCs up

to 35% at the dosage of 1 nM (0.2 ng/mL). In our

study we tested concentrations up to 23 lg/mL which

are about 100,000-times higher than the dosage tested

by Yi and co-workers (Yi et al. 2010). The decrease of

the mitochondrial function could be triggered by the

AuNPs uptake and the potential inclusion of the

nanoparticulate precious metal in intracellular com-

partments of the cell. This may lead to a blocking of

biological functions of the cell. It is evidence that

AuNPs are internalized and escape from the vesicle

into the cytosol of prostate cancer cells (Hoet et al.

2004). In our studies the internalization of GC80 in

adipogenic differentiating hMSCs was verified by

TEM (Fig. 7b, d, f). Compared to the control the lipid

droplet formation (gray vesicles) decreased remark-

ably after GC80 treatment. These results conform to

the results of the Oil red O staining (Fig. 4). It was

observed that the nanoparticles are located in vesicles

(white vesicles) which differ in morphology from the

lipid vesicles in the control cells. Due to the presence

and accumulation of GC80 inside the adipogenic

differentiated hMSCs the integrity of the perilipin

membrane of the lipid droplets could be damaged

resulting in lipolysis. Perilipin is a lipid droplet-

associated protein stabilizing the membrane of the

lipid vesicles (Brasaemle 2007). Lipolysis could lead

to the leakage of lipid and triglyceride out of the

vesicles leading to a morphological change of the

vesicles. An evidence for this effect is the different

color of the GC80-containing vesicles compared to the

lipid vesicles without nanoparticles. TEM analysis by

Arnida et al. (2010) indicated the presence of AuNPs

inside the nucleus. In our study the cells were

incubated for 21 days, thereby the nanoparticles

agglomerated outside the cell and accumulated inside

the cell in the lipid vesicles. Beside TEM, SEM has

confirmed that hMSCs interact with GC80 followed by

decrease of hMSCs adipogenic differentiation. The

appearance of osmium-bounded black vesicles found

in adipogenic control samples (Figs. 6c, 7) verified the

appearance of adipogenic differentiated hMSCs.

Osmium staining of lipids is a well-known phenom-

enon in electron microscopy (Wigglesworth 1975).

These results are in agreement with the Oil red

O staining of adipogenic differentiated hMSCs

(Figs. 4, 5). Contradictory to the untreated control,

the GC80-treated hMSCs had a fibroblast-like form.

Such cell morphology and absence of a high number of

lipid granules after GC80 treatment argues for inhi-

bition of adipogenic differentiation.

Based on their smaller volume GC10 can get

interiorly inside the cells, and therefore, could inter-

calate in DNA and damage the cell. Size-dependent

cytotoxicity has been reported for AuNPs (Pan et al.

2007). AuNPs larger 15 nm has been considered as

non-toxic and smaller ones as toxic (Pan et al. 2007).

Therefore, we investigated this toxic effect on cell

differentiation for nanoparticles smaller, as well as

larger, than 15 nm. Proliferating hMSCs show no

significant decrease (P B 0.001) in mitochondrial

activity after the exposure to the nanoparticle type

GC80. On the other hand, the incubation of GC10

induced a significant decrease (P B 0.001) in mito-

chondrial activity after 7 days (Fig. 2). In adipogenic

differentiating hMSCs concentrations up to 11.6 lg/

mL induced a significant increase in mitochondrial

dehydrogenase activity, which was not observed using

GC80. This effect could be triggered because of a

surface charge-dependent cytotoxicity of AuNPs and
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induced different cell death mechanisms (Pan et al.

2007; Yen et al. 2009). SEM experiments demon-

strated that GC80 intercalate with the cell membrane

and are incorporated in the cell via endocytosis, which

specific pathways inside the cells are triggered by

GC80 has to be verified in further experiments. GC10

could also be internalized by endocytosis and interact

with the mitochondrium and DNA after release in the

cytosol. Due to the high agglomeration effect of GC10

in serum-containing cell culture medium also a

necrotic cell death induced by GC10 is possible.

The IC50 value of 220 lM (GC10) in adipogenic

differentiating hMSCs shows that the hMSCs were

probably more fragile during differentiation and that

hMSCs during adipogenic differentiation constitute a

cell system to detect the cytotoxic effects of nanopar-

ticles and other chemical substances.

In summary, we have demonstrated for the first

time the influence of uncoated on adipogenic differ-

entiation of hMSCs. The AuNPs led to a decrease in

mitochondrial activity, as well as an inhibition of lipid

formation in dependency on the applied particle

concentration and surface charge.
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