
HAL Id: tel-01516920
https://theses.hal.science/tel-01516920

Submitted on 2 May 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Study of Toxicity of Nanoparticles in Biological Media
Sadequa Sultana

To cite this version:
Sadequa Sultana. Study of Toxicity of Nanoparticles in Biological Media. Bioengineering. Université
Sorbonne Paris Cité, 2015. English. �NNT : 2015USPCD018�. �tel-01516920�

https://theses.hal.science/tel-01516920
https://hal.archives-ouvertes.fr


T H È S E







in vitro

in vitro

in vitro













in vitro

in vitro

in vitro







5

1. In-vitro toxicity assessments of nanostructures in 

biological media

Figure 1



6

Figure 1. Different nanoparticles and nano-structures of bio-medical interest. 

in 

vitro

Figure 

2
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Figure 2. The golden timeline. Evolution of gold nanoparticle fabrication, understanding 

properties and biomedical   applications 
5
.

Figure 3
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et al. in vitro

Figure 4

Figure 4. (B) Light scattering images of anti-EGFR/Au nanorods after incubation with cells 

for 30 min at room temperature. Anti-EGFR/Au nanorod conjugates bind specifically to the 

Figure 3. The possibility of 

combinational therapy for 

effective therapeutics in cancer 

treatment. Gold nanostructures 

are at the center of attention 

since they can be used as 

radiation sensitizers, anticancer 

drug enhancers, heat generators, 

and also effective drug carriers 
13

.
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two types of malignant cells (right two columns) and give them a distinguishable imaging 

difference from the nonmalignant cells. (B) Selective photothermal therapy of cancer cells 

with anti-EGFR/Au nanorods incubated with all three cells. At 80 mW (10 W/cm2), the HSC 

and HOC malignant cells are obviously injured while the HaCat normal cells are not affected  
8
.
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in vitro Figure 5

Figure 5. Number of 

articles relating to 

material and type of 

study 
6
.  
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Figure 6. Major techniques and parameters employed for the characterization of engineered 

nanomaterials and for assessing nanotoxicity (reproduced from 
25

).

Figure 6

in vitro

et al.
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et al. Figure 7
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Figure 7. Schematic drawing representing the mechanism of cytotoxicity and growth of HeLa 

cells co-cultured with GNP-PVPs and their aggregates 
43

.

Figure 8



15

Figure 8. Schematic of potential cell-nanoparticles interactions and interferences after 

internalization inside cells (NP= nanoparticles, ROS= reactive oxygen species)
44, 45

.

et al.

Figure 9
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Figure 9. (A) Cell membrane and cellular uptake of AuNPs (gold nanoparticles). (B) 

Schemes of cell death induced by AuNPs. AuNPs provoke intrinsic apoptotic pathway and 

extrinsic apoptotic pathway through caspase-8 activation
47

.
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1.4.1 Quantitative assays 

Figure 10

1.4.2 Mechanism analysis

Figure 10
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Figure 10. Diagram of parameters and detection techniques involved in nanotoxicity studies.



20

2. Fluorescence Correlation Spectroscopy (FCS): 

Theory and state-of-the-art 
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Figure 11. Jablonski diagram used to explain energy states and phenomenon of fluorescence 

(www.olympusmicro.com/primer/java/jablonski/jabintro/). 

Figure 11
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2.1.2.1Quantum yield 

Figure 12. Jablonski diagram. E is the rate of excitation,  is the radiative decay rate and k  

is the no-radiative decay rate. 

k

2.1.2.2 Fluorescence lifetimes 

2.1.2.3 Extinction coefficient 
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A c

2.1.2.4 Photo bleaching and quenching 
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in vivo

Figure 13. Schematic presentation of principles of fluorescence correlation spectroscopy 
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.
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Figure 13

section 2.2.3.1
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V

Figure 14
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Figure 14. Model of autocorrelation curves for different kinds of particle motion: free 

diffusion in three dimensions (red), free diffusion in two dimensions and directed flow (blue) 
53
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2.2.3.1 Fluorophore concentration 

Figure 15

Figure 15. Schematic representation of concentration effect on autocorrelation curve.

(A)Slowly diffusing fluorescent species at low concentrations give rise to large signal 

fluctuations around the mean fluorescence intensity value, (B) Fast diffusing molecules at 

high concentration produce small signal fluctuations, (C) The autocorrelation curves from 

(A) and (B). In case (B) the correlation curve will have a shorter diffusional correlation time 

and smaller G(0) in comparision to case (A) [Picoquant: http://www.tcspc.com/doku.php/ 

general:fluorescence_correlation_spectroscopy-_a_short_introduction].  
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2.2.3.2 Molecular weight 

V 
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Figure 16. Effect of molecular weight on fluorescence fluctuation and the autocorrelation 

functions
51, 54
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(A) (B)

(A) (B)
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Figure 16

2.2.3.3 Laser excitation power and triplet state 

Figure 17

Figure 17. Jablonski diagram 

with intersystem crossing from 

the singlet (S1) to the triplet (T) 

state 
49

. 
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           Illumination intensities  Fraction of triplet (nT) 1/Time in triplet ( T) 

et al.
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Figure 18. Jablonski diagram demonstrating MEF effects- without (top) and with (bottom) 

the effects of near metal surfaces. E is the rate of excitation  is the radiative decay and knr is 

the non-radiative decay without metal. Em is the additional excitation, m is the additional 

radiative decay and km is the additional non-radiative decay in the presence of metal 
59
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Figure 18
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Figure 19

Figure 19. Schematic representation 

of the MEF-capable multilayer core-

shell nanoparticle 
64

. 



38

et al.

et al.

et al.

et al



39



40

3. Fluorescence Correlation Spectroscopy (FCS):

Set-up and characterization of the system 
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Figure 20
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           Figure 20. Schematic presentation of the experimental set-up of FCS 
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3.1.2.1 Installation and alignment of lasers

3.1.2.2 Installation of power variable attenuator for lasers
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Figure 21. Transmission through linear polarizer. 

Figure 21
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  3.1.3.1 Band-pass filter (Excitation filter) 

3.1.3.2 Dichroic mirror 

Figure 22

Figure 22. Characteristic features of dichroic mirrors: Transmission spectrum plotted for the 

wavelength range of a) 450-850 nm for red laser (z633rdc), and b) 450-600 nm for blue laser 

(T510lpxrxt). (http://www.chroma.com)

a) b)
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3.1.3.3 Emission filter 

Figure 23

Figure 23. Characteristic features of emission filters: Transmission spectrum plotted for the 

wavelength range of a) 550-800 nm for red laser (HQ665lp), and b) 450-600 nm for blue 

laser (ET535/50m). (http://www.chroma.com)

3.1.4.1 Microscope objective 

a) b)
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3.1.4.2 Beam expander (Telescope) 

Keplerian 

beam expander Figure 24

fA fB

Figure 24. Expansion of the laser beam using a telescope 

3.1.4.3 Confocal system (Pin hole) 
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Figure 25. A schematic representation of the optical path in a confocal fluorescence 

microscope. 

Figure 25
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Figure 26

Figure 26. Typical Photon Detection Efficiency (PDE) vs. Wavelength 

(http://www.excelitas.com).
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Figure 27. Schematic presentation of confocal volume on a sample composed of lateral and  

axial axes, along with the Gaussian laser beam pattern.

( ). 

Figure 27
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Figure 28

Figure 28

Figure 28. (A) Image of a fluorescent latex bead of 170 nm of diameter (30X30 pixels).          

(B) Normalized curve showing width of beam waist along x-axis which is 0.273 m. 

D

D

Table 1

0.273 m

(A) (B)
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Table 1. Values of the lateral and axial resolutions, and confocal volume for 633 nm laser 
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Figure 29.

Figure 29. Absorption spectra of the solutions of different concentrations of Alexa 647 

obtained by ultraviolet-visible spectroscopy. 
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Figure 30

Figure 30. Correlation curves of solutions of different concentrations of Alexa 647 obtained 

by red laser in FCS. 

Figure 30

Figure 31
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Figure 31. Correlation curves of solutions of different concentrations of Rhodamine B 

obtained by blue laser in FCS

Table 2. Detected number of molecules (N) and diffusion time ( ) for Alexa 647 and 

Rhodamine B

Figure 32
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Figure 32. FCS measurement derived fluorophore number N is proportional to the 
corresponding theoretical concentrations of the molecules Alexa 647and Rhodamine B
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Figure 33. (A) Cross-correlation function of 10 nM Alexa 647 at different laser excitation 

power and impact of triplet state on it. (B) Counting rate per molecule (CRM), (C) number of 

fluorescent molecules (N) and (D) triplet time evolution depending on the excitation power

Figure 33 A

Figure 33

Figure 33
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Figure 33 B

Figure 33 D

G G

the in-vivo
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4. Study of cytotoxicity of gold nanoparticles 



62

 

P-gp: The P-gp is a membrane glycoprotein of 170 kDa, consituted of 1280 amino acids. It includes 12 

transmembrane domaines with two ATP binding domains on the site of cytoplasm 72. The P-gp possesses three 

sites of glycosylation on the site of the first extracelluler loop near the N-terminal 73. In humans, P-gp is encoded 

by the MDR1 gene, located on chromosome 7, and in mice by the MDR1 gene (a/b). P-gp is present in several 

human organs such as liver, kidneys, intestines, adrenal glands and also at the level of blood-

tissue barriers like the placenta, capillaries of the testes and brain capillaries. It is localized to the apical 

membrane of cells (hepatocytes, epithelial cells of the intestinal mucous, endothelial cells of the BHE)74.

1/ P-gp plays important role in the protection of tissues against the toxic agents, in fact it allows the excreation 

of toxic substances by billiary secretion and glomerulour filtration.  

2/ It also plays role in the secretion of steroid hormones 75 

3/ But P-gp also has a pathological role in being responsible for multiple resistance to anti-tumor drugs. Acute 

treatment (or extended) of human cell lines with anti-tumor drug, in vitro, produces an induction of P-gp. This 

was explained by the fact that the MDR1 promoter responds directly to cytotoxic agents. 

The spectrum of susbtrates of P-gp is very wide without any apparent relation with the structure or the function. 

Among the substrates of the P-gp, some are: i) the classic anti-tumor drug such as anthracyclines, vinca-

alcaloids, taxanes ; ii) the antibiotics like erythromycines and tetracyclines ; iii) endogenous substrates like 
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steroids, cytokines and bilirubions. Furthermore, inhibitors of P-gp like verapamil, are also substrates of this 

transporter 75.] 
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Figure 34

Figure 34 a & b

Figure 34 c & d

Figure 34 c & d

Figure 34 e

Figure 34 f
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Figure 34. Toxicity of GNPs in K562 cells (left column) and K562/ADR cells (right column) 

incubated for 24 h with different concentrations of a-GNPs, PEG-GNPs and GNF: (a-b) 15-

GNS, (c-d) 50-GNS and (e-f) GNF. Data are expressed as mean± standard deviation (n = 9).

(a) (b)

(c) (d)

(e) (f)



66



Comparative toxicity evaluation of flower-

shaped and spherical gold nanoparticles on

human endothelial cells

Sadequa Sultana
1
, Nadia Djaker

1
, Sanda Boca-Farcau

2
, Milena Salerno

1
,

Nathalie Charnaux
3
, Simion Astilean

2
, Hanna Hlawaty

3
and

Marc Lamy de la Chapelle
1

1Université Paris 13, Sorbonne Paris Cité, UFR SMBH, Laboratoire CSPBAT, CNRS (UMR 7244), 74 rue

Marcel Cachin, F-93017 Bobigny, France
2Babes-Bolyai University, Institute for Interdisciplinary Research in Bio-Nanosciences and Faculty of

Physics, Nanobiophotonics and Laser Microspectroscopy Center, 1 Str. M Kogalniceanu, RO-400084 Cluj-

Napoca, Romania
3Université Paris 13, Sorbonne Paris Cité, UFR SMBH, INSERM U1148, Laboratory for Vascular

Translational Science, Bio-ingénierie cardio-vasculaire, 74 rue Marcel Cachin, F-93017 Bobigny, France

E-mail: nadia.djaker@univ-paris13.fr

Received 26 September 2014, revised 18 November 2014

Accepted for publication 8 December 2014

Published 9 January 2015

Abstract

In this paper, we propose a multi-parametric in vitro study of the cytotoxicity of gold

nanoparticles (GNPs) on human endothelial cell (HUVEC). The cytotoxicity is evaluated by

incubating cells with six different GNP types which have two different morphologies: spherical

and flower-shaped, two sizes (∼15 and ∼50 nm diameter) and two surface chemistries (as

prepared form and PEGylated form). Our results showed that by increasing the concentration of

GNPs the cell viability decreases with a toxic concentration threshold of 10 pM for spherical

GNPs and of 1 pM for flower-shaped GNPs. Dark field images, flow cytometry and spreading

test revealed that flower-shaped GNPs have more deleterious effects on the cell mechanisms than

spherical GNPs. We demonstrated that the main parameter in the evaluation of the GNPs toxicity

is the GNPs roughness and that this effect is independent on the surface chemistry. We assume

that this behavior is highly related to the efficiency of the GNPs internalization within the cells

and that this effect is enhanced due to the specific geometry of the flower-shaped GNPs.

Keywords: nanoparticles, biocompatibility, nanotoxicology, surface chemistry, cell proliferation,

actin cytoskeleton, cell spreading

(Some figures may appear in colour only in the online journal)

1. Introduction

Gold nanoparticles (GNPs) are of great interest for several

applications in nanomedicine, especially in imaging and

sensing [1], drug delivery [2, 3] and photothermal therapy

[4, 5] because of their unique physical and chemical proper-

ties, and high biocompatibility. Among different morpholo-

gies of GNPs, gold nanospheres (GNSs) are widely used for

biomedical applications [6, 7]. In recent years, gold nano

flowers (GNFs) (also termed as urchin like, branched particles

or stars) have been proposed to improve the light–matter

interaction and thus the optical properties of such nanos-

tructures which is essential for photothermal therapeutics

[8, 9] or optical cellular imaging [10–12]; thanks to their tips

which are responsible to a higher local electromagnetic field

enhancement [13]. For all these applications, a better under-

standing of the interaction and uptake of GNPs into cells is of

great importance and currently under intense investigation

[14–17], especially for GNFs who exhibit improved optical

properties. In this latter case, it is then of first importance to

determine if this higher efficiency is suitable with an accep-

table biocompatibility.

Nanotechnology
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Several groups have identified the size of GNPs as the

first variable in their interaction with cells [18–20]. Chithrani

et al reported the effect of GNP size on the cellular uptake

with sizes varying between 14 and 100 nm [21]. GNPs larger

than 10 nm in diameter internalized inside cells were trapped

in vesicles in the cytoplasm and did not enter in the nucleus

[18, 21]. Pan et al suggested that the uptake of GNPs is

mediated by non-specific adsorption of proteins onto the gold

surface, which induces internalization into cells via the

endocytosis mechanism [19, 20].

Many reported works showed that GNPs size and

aggregation can affect cell adhesion and proliferation: Cui

et al showed that small GNSs (2 nm), which are more stable

against aggregation, caused less HeLa cytotoxicity than larger

GNSs (25 nm) which are liable to form aggregates [22].

Arvizo et al studied the effect of GNP size on inhibition of

endothelial and fibroblast cell proliferation. It was demon-

strated that 20 nm GNSs showed a maximal inhibition of cell

proliferation up to 100% whereas 10 nm showed up to 60%

and 5 nm up to 25% of inhibition [23]. In the same way,

Pernodet et al reported that 14 nm GNSs had a significant

uptake into dermal fibroblasts [24]. It was suggested that the

presence of GNPs is responsible for abnormal actin filaments

and extracellular matrix constructs in dermal fibroblasts;

which decrease cell proliferation, adhesion, and motility.

Jiang et al proposed that GNPs can not only passively interact

with cells, but also at a specific size actively alter the mole-

cular processes that are essential for regulating the cell

functions [25]. GNPs of 40–50 nm are found to be the optimal

sizes for receptor-mediated endocytosis. This higher particle

uptake is probably due to the direct balance between multi-

valent cross linking of membrane receptors and the process of

membrane wrapping involved in receptor-mediated

endocytosis.

Nanoparticle size is not the only relevant parameter in the

GNPs–cell interaction. The cell membrane seems to be also

very sensitive to the GNP’s surface chemistry. By considering

only the surface chemistry, Goodman et al found that cationic

particles are moderately toxic, whereas anionic particles are

rather less toxic [18, 26]. Freese et al have discussed different

polymer coatings and concluded that the positive-charge

coated GNPs were internalized to a greater extent than the

negative- or neutral-charged GNPs, as would be expected due

to interactions with the anionic cell membrane [27]. Arnida

et al showed that GNPs appeared to be taken up by non-

specific adsorptive endocytosis [28]. PEGylation (PEG=poly

ethylene glycol) on the surface of GNPs drastically reduced

this uptake. In the literature, the most reported chemical

modification related to reduction of toxicity, is the addition of

PEG on the surface of GNPs (PEG-GNPs) [29]. For example,

internalization of GNSs was surface chemistry dependent as

CTAB-coated spheres were readily internalized than PEGy-

lated spheres during same incubation experiment [30]. Sironi

et al showed that the PEGylation of the GNFs hinders their

internalization and increases their resistance to aggregation in

the culture medium [31]. GNFs were observed very cytotoxic

on epithelial cells under a picomolar (pM) concentration

where concentration dependent effect was comprehen-

sible [12].

These results highlighted that the cellular interaction with

GNPs have to be analyze with respect to various parameters

of GNPs besides size, shape and surface chemistry as well as

to GNP concentration and cell culture properties (cell line,

incubation time). It is then of first importance to provide

multi-parametric study to cover all the possibilities of cell–

GNPs interactions and to screen various ways of interactions

using standard toxicity assays.

In this study, we have employed such approach to

evaluate the cellular uptake and cytotoxicity of GNPs in

adherent human endothelial cells (HUVEC). Our study

includes in total six different types of GNPs which have two

morphologies: spherical (∼15 and ∼50 nm diameter termed

as: 15-a-GNS and 50-a-GNS) and flower-shaped (only

∼50 nm diameter termed as: a-GNF); and two surface che-

mistries- as prepared form and after polymer stabilization by

polyethylene glycol which were termed as: 15-PEG-GNP, 50-

PEG-GNP, PEG-GNF.

The choice of nanoparticles is all the more favored since

no study has already been reported comparing the cytotoxicity

of GNSs and GNFs of same size in the same experimental

conditions. Moreover, to answer the question of cytotoxicity,

a detailed approach is analyzed through the following points:

cell viability, morphology and proliferation rate. With such

approach, we are able to provide a complete study of the

influence of the size, shape and surface chemistry effect on

the GNPs interaction with cells and on their potential toxicity.

We will also be able to propose a cellular mechanism to

explain the effect of the GNPs on the cell viability and on the

cell behavior.

The choice of HUVEC as cell model system for this

study is based on the cell’s physiological function and priority

during theranostics involving GNPs because of their adherent

phenotype. Principal function of adherent endothelial cells is

to construct the vascular wall in presence of smooth muscle

cells and fibroblasts. Endothelial cells form the continuous

monolayer which is in permanent contact with the blood flow.

For the purpose of diagnosis and therapeutic applications,

GNPs are frequently administered by intravascular injection

and distributed by the vascular circulation in whole body.

Endothelial cells are one of the first cell-types which interact

directly with the GNPs after their intravascular administration

in vivo [15] and can be rapidly affected because of cyto-

toxicity of injected GNPs.

2. Materials and methods

2.1. Synthesis, surface modification and characterization

of GNPs

GNFs were prepared by the rapid mixture of 20 mL solution

of 19.8 × 10−3M of ascorbic acid with 200 μl of 10−2M of

HAuCl4 at ice temperature [12]. Colloidal GNSs of 15 nm

were synthesized by the aqueous reduction of HAuCl4 with

trisodium citrate according to the Turkevich–Frens method.

2
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Briefly, an amount of 100 mL of 10−3M HAuCl4:3H2O was

boiled. A solution of 38.8 × 10−3M sodium citrate (10 mL)

was quickly added under vigorous stirring until a red bur-

gundy colloidal solution was formed [32]. Colloidal GNSs of

50 nm were produced by stirring 10 mL of a solution of

0.5 × 10−3M HAuCl4 at room temperature for several min-

utes, followed by the addition of a proper volume of a freshly

prepared ascorbic acid (7.5 × 10−3M) solution. Herein,

HAuCl4:3H2O has a role of nanoparticle initiator while L-

ascorbic acid is used as reducer of the gold salt.

One batch of each type of GNPs was modified using

mPEG-SH polymer of 5 kDa molecular weight, that provided

more stability to the particles. Depending on the nanoparticle

type and hence on its surface area, various amounts of 10−3M

polymeric solution were added to the colloidal solution by

dripping. The polymer-nanoparticle mixtures were subjected

to vigorous stirring after which let to sit for 24 h at 4 °C to

afford a complete binding of the polymer. Both as-prepared

and polymer stabilized GNPs (a-GNPs and PEG-GNPs,

respectively) were purified by centrifugation at high speed

and resuspended in ultrapure water until the incubation with

cells. For each in vitro assay, GNPs stock solution was dis-

solved in the corresponding cellular medium containing

serum protein.

To determine GNPs concentration in colloidal solution,

optical extinction spectra were measured using a UV–vis

spectrometer (Kontron Instr. France) on a spectral range from

400 to 900 nm. The wavelength of extinction maxima was

used to calculate stock concentration using extinction coeffi-

cient. The size and the zeta potential measurements of the

colloidal GNPs were performed using a Zetasizer Nano-ZS90

instrument from Malvern.

2.2. Cell culture

Human umbilical vein endothelial cells (HUVEC, N CRL-

1730, ATCC, LGC Molsheim, France) were cultured in

endothelial cell basal media 2 (ECBM2, PromoCell, Ger-

many) supplemented with 10% fetal bovine serum, epidermal

growth factor (EGF, 5.0 ng mL−1), hydrocortisone

(0.2 μg mL−1), VEGF (0.5 ng mL−1), basic fibroblast factor

(bFF, 10 ng mL−1), insulin like growth factor (R3IGF-1,

20 ng mL−1), ascorbic acid (1 μg mL−1), heparin

(22.5 μg mL−1), antibiotics (penicillin-streptomycin, 1, Invi-

trogen, France) and L-glutamine (1, Invitrogen, France) at

37 °C. in 5% CO2. The media was changed twice a week. The

cell line was purchased as passage number 20 and char-

acterized by ATCC before selling. The homogenicity is

guaranteed until 50–60 population doublings (life

expectancy).

2.3. MTT assay

Actively growing cells were seeded at a density of 10 000

cells/well of a 96-well tissue culture plate using ECBM2

media containing 10% fetal bovine serum and incubated 24 h

to have adherent and proliferating cells. GNPs with both

surface chemistries were diluted by cell culture medium

containing fetal bovine serum to have different treatment

concentrations (10−15−10−10M). The cells were treated and

incubated with varying concentrations of all six types of

GNPs at culture condition for 24 h. Control cells were used

without GNPs treatment. At the end of each exposure, the

toxicity level of GNPs was assessed by MTT assay where

MTT dye ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-

zolium bromide), Daco, France) reduces only metabolically

active cells to insoluble purple formazan dye crystals. The

intensity of the purple formazan was measured directly in the

wells at 595 nm using microplate reader. Each experiment

was performed in triplets for each concentration of every

sample and repeated three times on different passage number

on different days (n= 3) occupying the same duration for

incubation. The average of all of the experiments has been

shown as cell-viability percentage in comparison with the

control experiment, while gold untreated controls were con-

sidered as 100% viable.

2.4. Flow cytometry analysis to determine cell proliferation rate

HUVEC were seeded at a density of 75 000 cells/well in the

12 well plate using ECBM2 media containing 10% fetal

bovine serum for 24 h to make the cells adherent and pro-

liferating. Then the media was replaced with serum free

ECBM2 media and the cells were synchronized for another

24 h. Then the cells were incubated with 10 pM of 15 and

50 nm GNSs whereas 0.5 pM for GNFs for 24 and 48 h in

ECBM2 media containing 10% fetal bovine serum. The

labeling of the cells was done by CellTrace Violet Cell Pro-

liferation Kit (Invitrogen, Molecular Probes, France; fluores-

cence excitation/emission maxima 405/450 nm) and

quantified by immune fluorescence on a FACSCalibur flow

cytometer (BD Biosciences).

2.5. Dark field imaging

The dark field imaging of HUVEC was done using an

inverted Microscope (Axio Observer.Z1-Zeiss, Germany)

after incubation with 0.5 pM of each type of GNPs which

were diluted in cell culture media containing serum. Cells

were grown in the LabTek at 75 000 cells/well concentration

and grown overnight in presence of ECBM2 media supple-

mented with 10% fetal bovine serum. Following morning,

cells were inoculated in presence of GNPs. After 3 h of

incubation at cell growth condition, cells were washed by

PBS (1X), fixed with PFA 1% for 30 min and imaged by a

dark field condenser where a 20× objective collects the

scattered light from the internalized particles.

2.6. Spreading test

Spreading of HUVEC was carried out in respective supple-

mented basal cell culture media. 6500 cells/well seeded were

allowed to spread overnight on fibronectin (BD Bioscience

Pharmingen, France) coated glass LabTek as a sub-confluent

culture in order to analyze changes in individual cell shape

and size. After one wash with PBS (1X); 0.5 pM of each type

of GNPs dissolved in serum containing culture media were

3
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added to the cell culture and incubated for 3 h at 37 °C in 5%

CO2. Cells were fixed using PFA 1% and washed by PBS

(1X); followed by permeabilization using 0.05% of Triton X-

100 solution (Sigma-Aldrich, France). Cytoskeleton (F-actin)

and nucleus were stained subsequently with Alexa Fluor 546

phalloidin (dilution 1/200, Invitrogen, France) and DAPI

(dilution 1/1000, Invitrogen, France); and observed with a

fluorescence microscope (Zeiss Axiophot, Carl Zeiss France).

Cells were photographed using digital camera fixed on top of

the microscope (Nikon COOL PIX 8400, Japan) and images

were treated by Adobe Photoshop software to trace the edge

of individual cell. Then the area enclosed by each trace was

measured using Scion Image software (Scion Corporation).

Each data point represents an average of at least 100 indivi-

dual measurements of the cell surface area.

2.7. Statistical analysis

All data are expressed as mean ±standard deviation (SD)

unless indicated otherwise and analyzed using one-way ana-

lysis of variance (ANOVA). In all cases, the degree of sig-

nificance is indicated when appropriate (*p< 0.05; **p< 0.01;

***p< 0.001).

3. Results and discussion

3.1. GNP characterization

In the present work, we synthesized a series of GNPs: GNSs

with mean diameters of 15 and 50 nm (15-GNS and 50-GNS

respectively) and GNFs with mean diameters of 50 nm

(figure 1). The aim of our study is to determine the influence

of the size and the shape of the GNPs on the particle toxicity

by comparing the results of their interaction with cell. Thus,

these two shapes were chosen to observe the effect of the

GNPs surface roughness since the surface area and curvatures

can play a significant role in their interaction with the cells

[12]. To compare GNPs size effect, both 15 and 50 nm GNSs

were used. In addition, all GNPs were utilized with two

surface chemistries: the ‘as prepared one’ (citrate for 15-a-

GNS, ascorbate for 50-a-GNS and a-GNF) and the PEG one

(15-PEG-GNS, 50-PEG-GNS and PEG-GNF). The schematic

diagram showing shape and size of the synthesized six GNPs

is given in figure 1. The primary shape and size for all the

nanoparticles were determined by transmission electron

microscopy (TEM; JEOL 100 U, 100 kV accelerating vol-

tage) (figures 2(A) and (B)). The TEM images show that the

GNSs have a round shape, a smooth surface and a narrow size

distribution whereas the GNFs have a large number of tips at

the surface (see inset of figure 2(B)). These parameters are

confirmed by the Zetasizer measurements that are summar-

ized in table 1. All the prepared a-GNPs have the expected

size with a size distribution around 10%. The PEG-GNPs

have a larger size due to the PEG layer that enlarges the

particle size. These results are consistent with the extinction

spectra that give the localized surface plasmon resonance

(LSPR, table 1). Indeed, for the 15-a-GNS and the 50-a-GNS,

the LSPR positions are 520 and 530 nm respectively which is

in agreement with the GNP diameter. In the case of the GNFs,

the LSPR is red shifted at 604 nm and is very broad compared

to GNSs. This is the result of the particle anisotropy since the

GNFs exhibit a large number of tips at the particle surface

[12]. For all GNPs, we also observe a red-shift (2 nm for

GNSs and 14 nm for GNFs) when the PEG is added. This

confirms the exchange of the as prepared surface chemistry by

the PEG and that the thickness of the PEG layer is around

5 nm, which is consistent with the size difference measured

Figure 1. Schematic illustration of GNPs with as prepared and PEG coated surfaces, (a) 15-a-GNS (left) and 15-PEG-GNS (right), (b) 50-a-
GNS (left) and 50-PEG-GNS (right) and (c) a-GNF (left) and PEG-GNF (right).

Figure 2. TEM images of (A) 50-a-GNS and (B) a-GNF. (C)
Extinction spectra of a-GNPs (dotted lines) and PEG-GNPs (solid
lines).
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with the Zetasizer. The surface ligand exchange was further

confirmed by a shift of ζ potential of colloidal nanoparticle

measured with the Zetasizer (table 1). We observed ζ

potential shift from −44 to −3 mV (93% decrease) in case of

15 GNSs, −13 to −5 mV (62% decrease) for 50 GNSs and

from −9 to −4 mV (49% decrease) in case of GNFs. More-

over, in the case of the as prepared GNPs, they are stabilized

by their negatively charged surface via electrostatic repulsion,

except for the GNFs since the potential is lower than for the

GNSs. For all three types of PEG-GNPs, the surface charge

was decreased near to neutral zeta potential. This neutrally

charged surface is known to provide more stable GNPs with

an improved biocompatibility as well as a good distribution of

GNPs in biological fluids, a decrease of the non-specific

binding of bio molecules to GNPs surfaces, and consequently

a decrease of the cellular uptake of PEG-GNPs compared to

a-GNPs [33].

Before each experiment, concentration of colloidal

solution was calculated based on the surface plasmon reso-

nance band of each material derived from the extinction

spectra (see method section). The normalized extinction

spectra of the gold colloidal solutions are illustrated in

figure 2(C).

This characterization of the colloidal nanoparticles is

relevant to the literature of the nanoparticles fabricated using

same methods [12, 32].

Furthermore, the colloidal particles were found to be

highly stable, as no aggregates could be observed even after

three months of storage at room temperature in ultra pure

water. Additionally, stability of the GNPs was determined by

dissolving the washed pellet in cell culture media with and

without serum and in high ionic buffer solution. All GNPs

were stable in all those mentioned solutions even until 24 h

and did not form large aggregates, except the 15- and 50-a-

GNSs which fast aggregated in both solutions due to their

highly negative ζ potential. The particle's physicochemical

parameters are similar to those commonly used for cell-

labeling and therapeutic purposes which make it more inter-

esting to study from toxicological point of view [10, 12].

3.2. Effects of GNPs on cell viability

In this work as a model system for our in vitro study, we

choose a human endothelial cell (HUVEC) to perform the

comparative cytotoxicity study of six different GNPs. The

aim of this study is to evaluate the undesirable interactions

of GNPs with normal cells that can occur in the body after

their intravascular injection. This endothelial cell line is a

good cellular model system to perform the comparative

cytotoxicity study of GNPs because of their presence in the

vascular artery and permanent contact with blood flow. This

is important for the choice of cell line since the ther-

apeutical applications of GNPs are performed usually by

intravascular injection.

Viability assays are performed as the starting point in any

cytotoxicity assessment and thus the cellular responses to a

toxicant can be explained. For the cell viability assessment, a

standard colorimetric cellular viability MTT assay was per-

formed to determine the threshold toxic concentration for

each type of GNP samples used here. This starting point of

toxic concentration is vital to precede with further GNPs

interaction studies with cells. The GNPs used in this study

have been purified extensively through repeated washing and

centrifugation to remove any trace of contaminants or

remaining reductant agent from the reaction that may interfere

with the assay (see method section).

We limited the testing to 100 pM concentration for four

GNS samples and 1 pM concentration for GNF samples as

these concentrations are found to be the lowest toxic con-

centrations. HUVEC were incubated in presence of GNPs for

24 h, and then cellular viability was measured. Figure 3 shows

the result of cellular viability plotted against exposure con-

centrations of both a-GNPs and PEG-GNPs.

The cytotoxicity of 15-a-GNS occurs fast starting from

10 pM concentration and remains consistent from 20 pM until

100 pM. In the case of 50-a-GNS, the cytotoxicity appears

only at the highest experimental concentration (100 pM). It is

clear that 15-a-GNS induce more cytotoxicity than 50-a-GNS.

The dependence of this effect on concentration is highly

mediated by the surface chemistry. Low cytotoxicity was

observed for the PEG-GNS even at the highest concentration

of 100 pM, while 15-a-GNS show only 50% of viability at the

highest concentration and 70% of viability is observed with

50-a-GNS (figures 3(A) and (B)). This enhanced cell viability

in the case of the PEGylated surface can be due to a lower

cellular internalization efficiency for both sizes [33]. Note

also that below 1 pM, 100% of cell viability was measured for

a-GNS and PEG-GNS (data not shown).

The size effect on cell viability could be assigned to the

fact that particles with diameter below 30 nm can be endo-

cytosed easily by the cells [18, 26]. Moreover, smaller NPs

have higher possibility to interact with the cell organelles due

Table 1. Physico-chemical characteristics of gold nanoparticles measured by the Zetasizer..

GNP samples Morphology Surface chemistry GNP size (nm) ± SD LSPR (nm) ζ Potential (mV) ± SD

15-a-GNS Spherical Citrate 14.7 ± 1.9 520 −44.3 ± 1.9

15-PEG-GNS Spherical PEG 20.7 ± 1.9 522 −3.58 ± 0.19

50-a-GNS Spherical Ascorbate 47.6 ± 5.2 530 −13.5 ± 0

50-PEG-GNS Spherical PEG 57.5 ± 5.2 532 −5.1 ± 0

a-GNF Flower-shaped Ascorbate 46.7 ± 6.5 604 −9.08 ± 0.8

PEG-GNF Flower-shaped PEG 58.1 ± 6.5 618 −4.65 ± 0

Note: SD: standard deviation.
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to an increase of their surface to volume ratio [34]. After PEG

coating, an improved biocompatibility of all GNSs is

observed as expected since surface charges close to 0 (−3 to

−5 mV) is reached.

Roughness effect on cell viability was evaluated using

GNFs comparing with GNSs of same diameter. The toxic

concentration range for GNFs was found to be widely

below the ones observed for GNSs (figure 3(C)). It is clear

that GNFs show 50% of viability at 1 pM concentration,

while a weak cytotoxicity is noticed below this concentra-

tion. This viability threshold is two orders of magnitude

lower than the one observed for GNSs having the same size.

One can notice that the GNFs have a largely higher toxicity

than the GNSs. This is confirmed on figure 3(D) that plots

the data from figures 3(A), (B) and (C) in terms of cell

viability at 1 pM concentration for all GNPs. 1 pM con-

centration is the common point for all the GNPs, so this was

chosen for comparing their cell viability. Moreover, this

toxic effect is independent of the GNFs surface chemistry

since the PEG-GNFs also show 50% of viability at 1 pM. It

seems that the PEG slightly improves the cell viability but

not with the same efficiency than for GNSs. In this latter

case, the PEGylated surface improves the GNSs bio-

compatibility by one or two orders of magnitude in con-

centration. It clearly demonstrates that flower shape

considerably increase the GNPs cytotoxicity. The reason of

this shape-dependant toxicity supports the assumption that

the GNF’s roughness is responsible of the cell membrane

disruption. Moreover, GNFs have higher surface than GNSs

and have higher probability of membrane interaction due to

relatively large spiky surface [30]. This result is interesting

and points out that the surface roughness is a critical

parameter in the biocompatibility of the GNPs. One can also

conclude that during future therapeutic applications of

GNPs, PEG-GNSs can be used at 100 times more con-

centrated dose than the GNFs.

Figure 3.MTT assay results of HUVEC incubated for 24 h with different concentrations of a-GNPs, PEG-GNPs and GNF: (A) 15-GNS, (B)
50-GNS and (C) GNF. (D) A comparative cell viability of different GNPs at the concentration of 1 pM. Data are expressed as mean±SD
(n= 9); where *p< 0.05; **p < 0.01; ***p< 0.001 (ANOVA).
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3.3. Flow cytometric and dark field analysis of HUVEC/GNP

interactions

3.3.1. HUVEC proliferation after GNP treatment. To further

compare the influence of both shapes of GNPs, their specific

interaction with HUVEC was evaluated in vitro using

fluorescence activated cell sorting (FACS) assay. Upon

determination of the toxic concentration range of each of

the GNP samples, which is the start point of cytotoxicity, the

corresponding threshold concentrations (10 pM for both

GNSs and 0.5 pM for GNFs) have been considered to

perform cell proliferation rate analysis by FACS. A course of

time incubations was performed for 24 and 48 h (for all six

particles) and have been chosen based on the cell’s own

proliferation rate. The time point of 24 h incubation has been

chosen to compare with MTT assay and 48 h for having

another cell doubling period for this cell line in presence

of GNPs.

Thus comparative results with blank become prominent

after the FACS of 24–48 h of cell-GNP incubation times

(illustrated in figure 4). The relative value of cell proliferation

is plotted for both a-GNP and PEG-GNP at their correspond-

ing threshold toxic concentrations (10 pM for all GNSs and

0.5 pM for GNFs) corresponding up to 70% of cell viability.

The data shows that the cell proliferation in not affected

by the 50-GNSs whereas the 15-GNSs and the GNFs induce a

significant decrease of the cell proliferation after 48 h. One

can also notice that GNFs have a higher effect compared to

GNSs. After 24 h, the proliferation is weakly affected by the

change of the surface chemistry since we get the same rate for

both a-GNPs and PEG-GNPs. Thus, the relative proliferation

rate seems to be highly influenced by both size and shape of

GNPs. The GNPs effect on the proliferation is coherent with

the one observed on the cell mortality rate and confirms the

results on viability tests.

3.3.2. Cellular uptake and distribution of GNP. To have a

better insight on the interaction mechanism between the

GNPs and the cells, we have performed cells imaging which

allows determining the cellular uptake of the GNPs inside the

cells. As from the viability assay we have already found that

PEG-GNPs are less toxic to the cellular environment than a-

GNPs, we only show the uptake results for the a-GNPs to

show the maximal effect induced by the uptake.

Plasmonic properties of GNPs show interesting effects

allowing optical imaging through dark field microscopy.

Figure 5 represents the dark field images of HUVEC after

incubation with GNPs for 3 h. Due to their strong light

scattering, which is a consequence of their plasmonic

characteristics, the GNPs are clearly visible as bright spot

inside the cells or at the cell surface. Thus, in the dark field

images, the GNPs can be easily localized [35]. Moreover, the

intensity of the bright spots depends on the number of GNPs

observed within the collection volume.

Thus the blank image (figure 5(A)) is nearly black since

no GNPs are present in the cells environment. Figure 5(B)

shows that 15-a-GNSs are internalized inside the cells. They

are homogenously distributed on the whole cell cytoplasm but

not inside the cell nucleus (the nucleus remains dark in the

figure 5(B)). Our observation proves the existence of 15-a-

GNS in the intra-cellular area and supports the aforemen-

tioned investigations that GNSs with diameter greater than

10 nm in size cannot internalize inside the cell nucleus [21].

On the figure 5(C), the bright spots are highly intense

compared to the figure 5(B). This suggests that the 50-a-

GNSs are aggregated on specific localizations. These

localizations seem to be at the exterior part of the cell

membrane since the brightest spots are located at the border

of the cells and as a consequence a few numbers of 50-a-GNS

are internalized inside the cells. This means that smaller

spheres are more internalized than the larger ones.

Moreover, since the 50-GNSs aggregate at the membrane

surface, it should limit their internalization inside the cell due

to a too large size of the aggregates. In case of GNFs, the

number of spots is larger and brighter than for the 15-a-GNSs

which indicate that the internalization occurred at higher

density than GNSs. The bright spots for GNFs are observed

from the entire cellular region meaning that the GNFs spread

in the entire intra-cellular region of the cells including the

cytoplasm as well as the nucleus. Thus, the roughened surface

of GNFs formed by tips can have two main effects. First, the

tips at the GNFs surface could facilitate the penetration of the

nanoparticle inside the cell membrane due to the application

of a higher pressure on the membrane compared to a GNS

with a smooth surface. Second, the roughness increases also

the particle total surface area, therefore determining their

higher chances to attach on the cells. There is also higher

probability of attachments of membrane receptor proteins on

large surface area of GNFs. In both cases, the consequence is

Figure 4. Relative cell proliferation of HUVEC exposed for 24 h and
48 h to both a-GNPs and PEG-GNPs. Concentrations used are
10 pM for 15- and 50-GNS whereas 0.5 pM for GNF. The values are
represented as the mean value ±SD (n = 9) where * denotes
significant changes between blank and GNPs treated cells; and $

denotes significant changes between 24 h and 48 h time incubation
of a-GNPs incubated cells. Here *p< 0.05; **p < 0.01; ***p< 0.001
and $p< 0.05 (ANOVA).
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a higher internalization of the GNFs inside the cells compared

to GNSs as observed on figure 5(D), but also internalization

inside the nucleus of the cell. As a consequence, the GNFs

will induce higher disruption within the cell and thus the cell

mechanisms will be more affected than in the case of GNSs.

This effect is more enhanced since the GNFs are also

internalized inside the cell nucleus. Moreover, the GNFs

could also contribute to the plasma membrane damage by

decreasing lipid bilayer stability. Thus it may compromise the

uniform barrier function of the plasma membrane [36]. These

effects due to the GNF internalization will have strong

influence on the cell and will induce its early death as

observed with the viability and proliferation tests.

3.4. Effects of GNPs on cell cytoskeleton and cell spreading

To confirm the influence of the GNP internalization on the

cell mechanisms, we have evaluated the changes in cell

physiological phenomena like cell morphology and cytoske-

letal organization in adherent endothelial cells [37] in the

presence of GNPs. Since cytoskeleton compose the cortex of

endothelial cells, it is a crucial cellular zone that determines

endothelial function [38] like- spreading, cell migration,

vascular tube formation. Moreover, it is also important to

differentiate between cytotoxicity and cellular damage.

Indeed, GNPs that show little or no cytotoxicity via several

standard assays may be still able to cause serious cellular

damage by altering cell physiological phenomena. In this

study, we focused on comparative effect of GNPs [39] on the

cell spreading, which is important to cell survival after cell

attachment. Especially we report GNPs effect on actin

cytoskeleton modification, cell morphology and surface area.

For the spreading test, HUVEC were incubated in presence of

0.5 pM of each of the GNP samples for 3 h. This concentra-

tion was chosen since it is the one for which the GNFs started

to show significant toxicity.

Figure 6 illustrates the results of cell morphology, actin

cytoskeleton structure and histograms of measured cell sur-

face area of blank and treated cells with GNPs. In control

condition (figure 6(A)) of non-treated HUVEC, fluorescence

microscopy images showed F-actin fibers (with rhodamine-

labeled phalloidin) in whole cell body and in adhesion focal

contacts. The cells had well spread form showing cell-to-cell

or cell-to-extracellular matrix focal adhesion complex (FAC).

F-actin fibers had continuous thread-like structure which

seemed nicely distributed along the cell body giving to the

endothelial cell an appropriate regular morphology (not

deform, not compact cell shape, well spread shape).

In the case of treated cells with GNSs, coexistence of

both deformed and few spread cells with healthy structure are

observed (figures 6(B1) and (C1)); whereas, treated cells with

GNFs showed more deformed and compact cells with a

highly concentrated actin fibers in cell peripheries

(figure 6(D1)). In general, we observe that F-actin cytoske-

leton of all GNPs treated cells has been alternated compared

to blank, well spread cells showing the stress fibers formation.

After 3 h incubation with GNPs, the cell surface areas

were measured for 100 cells from both GNPs treated and non-

treated (blank) cells and represented as histograms to elabo-

rate quantitatively the extent of changes in cell morphology.

Thus it fully represents the stress caused by the presence

of GNPs.

The mean cell surface area of 50-PEG-GNSs treated cells

is around 540 μm2 whereas for 50-a-GNSs, the cell surface

area is about 420 μm2 (figure 6(B2)). In the case of 15-PEG-

GNSs, the mean surface area of treated cells was around

440 μm2, while for 15-a-GNSs it was close to 340 μm2

(figure 6(C2)). GNFs exhibited a prominent shape effect on

the cell surface area (figure 6(D2)). For both surface che-

mistries the surface area was reduced to 350 μm2 for PEG-

GNFs and to 260 μm2 for a-GNFs. Therefore, comparing to

control (650 μm2), the loss in cell surface area was in order of

a-GNFs (60%) > 15-a-GNSs (48%) > 50-a-GNSs (35%). This

observation can also be done for all PEG-GNPs such as the

loss in cell surface is estimated to be PEG-GNFs (46%) > 15-

PEG-GNSs (32%) > 50-PEG-GNSs (17%). Thus, a decrease

of the surface area of the cells is observed for all the GNPs

and all surface chemistry. This indicate that whatever the

GNPs used, the cells are stressed even if this effect is reduced

by the used of PEGylated surface chemistry and by the use of

Figure 5. Dark field images of HUVEC incubated for 3 h. (A) Blank with no GNPs. Images of HUVEC incubated with 0.5 pM of (B) 15-a-
GNS, (C) 50-a-GNS and (D) a-GNF. Here, N denotes to nucleus. Scale bar of the enlarged cell images: 10 μm.
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50-GNS. Furthermore, we observe the same hierarchical

organization of the effects as for the previous experiments

meaning the highest effect for the a-GNF and the lowest one

for the 50-PEG-GNS.

The mechanism of cytoskeleton changes is still not clear,

but reported to be a consequence of a decrease in focal contact

with the culture plate in presence of GNPs. There are several

reasons or hypothesis to explain the F-actin alteration and

Figure 6. Fluorescence images of HUVEC incubated with 0.5 pM of GNPs for 3 h (A: blank, B1: 50-a-GNS, C1: 15-a-GNS and D1: GNF)
(scale bar: 7 μm). Nuclei are labeled with DAPI (blue) and actin cytoskeleton with Alexa Fluor 546-phalloidin (orange-red). Histograms
represent the cell surface areas of control cells (gray) and cells incubated with (B2) 50-GNS, (C2) 15-GNS and (D2) GNF. In histograms,
black and striped bars demonstrate consecutively as prepared and PEG surface chemistries of the GNPs. Moreover, $ denotes average cell
area of cells in blank, * and ϕ denote the average surface area of as prepared and PEG-GNPs treated cells respectively.

9

Nanotechnology 26 (2015) 055101 S Sultana et al



stress fibers formation. Any external nanoscale roughness in

contact with cell membrane affects cell membrane conformity

(tension). It alters the stresses exerted on the cell membrane

through FAC and results in enhanced F-actin fiber alignment

[40]. Reduced focal contacts and reduced cell area causing a

change in the cell morphology [41], from well-spread to

mushroom-shaped cells. More the cells are retracted, more

compact cell shape is observed, less is the cell surface area.

On the other hand, the presence of GNPs inside cells can

create steric hindrance with cell's own existing or newly

formed cytoskeletal network enabling them to disorganize,

disrupt or remodel [16]. It has been supported by Soenen et al

that GNPs-loaded endolysosomal structures enlarge in size

and lose their functionality, leading to reorganization of the

actin cytoskeleton (which also involves its polymerization)

and giving rise to structures called stress fibers [42].

However, the reorganization of actin microfilaments and

the observation of a deformation of the cell shape are the

characteristics of the stressed cells due to GNPs incubation

[43]. Cell shape deformation and rounding up is proportional

to the decrease in surface of interaction between the cell and

culture substrate. This is why cell surface area was measured

for 100 cells for both blank and treated cells and histograms

which fully represent the stress caused by the presence of

GNPs. Physical dimensions of GNPs though being at

nanoscale are not negligible compared to micrometer sized

cells. Thus, GNP can have impacts on cellular morphology

and cytoskeleton network just by occupying intracellular

volume [44].

The present work demonstrates that the GNFs have a

strong impact on the HUVEC causing early cell death even

for concentration lower than the pM. We also demonstrate

that although at low 0.5 pM concentration, GNSs did not

show any effect on HUVEC viability or proliferation, this

does not mean they are innocuous to cells at such con-

centration. However, our study showed that the incubation of

0.5 pM GNPs with cells caused the alterations on the cytos-

keleton network, cell spreading and lead to changes in cell

morphology even at this low concentration and for incubation

time as short as 3 h. Though cell viability assays (result not

shown here) performed at 3 h incubation time did not show

any cell death but this time is sufficient for GNPs inter-

nalization inside cells and to cause stress to the cell orga-

nelles, such as to actin cytoskeleton.

Based on above results, we can propose a mechanism of

GNSs and GNFs action on the cells starting from the GNP–

cell interactions until cell apoptosis.

After addition of GNPs into the cell culture they will

have different behavior within the biological media and in

contact with the cell membrane. This will induce various

interaction processes with the cells. The GNPs are inter-

nalized into the cells by receptor-mediated endocytosis pro-

cesses (1); and our hypothesis is that this endocytosis is not

similar for the GNFs and GNSs (and even different depending

on the GNSs size) and that the cells are affected depending on

the GNPs internalization. As summarized on the figure 7, the

internalized GNPs can be entrapped and transported inside

endosomes, then endosomes are transformed into lysosomes

by maturation [26]. Finally upon degradation of the lyso-

somes, GNPs can be liberated in to the cytoplasm (2), leading

to their local accumulation (3) and alteration of cells’ phy-

siological phenomena (decrease in cell proliferation rate,

disorganization of the cytoskeletal structure, decrease in cell

spreading; and finally lead to low viability and cell death). We

Figure 7. Schematic representation of comparative effects of GNSs and GNFs on HUVEC cells after administration in the cellular media.
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assume that GNPs induced cell killing supports apoptotic cell

death. As we have noticed deformation of F-actin structure (as

mentioned in figure 6), this proves the apoptosis effect

because F-actin deformation due to nanoparticle treatment is

the first sign associated with apoptotic cell death [45]. Our

results showed that GNFs were more accumulated in the cell

cytoplasm of human endothelial cells than GNSs; thus the

alteration in cells’ phenomena has higher effect than in case

of GNSs. Higher is the internalization, lower is the cell via-

bility and higher is the cell mechanism disruption.

4. Conclusion

In this paper, we demonstrate that the cytotoxicity of the

GNPs depends on the size and the shape of the GNPs as well

as on the surface chemistry. We showed that increasing

concentration of nanoparticles decreased cell viability; and

thus we determined the threshold toxic concentration of

around 100 pM, 10 pM and 0.5 pM consecutively for 50-a-

GNSs, 15-a-GNSs and a-GNFs. Flow cytometry analysis also

demonstrated the more deleterious effect of GNFs over GNSs.

We noticed more affinity of GNFs on HUVEC than 15-GNSs,

where 50-GNSs had the least affinity. We were able to

compare the degree of cytotoxic effect and demonstrated that

it is largely higher for GNFs than for GNSs. Even if we

showed an enhanced biocompatibility of the GNSs due to the

PEG coating, we demonstrated that the surface chemistry has

no effect for the GNFs. This latter point indicates that the

main parameter in the evaluation of the GNPs toxicity is the

GNPs roughness. Thus, even if the GNFs have optical

properties that imply a better efficiency in application as

photothermal therapy, they could have more deleterious

effects on the biological media.

Moreover, our complete study suggests that looking into

viability and proliferation rate do not give the global picture

of toxicity, so detailed multi-parametric in vitro study is

essential by focusing on the effect on cell organelles (in this

case cytoskeleton).
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5. Fluorescent nanoparticle characterization by FCS 
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5.1.1.1 Reagents 

5.1.1.2 Synthesis and characterization of gold nanoparticles 
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5.1.1.3 Biotinylation of gold nanoparticles and conjugation of streptavidin-Alexa Fluor 633 

Figure 35. Schematic diagram showing steps of GNPs (here 18-PEG-GNSs) biotinylation 
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5.1.2.1 Nanoparticles characterization before fluorophore conjugation 

 Figure 36

Figure 36. Extinction spectra of 18-GNSs (dotted lines) and 18-PEG-GNSs (solid lines) 

showing a shift of 2 nm after the PEG modification of the particles. TEM images of 18-GNSs 

(right inset). 

Figure 36

Figure 36
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5.1.2.2 FCS Characterization of binding of fluorescent Streptavidin to Biotinylated GNSs 

Figure 37

Figure 37. Diffusion time D of (a) Alexa-633-NHS ester molecule, (b) Alexa-633 bound 

Streptavidin, (c) Biotin and Streptavidin- 633 molecule conjugates and (d) Streptavidin- 633 

conjugated on biotinylated GNS. 
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Figure 37

Table 3

Table 3. Values of time diffusion and count rate per molecule of free and bound Alexa 633 

molecules at different steps of Streptavidin-Alexa 633 conjugation on gold nanoparticles
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Table 3
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5.2.1.1 Reagents 

5.2.1.2 Synthesis of core-shell gold-silica nanoparticles 
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5.2.1.3 Synthesis of CS1 GNPs 

5.2.1.4 Synthesis of CS2 GNPs 
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5.2.1.5 Characterization of fluorescent gold nanoparticles by FCS

.

±

5.2.2.1 Nanoparticles characterization before fluorophores conjugation

Figure 38 a

Figure 38 b
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Figure 38. (a) SEM image and (b) corresponding size histogram of gold-silica core-shell 

nanoparticles. Scheme of the structure of (c) CS1 and (d) CS2 GNPs. 

Figure 38 c

Figure 38 d

Figure 39 Figure 39

Figure 39
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Figure 39

5.2.2.2 FCS characterization of Alexa fluor conjugated core-shell gold-silica nanoparticles

Figure 40 a

Figure 39.  Normalized 

extinction spectra of 

initial 20 nm GNPs 

(black solid line), after 

first silica shell coating 

(grey dash line) and 

after second silica shell 

coating (grey dot line).
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Figure 40 c

Figure 40 c

Figure 40. (a) Schematic view of the FCS experimental setup. (b) Time dependent 

fluorescence intensity of free AF647molecules measured in water at 10 nM concentration and 

excited at 200 W laser power. (c) Typical fluorescence autocorrelation of free AF647 

molecules. The fitting curve using equation (1) gives a typical time diffusion D = 140 s and 

N ~ 30 of free AF647 molecules in the observation volume. 
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Figure 41 

Figure 41 b

Figure 

40 b

Figure 41. (a) Cross-correlation curve obtained by measuring CS1 GNPs in water and 

resultant fitting (upper panel shows the residual plot). (b) Total count rate of fluorescence 

intensity of CS1 recorded by the detectors at 200 W excitation power.

Figure 42 a

Figure 39
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Figure 42 b

Figure 42.  (a) Cross-correlation curve obtained by measuring CS2 GNPs in water and 

resultant fitting (upper panel shows the residual plot). (b) Total count rate of fluorescence 

intensity of CS2 recorded by the detectors at 200 W excitation power.

Table 4

Table 4.  A comparison of CS GNPs sizes obtained by SEM and FCS study.
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Figure 43 a

Figure 43. b

Figure 43. (a) Normalized 

Cross-correlation fitting 

curves obtained by 

measuring CS1 GNPs in 

water at three different 

excitation powers: 200 W 

(before high bleaching), 500 

W (at the optimal 

excitation value) and 700 

W (at high bleaching 

level). (b) The 

hydrodynamic diameters 

calculated from FCS ( D) for 

CS1 GNPs at different 

excitation powers.
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6. Fluorescence diffusion dynamics in the context of 

GNPs nanotoxicity 
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Figure 44. Role of the mitochondrial uniporter regulator in buffering Ca
2+ influx induced by 

GNPs due to plasma membrane depolarization and cytotoxic stress 
106

. 

Figure

44
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Figure 45. Effect of increased free radicals on mitochondria and cell death 
106

. 

Figure 45

et al.
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Figure 46 A

Figure 46 B

. 

Figure 46: Fluorescence correlation 

analysis of mtDNA damage in vitro. (A) 

Changes in normalized autocorrelation 

functions of long PCR products (~17 

kbp) for mtDNA isolated from the cells 

and exposed to H2O2 (from 0 to 0.4 

mM). For comparison, normalized 

autocorrelation function of primer is 

also shown. A decrease in fraction of 

slow-moving components (long PCR 

products) shifted the normalized 

autocorrelation function to the left hand 

side. (B) Effect of the restriction 

digestion on the normalized 

autocorrelation function of long PCR 

products for mtDNA. An increase in 

fluorescent molecules due to the 

fragmentation resulted in the decrease 

in amplitude of the autocorrelation 

function 
110

. 
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Figure 47

Figure 48

Figure 48 a
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Figure 47. Fluorescent image of a mitochondrion by scanning the sample over laser probe 

over a surface area of 3 µmX3µm  

Figure 48. Diffusion of MitoTracker Deep Red FM dye in PBS solution (a) and of fluorescent 

mitochondria after incubation of mitochondria with MitoTracker Deep Red FM dye (b). 

Figure 48 b

Table 5

(a) (b)



104

Table 5. Parameters of mitochondrial diffusion determined using FCS 

Figure 49)
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) 

Figure 50

Figure 50. The ionic states of the dye molecule and mitochondria potential demonstrating 

schematically the diffusion of the dye in and out of mitochondria. 

Figure 49. A schematic 

representation of MitoTraker 

diffusion in the body and along 

the membrane of the 

mitochondrion
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in vitro  
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in vitro

in vitro
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