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Abstract 

Gold nanoparticles have unique properties that make them very attractive molecular 
imaging probes. The thiol chemistry provides an easy and direct functionalisation route 
and their strong absorption cross-section allow their imaging down to diameters of 1.4 nm 
by the absorption-based photothermal microscopy. The development of the new Liverpool 
photothermal microscope presented here opens new avenues in molecular imaging as the 
necessary extensive study of peptide-capped nanoparticles internalisation and intracellular 
fate could then be probed. 

The non-specific endosomal mediated uptake of gold nanoparticles in mammalian cells 
was shown to increase over time (plateau after 2.5-3h) and also linearly with the nanoparti
cle concentration, and induced a proteolytic degradation of the monolayer by cathepsin L. 
Protease cathepsin L was demonstrated to have a broad cleavage potential and would 
therefore be detrimental to nanoparticle functionalisation strategies without careful plan
ning. A combined protease inhibition and chloroquine endosomal disruption reduced the 
degradation significantly, but the interaction of the nanoparticles with the endosomal mem
brane debris prevented a cytosolic dispersion. Likewise, CPP Tat and HA2 fusion peptides 
functionalised nanoparticles were also used in a endosome disruption strategy. An increase 
of uptake was observed with Tat and HA2, but no additive effect was observed and no 
cytosolic localisation was detected. 

A streptolysin 0 pore forming mediated entry was then examined in combination 
with a variation of the monolayer non-specific properties regulated by the introduction 
of a proportion of poly(ethylene glycol) in the monolayer. In absence of toxin, PEG was 
shown to reduce the nanoparticle internalisation, when an increased uptake of the PEG 
terminated nanoparticles was observed otherwise. However, in both cases no cytosolic 
nanoparticles could be observed. Interestingly, the effect was more important when the 
non-specific interactions were only partially reduced, with a proportion of 10 % of PEG 
terminated ligands in the monolayer, suggesting that an interaction with the cell membrane 
was necessary to promote the internalisation. 

A series of over ten articles on "stripy nanoparticles" and their supposed extraordinary 
properties was critically reviewed and revisited. FFT analysis of the published STM 
images revealed the artefact origin of the stripes observed on alkane thiol function ali sed 
gold nanoparticles. The interaction of mixed MUS/OT functionalised gold nanoparticles 
with cells was further shown to display a clear endocytosis mediated internalisation and 
broke down the claim of cytosolic delivery without membrane disruption. 

Finally, with a view of using them as delivery agents, the damage of the wall of nano
particles filled hollow polymer microcapsules was achieved upon laser illumination. Pho
tothermal images of a capsule revealed a map of the nanoparticle density within the inside 
of the cavity and subsequent targeting of high nanoparticle density in the vicinity of the 
wall did not result in successful shell damage, when the illumination at a less dense point 
exhibited a disruption of the capsule. 
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Chapter 1 

Introduction 

iomolecular imaging is at a crossroad between three of the major his

torical scientific fields of biology, chemistry and physics and benefits 

from advances in those three fields. Its growing influential input in cell 

biology since the second half of the twentieth century has essentially 

been driven by advances in imaging techniques, probes development 

and technological progress. 

Kohler bright field illumination, Zernike's discovery of phase contrast 1 - cel

ebrated with a Nobel Prize in physics in 1953 - and the differential interference 

contrast developed by Nomarski pioneered light microscopy and set the bases of 

modern optical microscopy. It provided the necessary tools to access the subcellu

lar level on live cells, as shown by the first observations of the birefringence of the 

mitotic spindle in sea urchins by Schmidt 2,3 in 1937 or years later (1953) of their 

detailed structure 4 by Inoue. 

Alongside optical microscopy, Ruska made the transmission electron microscope 

come into light in 1931. After surpassing the resolution of optical microscope (1933) 

it became increasingly important by obtaining growlingly detailed view at the cel

lular and subcellular level,5,6 from the first electron micrograph of an intact whole 

fibroblast cell made by Porter et al. 7 in 1945 to the 3D structure of a membrane 

channel at the end of the twentieth century. 8 

The principles of confocal laser scanning microscopy were introduced in 1957 by 

Minsky, but only started to fulfill their potential during the 1980's and 1990's with 

the improvement of laser technology and detection capabilities. The development 

of synthetic organic dyes, fluorescent protein or quantum dots could be fully ex

ploited by laser scanning confocal fluorescence microscopy in the last twenty years 

to label and follow intracellular components and their interactions. The latest chal

lenge of a molecular resolution has just started to be tackled in the recent years 

with the development of the new super resolution techniques such as the stimulated 

emission-depletion (STED) microscope or the photoactivable localisation microscopy 

1 
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Fig. 1.1 - Uprising interest at the interface between nanoparticles and biology. 
A search on the database publication ofISI Web of Knowledge (26 April 2011) with the fields 
"gold nanoparticle*" and "cell*" (chosen as topics) has returned a number of 4447 papers. 

(PALM), and the concomitant development of photoactivable or photoswitchable 

fluorescent proteins or dyes. 

Although these super resolution techniques enhance the possibilities of molecular 

imaging by increasing dramatically the resolution, the time resolution or the long 

term imaging are still issues that remains to be tackled. 

Therefore complementary techniques and probes able to bring other information 

are needed. Photothermal microscopy9,10 and metal nanoparticles probes 11,12 are 

one candidate. Indeed, the absorption-based technique photothermal microscopy 

was shown to allow imaging of metal nanoparticles,13 quantum dots 14 and carbon 

nanotubes. 15 Diffusion properties of gold nanoparticles are also accessible with track

ing 16 and absorption correlation spectroscopy. 17 Among those nanomaterials, stable 

and water-soluble gold nanoparticles 11 ,12 can be functionalised to various specific 

targets 12 in a controlled manner. 18,19 

Since the breakthrough in the synthesis of gold nanoparticles by the Brust

Schiffrin method 20 in 1994, their internalisation in cells has attracted a rising interest 

in the scientific community and is now growing exponentially (Fig. 1.1). However, 

strategies for a controlled internalisation of gold bioconjugates are still to be de

veloped, and a meticulous assessment of the integrity of their function inside cells 

will also need to be demonstrated before their intracellular conjugation with mo

lecular imaging targets can be trustfully assayed. 
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1. Introduction 

1.1 Current biomolecular imaging probes and 

visualisation techniques 

Examples of some of the most used fluorescent probes will be presented here along

side their intrinsic advantages and drawbacks and the imaging tools available to 

visualise them, before the use of metal nanoparticles as molecular imaging probes 

will be discussed in a similar manner. 

1.1.1 Fluorescent probes 

1.1.1.1 Fluorescent proteins 

The green fluorescent protein, commonly named GFP, is a protein constituted of 

238 amino acids that was discovered in 1962 by Shimomura et al. 21 in the jelly

fish Aequora victoria. The gene coding for GFP was cloned in 1992.22 It is only 

two years later that GFP was first demonstrated to monitor gene expression and 

protein localisation in the bacteria Escherichia coli and the nematode Caenorhab

ditis elegans by Chalfie et al. 23 The wild type GFP possesses two excitation peaks 

at 395-397nm and 47D-475nm (variation depending on the conditions) 24 and one 

emission peak at 504nm. The enhanced green fluorescent protein (eGFP) was 

created by modifying the sequence of the wild type GFP to improve its bright

ness and photostability in cells and allow for the common 488 nm argon laser line 

to be used for its excitation (Aexc = 488 nm, Aem = 509 nm). Tsien et al. did 

other sequence alterations, which provided three additional colours 24,25 with blue 

(eBFP: Aexc =380nm, Aem = 440nm), cyan (eCFP: Aem1 =434nm, Aeml=476nm; 

Aem2 =452nm, Aem2 =505nm) and yellow (eYFP: Aexc =514nm, Aem = 527nm). In 

1999, Matz et al. 26 added red to the set of available colours, when they identified 

and cloned the fluorescent protein DsRed (Aexc = 558 nm, Aem = 583 nm) coming 

from the reef coral Anthozoa species Discosoma striata "red". In the last ten years 

a series of further advances in fluorescent proteins were reported starting in 2002 

with the monomeric DsRed 27 (mRFPl; Aexc = 584 nm, Aem = 607 nm), the first 

photoconvertible Kaede 28 and the first photoactivable fluorescent proteins 29 (PA

GFP), continuing in 2004 with the new monomeric fruit FPs 30 derived from the 

mRFPl (mHoneydew, mBanana, mOrange, tdTomato, mTangerine, mStrawberry, 

and mCherry). A modest sample of the colours available is presented in Fig. 1.2. 

1.1.1.2 Organic fluorescent dyes 

In 1942, Coons et al. did the first observation of pneumococcal antigen by immuno

fluorescence conjugating for the first time the antibody to fluorescein-isocyanate. 31 

In the end of the sixties and seventies appeared two of the blue stains that are still 
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1. Introduction 

Fig. 1.2 - Absorption and emission spectra of some fluorescent proteins. 
Example of historical and recent engineered fluorescent proteins wit h emission spread along 
the visible spectrum: CFP, YFP, dTomato, eGFP, mCherry and mPlum. Left: plot of 
the absorpt ion spectra of the fluorescent proteins. Right: plot of the emission spectra of 
the fluorescent proteins. The data was downloaded from the Tsien Laboratory website: 
http://tsienlab.ucsd .edu. 
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Fig. 1.3 - Absorption and emission spectra of some fluorescent dyes. Example 
of historical and recent engineered fluorescent proteins with emission spread along the vis
ible spectrum: DAPI, FAM, Rhod T M (antibody), propidium iodide and Cy5. Left : plot 
of the absorpt ion spectra of the fluorescent dyes . Right: plot of the emission spectra 
of the fluorescent dyes. The data was downloaded from the Tsien Laboratory website: 
http: //tsienlab.ucsd.edu. 

the main used ones to mark cell nuclei, Hoechst 32 (Aexc = 345 nm, Aem = 480 nm) 

and DAPI 33 (Aexc =345nm, Aem = 455nm; see Fig. 1.3), which bind to DNA, but 

also a red dye, propidium iodide34 (Aexc =538 nm, Aem = 617nm), which is com

monly used to label cells to assess DNA content (binds to it) and their viability (cell 

impermeable). They can be both used on live and fixed cells, alt hough Hoechst is 

more efficient in crossing t he plasma membrane than DAPI and is therefore often 

preferred for live cells. St ill in the end of the sevent ies, Wulf et al. 35 demonstrated 
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1. Int roduction 

Fig. 1.4 - Bovine pulmonary art hery endothelia l cells stained by a combination 
of t hree fluorescent dyes. Merged image of the thrce fluorescence channels (bluc, green, 
red). DAPI (blue) stains the nuclei, while Bodipy FL goat anti-mouse IgG (green) stains 
tubulin and F-actin is stained by Texas Red X-Phalloidin. This image is in the public 
domain and was downloaded from the following source: http: //rsb.info.nih .gov / ij/ images. 

the first labelling of a cell component . act in microfilaments (Fig. 1.4), with a syn

thetic dye (FITC conjugated to phalloidin) that was not an antibody. 

In 1980, Tsien et al.36 reported the first fluorescent probes (BAPTA and Quin2) 

of intracellular Ca 2+ . They lat er improved t he ion selectivity and fluorescence in

tensity of the dyes,37 before an other major advancement with the visible wavelength 

excitable dyes Rhod-2, Fluo-2 and Fluo-3. 3" Other broadly used synthetic organic 

dyes include cyanines dyes with Cy3 in the yellow (Aexc = 550 nm, Aem = 570 nm) 

and Cy5 in the red (Aexc = 650 nm, Aem = 670 nm), and one of the brightest family, 

the Alexa dyes,39 with wavelengths matching the most used dyes and laser lines 

within the spectra wi th excita tions such as 343 nm, 401 nm , 517 nm, 530 nm. 579 nm 

or 632 nm. 

1.1.1.3 Quantum dots 

The synthesis of quantum dots was firs t reported in 19 1 by Ekimov 4o and in 1982 by 

Efros.4 1 Quantum dots (QDs) are nanocrystals made of two types of semiconductor 

arranged in a core/ shell manner. Their small sizes , which range in the order of 

2-10 nm, 42 ,43 grant t hem special electronic propert ies, which are the consequence of 
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Fig. 1.5 - D ependence of t he absorpt ion/emission sp ectra on t he QDs shell size. 
Top: TEM images of ZnSe/ CdSe core/ shell nanocrystals with 0, 1, 2, 4 and 6 CdSe mono
layers. Bottom: normalised luminescence (left) and absorption (right) spectra of ZnSe/CdSe 
nanocrystals, with the CdSe monolayer number: a, 0; b, 0.1; c, 0.2; d, 0.5; e, 1; f, 2; g, 4; 
h, 6. Adapted with permission from Zhong et al. 47 Copyright 2005, American Chemical 
Society. 

the electron confi nement in the t hree dimensions, leading to quantised energy levels 

directly related to the nanocryst al size.42 ,44 

They have a broad absorpt ion from the UV, through the visible and to the near 

infrared spectra and narrow symmetrically peaked fluorescence emission spectra t hat 

vary from the visible t o the near infrared 42 ,45 ,46 (Fig. 1.5) . For a given material, 

t he fluorescence emission peak wavelength can be finely tuned by va rying t he size of 

the nanocrystal, and depends on t he core semiconductors composit ion. 42 ,45 ,46 T hus, 
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a CdSe core would be used for an emission in the 450-650 nm range, while the 

500-750 nm range would be better covered by Cd Te. 43 

Their photophysical characteristics have proven to display intensity fluctuations, 

known as the QDs blinking, when the photoluminescence is alternating between 

on or off states. The off period was proposed to correspond to an ionised state 

of the nanocrystals. 48 However, recent reports have shown that the blinking could 

be significantly reduced with a thick crystalline shell,49,50 and even almost fully 

suppressed by using a gradient of composition of the ternary core of the core/shell 

CdZnSe/ZnSe nanocrystals. 51 

In order to maintain their colloidal stability, to obtain the necessary water solu

bility and to bypass the nanotoxicity, quantum dots need a protective self-assembled 

monolayer to be implemented at their surface. As their synthesis is mainly completed 

in organic solvents, they need to be transferred in water and their hydrophobic lig

ands should be replaced by hydrophilic ones. This can be achieved with various 

molecules and either by ligand exchange, encapsulation in a layer or by addition of 

multiple layers of different materials. 42 Yet the hydrodynamic size of the quantum 

dots after functionalisation can be important. Another problem lies in the internal

isation of the bioconjugates, for which specific targeted labelling after non-specific 

uptake still has to be found. Courty et al. bypassed this internalisation route by 

loading the cells by osmotic lysis of pinocytic vesicles. They observed and tracked 

the motion of individual kinesin motors tagged with QDs and could infer the velocity 

of the molecular motors. 52 

1.1.2 Imaging fluorescent probes 

The different types of fluorescent probes (dyes, FPs, QDs) available to target intra

cellular molecules have intrinsic advantages and inconvenients (Tab. 1.1), but the 

diversity of their possibilities can be used to get the most appropriate labelling in 

every experimental condition, especially when multiple targeting is sought. 

A huge number of organic dyes are available with various wavelengths,54 which 

allows to follow several objects concomitantly, but small organic dyes lack protein 

specificity and are therefore predominantly used in immunofluorescence, with fixed 

or permeabilised cells. 53 

The fluorescent proteins (FPs) can be introduced in cells by transfection and 

live cell imaging is then routinely possible. Modern FPs are available in a broad 

range of colours. 55 They are therefore appropriate for labelling of multiple targets 

or observing their interaction (e.g. FRET). They are also bright and their photosta

bility allows imaging by conventional techniques such as laser confocal scanning 

microscopy. 55 

Quantum dots are more photostable, but the hydrodynamic sizes of the currently 

available QDs after coating can be important (10-30 nm). Their broad absorption 
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Fluorophores for Small organic dyes Quantum dots Fluorescent proteins Genetic tags 
examination of ( antibody-targeted) ( antibody-targeted) with small dyes 

Endogenous proteins ++ + 
Clinical specimens ++ + 
Animals Ex vivo Ex vivo Thansgene live Thansgene ex vivo 

Primary tissues ++ + Thansgene/virus Thansgene / virus 

Live cells in culture Surface Surface ++ + 
Multiple proteins at once ++ ++ ++ 
Dynamic interactions +/- +/- ++ Combination with FP 

Thrnover / synthesis + + 
Activation state Phospho-specific Phospho-specific FRET sensors Combination with FP 

00 
CALI + + ++ 
EM +/- ++ +/- + 
Protein micro arrays ++ + 
In-gel fluorescence + + 
Western blot + 
Major advantages Diversity of properties Bright and photostable Live cells and specificity Live cells and small size 

Major limitations 
Targeting in Targeting Ectopic Ectopic expression, 

live cells and penetration expression background staining 

Improvements expected 
Generic conjugated Smaller, diversity Better properties, 

New applications I; primary antibodies. of properties generic sensors .,.... 
'"1 
0 

Tab. 1.1 - Application of fluorophores in protein detection. Applicability ranges from most optimal (++) to generally not applicable (-), and 
( + / _) indicates applicable in some cases. From Giepmans et al. 53 Reprinted with permission from AAAS. II. 
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1. Introduction 

spectra allow to excite several QDs colours with the same wavelength. They comple

ment organic dyes and fluorescent proteins, especially in single molecule experiments 

on long time scale, where their photostability is a precious advantage. Single-particle 

tracking of fluorescent entities is best done by QDs, due to their brightness and the 

absence of photobleaching. However, this is mainly limited to observation on the 

outside membrane of the cell owing to the difficulty of a controlled internalisation, 

and the blinking (commercial QDs) requires some additional work in the trajectory 

analysis. 

Other dynamical information, such as protein diffusion constants, can be inferred 

from the movement of fluorescently tagged proteins in and out of an immobile focal 

volume by fluorescence correlation spectroscopy,56 or alternatively, by the recovery 

of the fluorescence of FPs after their intended photobleaching (FRAP).57 Photocon

version of FPs can target specific cell compartments and allows to follow proteins or 

organelles linked to the photoactived FPs. The newly developed photo convertible, 

irreversible and especially reversible photoactivable fluorescent proteins58,59 have 

also opened new possibilities in super resolution imaging. 

From the development of the 4-Pi and then the two-photon 4-Pi microscope60 

by Hell, which improved the axial resolution (",100 nm) by a factor of two over 

confocal fluorescence microscopy, a range of new far field optical microscopy tech

niques have emerged. These techniques include the ground state depletion (GSD),61 

the saturated structured illumination microscopy (SSIM) 62,63 and the stimulated 

emission-depletion microscopy (STED),64 which are based on the saturation prop

erty of the dark and bright states of the fluorophores, but also the photoactivated 

localisation microscopy (PALM) 65 or the stochastic optical reconstruction micro

scopy (STORM), 66 which are able to detect single fluorophores. 67 Those techniques 

are sometimes referred to as nanoscopy techniques and not microscopy, as their res

olution is below the diffraction limit of half the wavelength of light formulated by 

Abbe in 1873. 

The imaging of E. coli membrane and the vacuolar membrane of yeast cells with a 

resolution of", 100 nm in the radial directions 68 in 2000 was the first demonstration of 

the possibilities of STED. Recently a ",20 nm resolution was demonstrated by three 

different groups. Rust et al. 66 imaged DNA-protein complexes in vivo (PALM), 

while Betzig et al. 69 have observed mitochondria substructures and focal adhesion 

regions in COS-7 cells (STED) and Donner et al. 7o resolved the nanostructure of 

speckles of SC35 proteins in the nuclei of HeLa cells (STED). 

1.1.3 Imaging of gold nanoparticles 

In order to use nanoparticles as molecular imaging probes to follow intracellular 

processes, the first essential step is to find a controlled way of internalising them 

inside cell. Then a careful assessment of the integrity of their capping layer would 
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need to be demonstrated, in order to prove that the functions born by the metal 

core are intact and ready to interact with their target. Photothermal microscopy 

(see Sect. 2.1 for details on photothermal microscopy) as an imaging technique has 

the potential to bring meaningful information about the interaction of intracellu

lar entities. Indeed, this technique is able to image gold nanoparticles down to a 

diameter of 1.4 nm in a non scattering environment. 10 

Like quantum dots, the use of this technique in intracellular imaging is currently 

hampered by the difficulties in controlling the localisation of the probes after their 

internalisation (endosomallocalisation). However, it has been successfully used to 

track the lateral diffusion of individual transmembrane glutamate AMPA receptors 

(AMPAR) conjugated to single 5 nm gold nanoparticles on the plasma membrane of 

live neurons for several minutes, 16 owing to the stability of the signal which does not 

change over hours of measurements. Absorption correlation spectroscopy (ACS) 

is an absorption-based equivalent to fluorescence correlation spectroscopy. Like its 

fluorescence equivalent it consists in acquiring a signal coming from molecules going 

through the detection volume of an immobile laser beam and analysing it to derive 

diffusion constants of gold nanoparticles that would have diffused. 17 Nevertheless it 

has a great advantage over its fluorescence counterpart as photobleaching does not 

occur. Information about nanoparticles diffusion constants can therefore be acquired 

over long period of time, without decrease of the signal to noise ratio. Photothermal 

microscopy has also been used in combination with fluorescence microscopy to image 

the intracellular fate of gold peptide monolayer in cells.71 Transmission electron 

microscopy was also used to assess the intracellular localisation of the nanoparticles, 

which was possible as gold nanoparticles are electron dense objects. 

A few other techniques, such as dark field microscopy or surface raman resonance 

scattering (SERS) are available to detect nanoparticles in cells (see review by Levy et 
al. 12 for more examples). For example dark field microscopy can image nanoparticles 

in cells,72 but the detection is limited to nanoparticle sizes above 40 nm for single 

particle imaging, due to the scattering environment inside the cells. Similarly, SERS 

can be used to detect nanoparticles in cells, but also for sensing inside intracellular 

compartments such endosomes. 73 

1.2 Nanoparticle surface functionalisation 

The functionalisation of metal nanoparticles with bioconjugates can be achieved 

at the same time as the synthesis of the metal core or post synthesis, by adding 

the functional groups to the stabilising molecules or by replacing them by ligand 

exchange. 74,75 The post synthesis approach can be perform by various ways, 76 

such as electrostatic adsorption of oppositely charged nanoparticles and ligands 

e.g. antibody,77 binding of the terminal carbon of an alkyne terminated ligand, 78 
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1. Int roduction 

Fig. 1.6 - Structure of the matrix peptide CALNN. 

amide bonds between amine groups at the nanoparticle surface and NHS-terminated 

bioconjugat es like biotin. 79 However , thiolated molecules are the main functional

isation platform due to the strong bond formed between the sulfur of the thiol group 

of the bioconjugat e and a gold atom from the nanoparticle surface. Functions can 

be further added as necessary by ligand exchange with the stabilising molecule a t 

the surface of the core. Numerous functionalisation have been reported in the li t

erature, such as single cysteine amino acid,80 thiol-modified oligonucleot ides, 81-83 

PEG-terminated ligands, 19,84-86 mercapodextrans,87 BSA 88 or tiopronin. 89 

Among t he various st abilisation and functionalisation strategies, the use of pep

t ides as capping agent is part icularly attractive . In order to obtain stable, water

soluble and easy to functionalise part icles from cit rate stabilised ones, Levy et ai. 

have employed a combinatorial approach to test the design of a pentapept ide for self

assembled monolayer protection of gold nanopart icles . The five amino acid peptide 

CALNN was engineered with a cysteine to anchor t he peptide to the gold core by 

covalently binding its thiol group to it. Then two amino acids with hydrophobic side 

chains (alanine and leucine) are present to promote a good packing of t he self-as

sembled monolayer. Finally, two hydrophilic asparagine amino acids provide water 

solubility (Fig. 1.6). The carboxylic group a t t he C-terminal end is also bringing 

a net negative charge t o t he surface of the self-assembled monolayer, providing the 

necessary colloidal stability through repulsive interactions. 

The pept ide-capped nanopart icles a re fully compatible with standard biological 

methods for protein handling. Indeed , they can be freeze-dried , redissolved and fil

t rated and can therefore undergo size-exclusion chromatography, ion-exchange chro

matography, electrophoresis and cent rifugation. Additionally, the authors reported 

that including a small proportion of a longer pept ide in the self-assembled monolayer 

does not destabilise the monolayer, opening a route to adding functional end groups 

on the monolayer surface. 

Functionalisation was demonstrated with peptides st art ing wit h CALNN and 
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terminated with biotin, 11 DNA,90 biotinylated His-tag, 18 nickel nitrilo-triacetic acid 

(Ni-NTA),19 poly( ethylene glycol), 91 fluorescein,91 while their stoichiometry could 

be precisely controlled to yield for example to single functional groups. 18,19 

In 2004 Jackson et al. 92 reported the functionalisation of the surface of gold 

nanoparticles with a mixture of two types - hydrophilic and hydrophobic - of 

alkane thiolated ligands. From the observation of the surface of these nanoparti

des by scanning tunnelling microscopy they concluded that the ligands self-organise 

at the surface of the nanoparticles to form ripples of alternate ligand type. In 

this paper and in a series of follow up ones they attributed a number of attractive 

properties to the postulated structure of those nanoparticles. They claimed that 

the ligand organisation at the surface of the nanoparticles helps them to avoid non

specific absorption of proteins,92 but most prominently, that it confers them the 

ability to penetrate the plasma membrane of cells without bilayer disruption. 93 Such 

property would be very useful for nanoparticle internalisation in the cell cytosol, but 

the evidences presented by the authors are subject to controversy.94 This will be 

developed further in chapter 5. 

1.3 Nanoparticles journey to the cell 

1.3.1 Extracellular environment and plasma membrane 

The outside surface of mammalian cells is covered by the extracellular matrix (ECM), 

which is a mesh of carbohydrates "filling" the space between cells. Those carbo

hydrates are proteoglycans and are continuously delivered by the cells via exocyt

osis. The extracellular matrix is involved in cell adhesion and motility through its 

binding to membrane receptors, some of which in turn bind to the cytoskeleton, and 

back and forth communication between the ECM and the cytoskeleton is observed. 

The extracellular matrix is also participating in the regulation of signalling with 

e.g. growth factors, of which a large number are bound to the ECM, although they 

are not considered as ECM entities. Glycoproteins are also taking part in cell-cell 

interactions and cell differentiation. 95,96 

The extracellular environment is also constituted of a liquid part, the medium, 

where a large number of protein (fetal calf serum) are present. Nanomaterials can 

therefore easily capture some serum proteins on their surface. The influence of this 

protein corona was investigated by Chen et al. 97 on iron oxide nanoparticles. The 

nanoparticles were prepared with different surface charges by functionalisation with 

silanes terminated by either amino groups, PEGs or carboxylic groups and were 

further incubated with cells in medium containing or not serum. The internalisation 

in absence of proteins was shown to depend on the surface charge, charged particles 

being more internaliseda than neutral ones. However, the introduction of serum 

&negatively and positively charged particles had the same degree of internalisation 
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Fig. 1.7 - Cell plasm a membr a n e . The membrane is essentially com
posed of a lipid bilayer and various proteins. This image is in t he 
public domain and was adapted from the fi le available' at t he' addrC's: 
http:// en. wiki pedia.org/ wiki / File: CeILrnembrane_detailecLdiagraI1Len.svg. 

proteins cancelled out t he influence of the charge, as all three types of nanoparticles 

had the same degree of internalisation. 97 Nevertheles , the degree of nanoparticl e 

internalisation had increased in presence of the serum proteins , suggesting that the 

interaction of the serum proteins with the cell membrane was the essential dr iving 

mechanism, at least in this part icular case. 

The plasma membrane of the cell is t he barrier t hat defines topologically t he limi t 

of the cell , separating the extracellular medium from the intracellular components 

in the cytoplasm. Its main components are phospholipids and membrane proteins. 

The lipids are organised to form a bilayer , where the hydrophobic tails point 

inwards and the hydrophilic heads point eit her towards the ext racellular fluid or t he 

cytoplasm. They are self-organised in fluid phase at a physiological temperature, 

which allows the rapid diffusion of lipid domains and of membrane proteins. A broad 

variety of protein is inserted in the lipids, which can be isolated in integral membrane 

proteins and peripheral membrane proteins. Within the former category can be 

distinguished anchored membrane proteins, which are inserted in the lipid bilay r 

and have a hydrophilic end in contact with either the cytosol or the ext racellular 

medium , and t he transmembrane protein. The peripheral membrane proteins are 

bound either to phospholipids or to integral membrane proteins , and can also bind 

to the cytoskeleton filaments inside the cell. 96 The membrane is thus asymmetrical, 

wi th some proteins directed exclusively towards the extracellular matrix and others 

towards the cytoplasm. Transmembrane pumps and channels are regulating the 

t ransmembrane potential (negatively charged inside) vi a t he diffusion of ions (Xa+ , 
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Fig. 1.8 - Different mechanisms of endocytosis into mammalian cells. Mult iple 
pathways are possible for the entry of particles and solutes. The internalisation involves 
engulfment of the cargo from t he plasma membrane leading to intracellular vesicles. Large 
vesicles are formed by phagocytosis and micropinocytosis, which are dependent on actin
mediated remodelling of the membrane. Most cargoes are delivered to early endosomes 
through vesicles (clathrin- or caveolin-coated) or tubular (CLIC) intermediates and may 
reside first in intermediate compartments (caveosomes, GEECs) . Abbreviations: CLIC: 
clathrin- and dynamin-independent carrier ; GEEC: glycosyl phosphatidylinositol-anchored 
protein enriched early endosomal compartment. Reprinted by permission from Macmillan 
Publishers Ltd: Nature 101, copyright (2007) 

K+, CI - , Ca 2+) and help keeping the membrane polarised by adjusting the ions 

concentrations on bot h sides. 96,98,99 

The plasma membrane is semi-permeable to small non-polar molecules, but big

ger object such as nanomaterials require an other uptake mechanism , namely endo

cytosis. 

1.3.2 Intracellular entry of molecules: endocytosis 

Endocytosis is an internalisation mechanism by which cells exert their control over 

the membrane composit ion (essentially lipids and proteins) and by that regulate the 

interactions with t heir environment , e.g. nut rient uptake, cell signaling, cell shape 

change. lOO 

The two main categories of endocytosis in mammalian cells are t he phagocytosis 

and t he pinocytosis. The word phagocytosis is coming from t he Greek '(XY'(EW (eat ) 

and IWTO<:; (cell), and correspond to the process of cell eating, while the pinocytosis, 

coming from the 7fWE W (drink) and K,VTO<:; (cell ), constit utes the process of cell drink

ing. Phagocytosis is mainly dealing wit h large particles (micron-sized), while pino

cytosis is handling flu ids, solutes and small objects such as nanomaterials (Fig. 1.8) . 

Pinocytosis is itself divided in clathrin-dependent and clathrin-independent endo

cytosis, and the later divides in micropinocytosis, caveolae-mediated , and caveolae-
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and clathrin-independent pathways. Finally, the caveolae- and clathrin-independent 

pathway is separated into the four classes of Arf6-dependent, Cdc42-dependent, 

flotillin-dependent and RhoA_dependent. 100,102 The difference between pathways lies 

essentially in the lipids and protein involved, the later including clathrin, caveolin, 

flotillinl, GRAF1, kinases, small G proteins, actin and dynamin. lOO Cargo intern

alisation can occur by a single pathway, but their entry can be achieved by various 
pathways. 100,102 

N anomaterials internalisation can be specific or non-specific. In the context 

of nanoparticles, targeted specific entry has been shown via the functionalisation 

of their surface with specific targeting ligands. Transferrin, a marker of clathrin

mediated endocytosis,102 was for example functionalised to gold nanoparticles that 

were further engulfed by cell after binding to the transferrin receptor on the cell 

membrane. 103 Similarly, nanoparticles coated with an antibody to aminopeptidase P, 

an enzyme abundant in caveolae, were shown to be localised in caveolae. 104 

However, the further trafficking pathway of nanomaterials internalised by a spe

cific endocytotic pathway may not follow the same route as the free ligands. Trans-
I 

ferrin functionalised quantum dots, for example, were directed to the perinuclear 

region through endosomes,105 while free transferrin is normally going to lysosomes 

and back to the cell membrane. 

The non-specific interaction may also playa role in nanoparticles internalisation. 

Quantum dots functionalised with different surface charges, PEG-, PEG-amine- or 

carboxylic acid-coated, have been shown to have different quantity of uptake in 

HEK cells, suggesting that charge may play a role in the internalisation. The QDs 

were shown to follow a clathrin-independent endocytotic pathway, and negatively 

charged QDs were specifically entering cells via a caveolae-mediated endocytosis, 

unlike neutral and positive ones. 106 However, the effect of the medium proteins in 

changing the effective nanoparticles surface97 and therefore potentially changing the 

surface charge has to be taken into consideration while evaluating of the influence 

of the charge. 

Other surface modifications have been applied to promote the internalisation 

of nanoparticles, like the use of the cell penetrating peptide Tat,85,107 or to target 

specific cell compartments, like with the fusion peptide HA2, to escape the endosomal 

entrapment 72 (see Levy et al. 12 for a review). 

1.3.3 Intracellular environment 

If one admits that nanomaterials can be efficiently delivered to the cell cytosol, before 

gold nanoparticles can be readily used as molecular imaging agents, an assessment 

of the fate of their protecting self-assembled monolayer must be proceeded to. In

deed, two mechanism are likely to happen within the cytosol. First, considering the 

intracellular concentration of glutathione (2 JLM) there is a high probability that a 
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free thiol would replaced ligands on the nanoparticles surface, either by ligand ex

change or disulphide exchange. 108 Then proteolysis can also happen inside cells and 

potentially cleave surface molecules on the nanoparticles, removing the necessary 

function. See et al. have observed that the protecting peptide self-assembled mon

olayer of gold nanoparticles was degraded inside the endosomal compartments after 

internalisation in mammalian cells. They found that the fairly ubiquitous endosomal 

protease cathepsin L was responsible for this behaviour. 

It is therefore patent that observing the fate of the internalised nanomaterials is 

particularly crucial in the development of molecular imaging probes, sensors or drug 

delivery cargoes, and should be kept under carefully scrutiny. 

1.4 Thesis outline 

This manuscript will describe the internalisation of gold nanoparticles in mammalian 

cells. After introducing the photothermal microscopy technique in chapter 2, where 

the set up built by the author in the Liverpool Centre for Cell Imaging will be presen

ted, different strategies of nanoparticle internalisation will be examined. First, the 

non-specific endocytosis mediated uptake of peptide-capped gold nanoparticles will 

be scrutinised in chapter 3, in order to characterise the gold nanoparticles intern

alisation in mammalian cells. Then, the investigations will concentrate on avoiding 

the endosomal entrapment in chapter 4 to facilitate their cytosolic delivery. The en

dosome disruption using either a facilitated endosomal escape of the nanoparticles 

with the endosome disrupting drug chloroquine or by functionalising the monolayer 

with a combination of cell-penetrating peptides and membrane fusion peptides will 

be examined first. A second strategy will then involve looking at a membrane pore 

formation mediated entry of the nanoparticles. After that, chapter 5 will revisit the 

evidences published in a series of over ten articles on the existence and the proper

ties of alkane thiol functionalised gold nanoparticles, namely "stripy" nanoparticles. 

Finally, with the aim of using polyelectrolyte microcapsules as delivery agents of 

nano-objects to the cell cytosol, the photophysically induced capsule damages will 

be examined by laser illumination of the capsules wall. 
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Chapter 2 

Photothermal heterodyne 
• microscopy 

maging of individual gold clusters as small as 2.5 nm in size was first 

demonstrated by a far-field optical method in 2002, when Boyer et al. 1 

introduced the photothermal interference contrast. The technique was 

later improved 2,3 and designated as photothermal heterodyne micro

scopy (PHI) by the same group in Bordeaux (France), and allowed 

them the unprecedented detection of gold nanoparticles down to 1.4 nm, with a 

signal to noise ratio over ten. As photothermal imaging is based on the absorp

tion of the nano-objects, metal nanopartic1es such as gold or silver nanopartic1es 3 

can be detected, but also semiconductor nanocrystals 2 or single-walled carbon nan

otubes,4,5 and very recently, Gaiduk et al. also demonstrated the detection of indi

vidual chromophore-DNA complexes in favourable conditions. 6 

In biological applications the technique was labelled as laser-induced scattering 

around a nanoabsorber (LISNA) by the Bordeaux group. Blab et al. have taken 

advantage of the sensitivity of this imaging technique to demonstrate its poten

tial in the biotechnology domain by establishing a precise quantification of 20 nm 

gold nanopartic1es bound oligonucleotides in DNA microarrays 7 over an extended 

range of concentration. They adapted LISNA in a dynamical version, designated 

as single nanoparticles photothermal tracking (SNaPT), and revealed the lateral 

diffusion of the transmembrane glutamate AMPA receptor (AMPAR) by tracking 

individual 5 nm gold nanoparticles conjugated AMPAR in the plasma membrane of 

live rat hippocampal neurons. 8 In parallel to these single molecule studies, photo

thermal microscopy was also used in combination with TEM and confocal fluores

cence microscopy to study the intracellular fate of peptide-capped gold nanoparticles 

in mammalian cells 9 or to demonstrate that supposedly "stripy" nanoparticles have 

an endocytosis-like internalisation pattern 10, which will be presented later in this 

manuscript. 
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2. Photothermal heterodyne microscopy 

This chapter will first introduce the different characteristics of the photothermal 

microscopy technique as they were demonstrated in the literature in the last eight 

years before presenting the set up that was built in the Centre for Cell Imaging in 

Liverpool by the author, together with the software that was developed to control 

it. It will finish by presenting some of the imaging parameters used throughout this 

manuscript and details about image analysis. 

2.1 Principles of the photothermal microscope 

Photothermal microscopy is an absorbtion based technique which allows the imaging 

of various nano-objects. To introduce its principles, the example of metal nanoparti

cles as imaging targets will be used in this section and often particularly gold nano

particles. Some of the properties of the technique presented below will be illustrated 

by figures (Fig. 2.1 and 2.2) reprinted - with permission from the author - from 

the work of Stephane Berciaud who developed the technique in Bordeaux (France) 

during the course of his PhD and published, as first or co-author, most of the theory 

and experimental single molecule evidences that will be presented here. 

2.1.1 Photothermal detection 

Standard far field optical detection of metal nanoparticles,11 as dark field micro

scopy12 or total internal reflection microscopy13 relies on the scattering cross-section 

of the nanoparticles, which decreases rapidly as d6 with the diameter d of the 

particle,14 for particles sizes significantly smaller than the wavelength of light A 

('rrd «A). It therefore limits the possibilities of these now classical types of de

tection to "large" nanoparticles with sizes above 20 nm and larger when observed 

in scattering environments such as the intracellular medium. 15,16 Conversely, photo

thermal microscopy relies on the absorption cross-section of the nanoparticles, which 

varies in a slower manner, as d3 , with the diameter of the absorbing nano-object. 

For gold nanoparticles excited with a wavelength of 532 nm in water, the absorption 

is thus typically dominating over the scattering for diameters below 100 nm. 14 

The photothermal method uses two laser beams, a probe beam and a heating 

beam, overlapped and focused by means of a high numerical aperture objective 

on the sample containing the nanoparticles. A time-modulated laser beam at a 

wavelength close to the peak of the surface plasmon resonance band of the na

noparticles (Amax ~ 520 nm for 10 nm diameter nanoparticles) is used to induce a 

local temperature increase around the nanoparticles. Indeed, metal nanoparticles 

exhibit a large absorbtion cross-section when excited at a wavelength near their sur

face plasmon resonance (SPR). Additionally, as they possess a fast electron-phonon 

relaxation time of a few picoseconds 17 (1-4 ps) and exhibit a very weak photolumin

escence (especially above 5 nm), 18 the absorbed energy is then efficiently released as 
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2. Photothermal heterodyne microscopy 

heat to the surrounding medium. A nanoparticle in the focus of the time-modulated 

(frequency 0) heating beam is therefore acting as a heat point source dissipating the 

energy and induces a local spatially-modulated refractive index profile around itself 

at a given time point. The non-resonant probe beama is scattered by the refractive 

index profile, producing a frequency shifted scattered field. The beams are further 

collected, by the same objective for reflection or by an other objective for transmis

sion, and the heating beam is filtered. The interaction between the scattered field 

and the reference field, either transmitted or reflected, is detected by a fast photo

diode. A lock-in amplifier is then used to extract the beat note at the modulation 

frequency 0 to yield a photothermal signal whose voltage can in turn be recorded 

by an acquisition card linked to a computer. 

A complete demonstration of the calculus of the photothermal signal was given 

by Berciaud et al. 3 This signal is proportional to the beatnote power PB / F that is 

detected on the photodiode in the backward/forward configuration and writes: 

[ ~ an Pheating] . / ()2 
PB/F(O) = 'rJB/F JaB/F Pprobe 22 trn aT Cp)...2~ v PB/ F 0 + GB/ F (0)2 (2.1) 

where 'rJB/F is the transmission factor in the backward or forward configuration, aB/F 

the intensity reflection/transmission coefficient, n the refractive index of the sur

rounding medium, Cp the medium heat capacity per unit volume, )... the wavelength 

of the probe beam, w the probe beam waist in the sample plane, PB / F and GB / F 

respectively in phase and in quadrature with the modulation frequency components 

of the signalh , Pprobe the power of the probe beam and Pheating the power of the 

heating beam. 
The images are acquired by moving the sample over the fixed heating beam by 

means of a piezoelectric device, each of the collected pixel being acquired with an 

integration time in the millisecond range (typically 10ms). 

The theoretical dependence of the signal on the nanoparticle cross-section was 

verified experimentally with gold nanoparticles of different diameters ranging from 

1.4 nm to 75 nm (Fig. 2.1A) by Berciaud et al. 2 and showed, as expected from the 

Mie theory, that the signal is proportional to the nanoparticle volume. The linear 

dependence of the photothermal signal with the heating beam intensity (Fig. 2.1B) 

was also demonstrated using 10 nm gold nanoparticles. The dependence of the pho

tothermal signal on frequency is hidden in the theoretical expression Eq. 2.1 within 

the functions F(O) (in phase) and G(O) (in quadrature). Figure 2.1C-D display 

the intensity of the photothermal signal measured from an individual 10 nm gold 

nanoparticle in the forward and backward configuration at several frequency of the 

heating beam, together with the in phase and out of phase theoretical components 

of the signal. Markedly, the forward configuration shows a significantly better signal 

from frequencies below ,...., 5MHz. 

athe probe beam wavelength is typically above the SPR as the absorption is lower 
b see Berciaud et ai. for a complete description of the functions F(n) and C(n) 
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Fig . 2.1 - Phot ot h erma l intens it y d ep ende nce on nanoparticle s ize , heating b eam 
inte n s ity and modulat io n fr eque ncy. (A ) Mean photothermal intensity as a function 
of t he gold nanoparticle diameter (black dots) and comparison with t he third-order law 
of the absorbtion cross-sect ion from the YIie t heory 19 (red line). (B - D ) Photot hermal 
intensity measured on ind ividual 10 nm nanoparticles with a heating beam with a wavelength 
}.= 532 nm. (B ) Photothermal signal as a function of t he heating intensity (black dots) and 
linear fit (red line). (C- D ) Theoretical (red line) and experimental (black dots) dependence 
of t he forward (C) and backward (D) photothermal signal on t he modulation frequency 
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with permi sion from Berciaud et al. 3 Copyright (2006) by The American Physical Society. 
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2. Photothermal heterodyne microscopy 

2.1.2 Photothermal lateral resolution 

As most optical techniques, to the exception of some emerging techniques such as 

STED and PALM,20 photothermal microscopy is a diffraction limited technique 

and should therefore have a resolution of about half the wavelength of light in the 

direction perpendicular to the beams. Berciaud et al. have measured the beam 

profiles of their 532 nm wavelength heating beam and 633 nm wavelength probe beam 

and extracted the corresponding full width at half maximum FWHMh and FWHMp. 

They conjointly imaged by photothermal microscopy a gold nanoparticle with a high 

spatial resolution and compared its profile with the product of the heating and probe 

beams profiles (Fig. 2.2). In conditions where the beams presented a gaussian profile, 

away from an optimised resolution, they found that the lateral photothermal image 

profile was similar to that of the product of the two beams profiles (Fig. 2.2A) and 

had a full width at half maximum (FWHMpHI) of 365 nm, which was smaller than 

that of the two beams (FWHMh=495nm, FWHMp =520nm, FWHMpx h=360nm). 

When the beams were well filling the objective back focal plane, which corresponds 

to conditions where diffraction rings of the Airy pattern are observed, they found 

a FWHMpHI value of 235 nm, which corresponded to the one of the heating beam 

(FWHMh=235nm, FWHMp =400nm, FWHMpxh=213nm). 

Gaiduk et al. have used the same method to measure the resolution of their 

instrument in the three directions. They found values that are close to the ones of 

Berciaud in the X-Y plane perpendicular to the beam path axis, with FWHMpHI 

values of 220 and 250 respectively along the x-axis and y_axis. 21 Interestingly, they 

used a scan in the X-Z plane parallel to the beam axis to find a FWHMpHI of 730 nm. 

2.1.3 Application to biological systems 

In order to improve the detection performances in photothermal microscopy, one 

approach is to increase the heating beam intensity. However, when used in live cells, 

the temperature generated in and around the nanoparticles upon excitation need 

to be compatible and the heating beam therefore needs to be kept at a reasonable 

intensity. For example, for 5 nm nanoparticles in water and excited with a heating 

beam of 500kW.cm-2, the temperature increases of", 1.5K.3 This is only at the 

surface of the nanoparticle and as the temperature is decreasing rapidly away from 

the nanoparticle as the inverse of the distance the whole cell is not perturbed by the 

local temperature change. 

In cell biology, photothermal microscopy was used in combination with confocal 

fluorescence microscopy to study the internalisation of peptide-capped gold nano

particles in mammalian cells and infer the fate of their capping layer inside cells. 9 

This will be discussed in the next chapter. 

Lasne et al. have discovered that cells display an intrinsic photothermal signal 

coming from the mitochondria. 22 Although they managed to eliminate the previously 

29 



A 
1 

-
co 
C 
0> 

CJ) 

rn 
c 
0> 

Cf) 
/ 

, .... 

2. Photothermal heterodyne micro copy 

" , . 

, , 

O .L-~""" 

-0 .5 0.0 0.5 
X (~m) 

Fig. 2.2 - Experimentally measured r esolution of a phot othermal microscope. 
The lateral resolution of the ph tothermal technique was measured by Berciaud et al. 3 for 
low and high numerical apertures of the beam . Dashed green and red lines correspond re
spectively to the profile of the heating and probe beams in the focal plane. The olid black 
line corresponds to the product of the two beams profile, when the ulack dots represent the 
experimentally acquired mea ures. (A ) Low aperture gaussian beams; FWHM = 365 ± 5 nm. 
(B ) High aperture beams presenting diffraction rings, testimonial of close to diffraction lim
ited spot; FWH:-'l = 235 ± 5 nm. Reproduced with permi sion from Berciaud et al. 3 Copy
right (2006) by The American Phrical ociety. 

propo ed candidate cytochrome c a potential cause, they could not find the precise 

origin of the signal. This property of the cell could adva.ntageously be used for 

label-free mitochondria imaging, but need to be looked after when imaging targets 

such as nanoparticles are the purpose . 

As well as imaging gold nanoparticles in a static way, through individual image ' , 

photothermal microscopy al 'o allows the tracking of individual nanoparticles. In

deed , by using a triangulation method the ingle particle tracking of 5 nm diameter 

gold nanoparticles linked by antibodies to a glutamate A~1PA receptor has been 

demonstrated by La ne et al. 8 a t the urface of the plasma membrane of live rat 

hippocampal neurons. ' The nanoparticle tracking mad it po ible to characterise 

the lateral diffusion of the receptor and t rajecto ries of severa l minutes \\"ere recorded 
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2. Photothermal heterodyne microscopy 

at video rates, owing to the stability over time of the photothermal signal. However, 

the tracking rate of this technique was limited to '" 30 Hz in 2D, due to the neces

sity of signal integration time (5 ms) and mechanical stability induced waiting times 

between movements of the piezo-scanner. Furthermore, the authors state that us

ing a triangulation diameter of 360 nm ('" 1.5 X FWHMpHI), the method only allows 

the following of targets that possess diffusion constants not higher than 0.2 j.lm.s-1. 

The 2D photothermal tracking method determines the position of a nanoparticle in 

a plane perpendicular to the laser beams based on the hypothesis that the photo

thermal signal can be represented by a 2D gaussian distribution. The nanoparticle 

position at a time t is estimated on a 2D plane from three photothermal signal meas

urements acquired around the nanoparticle previous position (t-l) - nanoparticle 

at the geometric centre of an equilateral triangle. The new position is then set to 

be at the maximum of the inferred 2D Gaussian distribution. This method could 

therefore be adapted to 3D tracking, but it would necessitate a fourth point (out of 

plane coordinate) to be acquired during the tracking process to upgrade from 2D to 

3D detection, and would further slow down the possibilities. 

To access smaller time scale diffusion, the absorption-based version of fluores

cence correlation spectroscopy (FCS), namely absorbtion correlation spectroscopy 

(ACS), would provide the time resolution needed. This technique consists in acquir

ing the photothermal signal at high sampling rates, with both heating and probe 

beams and sample being immobile. The signal arises when at least one nanoparticle 

enters the focal volume and using the autocorrelation function on the recorded signal 

allows one to derive a characteristic diffusion time of nanoparticIes of a known size. 

As for the tracking of nanoparticles, this technique take advantage of the stability 

of the photothermal signal over long periods of time, which is a limiting factor in its 

fluorescence counterpart FCS due to the photobleaching of the dyes. Alternatively, 

ACS can be used to determine the hydrodynamic diameter of objects of unknown 

sizes after diffusion time calibration with different nanoparticles of known sizes. 

Octeau et al. demonstrated these possibilities and showed for example that bare 

gold nanoparticles of '" 7.4 nm diameter exhibited an increase of 1. 2 nm in diameter 

of when coated with a self-assembled monolayer composed of CALNN peptides. 23 

2.2 Liverpool photothermal microscope set up 

In this section, the photothermal microscope built by the author in the Centre for 

Cell Imaging at the University of Liverpool will be presented. This instrument was 

assembled by joining optical and electronic hardware to a software that was built 

for the purpose and that controls the acquisition and links the electronic hardware 

parts together. First, the set up will be introduced and then a brief overview of the 

software controlling the acquisition and image building will be given. 
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2. Photothermal heterodyne microscopy 

2.2.1 Set up overview 

The set up built in Liverpool is presented in a schematic view in Fig. 2.3. The 

probe beam is provided by a ReNe laser (.>.=632.8 nm) with a maximum power at 

the window output of 20 m W. In order to image gold nanopartic1es with the highest 

efficiency, the heating beam is provided by a frequency doubled Nd:YLF laser with 

a wavelength at 523 nm, which is closer to the plasmon band peak wavelengthC than 

more common 532 nm or 514 nrn green laser lines. The laser is modulated by an 

acousto-optic modulator at the reference frequency O/27r of 692.5kRz provided by 

a function generator. The two lasers are overlapped by means of a cold mirror and 

focused on the sample via a 50x/O.9 NA oil objective. The sample is deposited on 

the glass coverslip of an Iwaki dish, filled with medium, water or a phosphate buffer 

saline solution. The dish is attached by the mean of a home built adaptor in the 

middle of a 3D piezoelectric scanner that possess a 300 {Lm travel distance in the 

three directions and that is controlled by a home-built LabVIEW software. The 

microscope is used in a forward configuration to allow the imaging of nanoparticles 

that are not in the close vicinity of the glass surface. Additionally, this configuration 

provide the flexibility of adding solutions to the medium during the imaging, owing 

to the fact that the sample is not enclosed. Therefore a long working distance water 

objective (40x/0.8 NA) is dipping in the medium to collect the forward scattered 

field, which is then going through a red pass filter to discard the heating beam and 

sent to a fast photodiode. The signal is sent to a lock-in amplifier which extracts 

the beat note at the modulation frequency. The signal is acquired by an acquisition 

card, which is attached to a computer. 

To acquire a photothermal image, the operator is first moving the microscope 

motorised stage to the area of interest. Then, an image is built by scanning this 

area of the sample with the piezoscanner and treating the acquired data to form an 

image (see next section for details). This is done by a home built software that was 

created with the Lab VIEW graphical programming software and will be described 

in Sect. 2.2.2. 

Additionally to the photothermal microscopy, bright field and wide field fluores

cence images can be acquired. The light necessary for these applications is provided 

by a home built system, which illuminate the sample through the top objective. 

The light is collected by the second objective and sent to an ultra sensitive EMCCD 

camera, located at the bottom port of the microscope. For fluorescence imaging 

excitation and emission filters are added before and after the sample. 

A second CCD camera displaying the light reflected from the sample is also 

available and is essentially used for laser alignment purposes in photothermal micro

scopy, to ensure that the two beams are focused in the same plane and at the same 

point. 

C Amax '" 520 nm for 10 nm gold nanoparticies 
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F ig. 2.3 - Live rpool p h otothermal microscop e set u p sche m e . 
Scheme of the experimental set up, with photot hermal, br ight field and wide fi eld fl uorescence 
microscopy joined on a single instrument . T he dashed line outlined box represellts the 
incubator which encloses the microscope stage and the objectives to regula te the temperature 
to 37 °C and t he CO~ to a 5 % concentrat ion. WL: white light, Ex.F: excitation fi lter 
(fluorcsccnce). Em.F: emission filter (fl uorescence), AOY!: acousto-optic mod ulator , Cl\1: 
cold mirror. PD: photodiode, RPF: rcdpass fi lter. 

The microscope is enclosed in an incubator system that allows to regulate t he 

temperature and the CO2 percentage to provide the condi t ions nec sa ry for live cell 

imaging. 
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Fig. 2.4 - Photothermal microscope softwa r e user inte rfa ce 
The front panel of the ' oftware controlling the photothermal microscope wa!:i developed wi th 
the programming language LabVIEW by the author. 

2.2.2 Software development 

2.2 .2 .1 Program kernel 

The control of the photothermal m icroscope 1!:i provid ed by a program written 

in graphical program ming language LabVIEW (program front pa nel presented in 

Fig. 2 .4) . T he necessi y of building th is soft wa re arose from the very different e le

ments tha t need to be connected t ogether to form the scanning and acquis ition cha in 

of events. The acquis ition card and the piezoelectric controller a re connect ed to th 

computer respect iYely by a P C Ie and a PCIe-GPIB ca rd . This a llows t o m ove the 

sample and acquire a photothermal s igna l a t t he sam e tim e. The core of the soft

ware is composed of fi ve fun ctions and two addi t ion al opt iona l ones were included 

wi t hou t any function fo r fut ure d e\·elopment (Fig. 2 .5) . Four functions a re dedic

ated to s ignal acquisit ion and m easure t he following: the in t a nta neou s igna l from 

the photodiode , the s ig ll a l ex t r ncted from t he lock-in amplifier at t he modulat ion 

frequency (photothermal signa l) . the s igna l power spectrum , the pho totherm al ig-
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Fig. 2.5 - Schematic of the different functions of the photothermal microscope 
software. The functions implemented in the software are presented. The boxes in dashed 
lines represent the future modules for which the development is planned, but not started. 

nal acquired over a chosen area (scanning module). Operator movements of the 

piezoelectric device are possible in the first three functions and the corresponding 

sample coordinate are measured permanently. The scanning module, which is the 

main module developed and the one that motivated the development of the software, 

will be described in Sect. 2.2.2.2. A fifth function is dedicated to image treatments 

and allows in particular to save the data acquired during an image scan in a TIFF 

image file format . 

2.2.2.2 Scanning module and image building 

The creation of a photothermal image is a two step process. First, an area chosen 

by the operator is scanned while the photothermal signal is simultaneously acquired, 

and then the data is transformed in a TIFF image file format. 

The piezo-electric device is scanning the area chosen line by line by moving at a 

constant speed in a back and forth manner. As the beginning and the end of each 

line require the movement to be respectively accelerated and decelerated the area 

scanned is longer than the one chosen for the image along the fast scanning axis. 

To provide the time integration of choiced 100 photothermal signal measures are 

acquired within the width of each pixel and an averaging is done post imaging after 

a synchronisation to retrieve the values of the pixels. The scanning speed is set to 

correspond to the desired integration time, which is chosen before the start of the 

scan. A detailled view of the process is presented stepwise in Fig. 2.6 and will be 

explained in the following paragraphs. 

d 10 ms were used throughout this manuscript 
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Region of interest selection 

In the context of this manuscript the acquisition of photothermal images was mostly 

done after observing the sample in bright field microscopy and in some occasion in 

fluorescence wide field microscopy. Before the scanning module is involved in the 

process the operator therefore needs to define a region of interest (ROJ) to image 

from the bright field (or fluorescence) image. The camera used to acquire those 

type of images in the experiments described thereafter was an EMCCD Hamamatsu 

camera, which acquires images with a maximum of 512x512 pixels. The whole field 

available in the bright field image as seen on the camera will be chosen here as an 

example to simplify the explanation, but also as this choice was made in numerous 

images acquired in this manuscript owing to the size of the observed field. Indeed, 

with the 50x objective used the 512 pixels represent a distance of 158.5 j.lm,e which 

allows the imaging of 7-20 cells, depending on their sizes and densities. 

Images parameters definition 

Once the ROI is chosen, then the operator press the Start Scan button and the 

software is guiding the operator. Several variables need an input from the operator, 

although default values are present at the first start of the module. The values used 

for the last scan are remembered when the module was already used (after the first 

scan), allowing repeated scans of the same area with a minimum of operations. 

The operator then enters the following parameters: the laser beams position as 

seen on the camera (centre of the spot), the number of pixels of the ROI in the X 

and Y directions in the bright field image (here 512 and 512), the X and Y origin of 

the ROI (here 0 and 0), the size of a pixel on the camera (objective dependent) and 

a scaling factor (here 2). 

The scaling factor is used to define the photothermal pixel width as a function 

of the camera pixel size and therefore also defines the number of pixels of the photo

thermal image. To allow an easy overlay of the bright field and photothermal images, 

which can be needed to ascertain the nanoparticles localisation to precise cell areas, 

the number of pixels of the photothermal images (in the X and Y directions) was 

often chosen by dividing the number of pixels of the camera ROJ by a power of two, 

depending on the resolution desired. As in most cases the bright field images were 

512x512 pixels images, the photothermal images acquired were mostly 256x256 

pixels images (scaling factor=2). 

Scan initialisation 

The rest of the process is fully automated and do not require user input. The software 

then translate the camera frame of reference into the one of the piezoelectric device. 

6this distance was measured using bright field visualisation and the piezoelectric device 
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F ig. 2.6 - Schematic of t he photothermal image acquisit ion process . To obtain a 
photothermal image two steps are required: a scan of the area of choice by the piezo-electric 
device and the tran formation of the acquired data into a TIFF image file format. 

Then a waveform is written in the piezo-electric device controller. This sets the 

trajectory that the piezo-electric device will scan during the acquisition and the 

scanning speed . This step can be quite time inefficient as it takes about 18 minutes 

to complete for images of 256 x 256 pixels, but it only needs to be performed once if 

all the image acquired on the same experiment are of the same size (pixels width 

and number of pixels). This waveform can be preloaded before the experiment in 

order to save this time and this step will be skipped if the scan parameters do not 

change between scans. After that the piezo-electric device moves towards the scan 

origin and the acquisition is software initiated. 
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Scan 

The scan is started by sending a command to the piezo-electric device, which will 

then not need any more input from the controller during the whole scan. Time 

references are sent from the piezo-electric device to its controller during the scan at 

regular intervals. The first of them is acquired by the acquisition card and is used as 

a trigger to fire the beginning of the acquisition. Additionally, the controller stores 

the position of the piezo-electric device in the fast scanning direction at those time 

points during the course of the scan. 

Synchronisation, data averaging and image storage 

The positions stored in the controller are read and used to find the time points at 

which each line of the image should start and finish. Then the synchronisation is 

done using those references and the averaging are processed to produce the values 

of individual pixels. Those values are further stored in a text file as a matrix, each 

of the value corresponding to the average voltage measured by the photodiode for 

these pixels. The software then display the scanned image with a representation of 

the matrix and returns to an idle state. 

TIFF file format 

To transform the text file saved during the scan the operator needs to use the 

Image tools control button to open a new programm in a new window. Among 

other functionalities there is a Save image as TIFF control button, which allows 

to save the image in a TIFF image file format. This format was chosen because it 

allows encoding the images in 16-bit, which corresponds to 65536 shades of grey, 

and is widely used and supported by numerous softwares. This format also allows to 

change the image contrast in a non-destructive manner, as it can always be adjusted 

to the full scale no matter how many time it was adjusted and saved. Additionally, 

the TIFF image file format can be used as a container to combine different images, 

such as bright field and photothermal images, in a single image with different image 

planes corresponding to the original images. 

2.2.3 Imaging parameters 

The images that were acquired and that will be displayed in this manuscript have 

a full range of parameters in common. The material that compose the Liverpool 

photothermal microscope is described in detail in Appendix A and the parameters 

used for imaging will be described here. 
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Lasers and modulation 

To quantify the power used in the experiments in this manuscript, a transmission 

coefficient between the entry of the microscope and the output of the objective 

(without oil) was evaluated. The transmission was 44% for the 523nm laser and 

57% for the HeNe (633nm) laser. Based on that the power used for photothermal 

imaging throughout was 0.44 m W for the heating beam, as it was always set at a 

1.00 m W value at the entry of the microscope. The probe beam intensity varied and 

powers between 1O.03mW and 10.65mW were used, although the most commonly 

used power was often around 10.4 mW. The modulation frequency provided to the 

acousto-optic device was 692.5 kHz. 

Objectives 

As stated earlier the pair of objectives used was composed of a 50x /0.9 NA oil 

focusing objective and a 40x/0.8NA water dipping long focal distance collecting 

objective. 

Photodiode and lock-in amplifier 

The photodiode (New Focus, USA) was set with a 102 gain and frequency filters 

were set at 100 kHz for the lower frequency and 5 MHz for the higher one. The 

lock-in amplifier (Signal Recovery, USA) was used in normal mode with a 0 dB AC 

gain, a sensitivity of 20 m V and a time constant of 5 ms. 

Image acquisition 

The image acquisition was provided by the combination of the acquisition card, the 

piezo-electric device and the home built software, as described in Sect. 2.2.2.2. The 

integration time supplied by the software averaging of 100 measures of the photo

thermal signal was not varied and was kept at a value of 10 ms. 

Imaging altitude 

Finally the altitude at which the images were acquired was set by first focusing the 

beams on the glass coverslip where the sample was situated, to define the origin 

z=O /-lm of the altitude. This was done, when possible, in an area of the dish where 

only glass could be seen in bright field microscopy. The altitude of imaging was 

then set to 1 /-lmf in the user interface of the software controlling the photothermal 

microscope. This altitude was chosen after observing the dependence of the photo

thermal intensity of a single cell with the altitude to maximise the number of gold 

nanoparticles probed within cells. HeLa cells were incubated with 10 nm diameter 

fthis was used throughout the manuscript unless otherwise stated in the text or the figure 
legends 
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Fig. 2.7 - Dependence of the photothermal intensity on the imaging altitude of 
one cell. HeLa cells were incubated with CALNN peptides coated 10 nm diameter gold na
nap articles (6 nM final concentration) for three hours before fixation. Photothermal images 
were then acquired at different altitudes from the origin (glass coverslip) to 7 p,m with 0.2 p,m 
steps. The photothermal intensity of the images, which contained only one cell, was averaged 
for each altitude and is plot as a function of the imaging altitude z. 

gold nanoparticles (6 nM final concentration) coated with a self-assembled mono

layer exclusively composed of densely packed CALNN peptides for three hours at 

37 °C (5 % CO 2) before their fixationg
. Photothermal imagesh were then acquired at 

different altitudes from the origin (glass coverslip) to 7 p,m with 0.2 p,m steps. The 

photothermal intensity of the images, which contained only one cell, was averaged 

for each altitude to yield a mean photothermal intensity value of the cell at a given 

altitude and is plot as a function ofthe imaging altitude z in Fig. 2.7. The plot shows 

a maximum of the photothermal signal located at an altitude between 0.5 and 1 p,m, 

before the intensity is decreasing gradually to reach a value that is probably close 

to that of the background. 

This singularity could be explained in the case of a cell by the spreading of 

its shape in the z-axis. Indeed, a cell attached to a glass dish is rather fiat , and 

beside around the nucleus, is not extended in the z-axis. It is therefore reasonable 

to hypothesise that most of the internalised nanoparticles are within 1- 2 p,m from 

the glass coverslip where the cells are attached. However, this should be linked to 

the dependence of the photothermal signal of single nanoparticles as a function of 

the altitude. Giblin et ai. have imaged a single 40 nm gold nanoparticle on a glass 

coverslip and have found that the maximum of photothermal signal along the z-axis 

is surprisingly not located at the origin (Fig. 2.8). Instead, the signal is increasing 

gnanoparticle and cell work: P . Free 
hi rnage size: 62 x 62/.Lrn, pixel width: 0 .62/-Lrn 
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Fig . 2.8 - D ep ende nce of the photothermal s ignal on the a lt it u d e for a s ingle 
nanopa rticle . An individual 40 nm gold nanoparticle was imaged by photothermal mi
croscopy by Giblin et al. 24 The plot shows the dependence of the photothermal signal on 
the altitude of the focused beams. Adapted with permission from Fig.4 in Giblin et al. 24 

Copyright 2010 American Chemical Society. 

from 0 f.Lm to reach a maximum around 0.35 f.Lm to then decrease rapid ly. 

2.3 Image analysis 

Two methods were used in this manuscript to analyse the photothermal images . The 

goal was to find a measure of the cells gold nanoparticle content to assess the amount 

of nanoparticles internalised by cells, and especially to allow a comparison between 

different conditions. such as different self-assembled monolayer coating subsequently 

assessing the influence of the surface chemistry on the nanoparticle uptake. 

Whole fi e ld m e thod 

The method consists in drawing a region of interest (ROI) around the cells in a 

photothermal image and measuring the photothermal intensity of that region above 

a threshold. The analysis was processed u ing the software AQ)'1 Advance 6.0.2 .23 

(Kinetic Imaging Ltd . GK ). The bright field and photothermal images, both encoded 

in a 16-bit TIFF file format . were joined in a T IFF image file container composed 

of twO image planes (bright field, photothermal) . A single region of interest (ROI) 

was drawn on the bright fi eld image around all the cells that were appearing as 

whole in that field of view using the free hand polygon image tool of the AQ~l 

Advance soft,,·are . leaving the areas which did not include cells outside of it as much 
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as possible. A few regions were drawn on the image using the ellipse tool of AQM 

Advance in areas where no cells were present and the mean photothermal intensity of 

these regions was used to produce a mean photothermal background intensity. The 

mean photothermal intensity of the ROI including all the whole cells was measured 

by setting up a threshold corresponding to 1.5 times the mean background photother

mal intensity of the field of view, to yield a mean photothermal intensity of the ROL 

This procedure was repeated for each of the images acquired for a given condition 

and for each condition. For each condition, the mean photothermal intensities of 

the fields were averaged to produce a mean photothermal intensity and a standard 

error, representing respectively a measure of the mean nanoparticle uptake per cell 

for the given condition and its accuracy. 

Single cell method 

The method consists in drawing a region of interest (ROI) around each of the cells 

present in an image and measuring the photothermal intensity of these regions once a 

mean background value is subtracted. The analysis was processed using the software 

AQM Advance 6.0.2.23 (Kinetic Imaging Ltd, UK). The bright field and photother

mal images, both encoded in a 16-bit TIFF file format, were joined in a TIFF image 

file container composed of two image planes (bright field, photothermal). A region 

of interest was drawn around each of the cells that were appearing as whole in that 

field of view using the bright field image and the free hand polygon image tool of the 

AQM Advance software. A few regions were drawn on the image using the ellipse 

tool of AQM Advance in areas where no cells were present and the mean photother

mal intensity of these regions was used to produce a mean photothermal background 

intensity. The mean photothermal intensity of each of the ROIs including the cells 

was measured after subtraction of the average photothermal background intensity 

of the field of view, to yield a mean photothermal intensity for each whole cell. This 

procedure was repeated for each of the images acquired for a given condition and 

for each condition. For each condition, the mean single cell photothermal intensities 

were then averaged to produce a mean photothermal intensity and a standard error, 

representing respectively a measure of the mean nanoparticle uptake per cell for the 

given condition and its accuracy. 
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Chapter 3 

Non-specific delivery of gold 

nanoparticles 

old nanoparticles have unique absorption properties that make them 

attractive probes for molecular imaging. 1-6 There are though many 

steps to climb up before they can be used as such. First, a protect

ive monolayer should be implemented at their surface, in order to 

prevent them from aggregating, and then potentially desired func

tions are to be added. To enable high resolution real time imaging of intracellular 

processes, it is critical to understand and control the process of nanoparticle intern

alisation. Such an understanding is also important for applications of nanomaterials 

in medicine. There is therefore a need to understand how nanoparticles can be in

ternalised inside cells in a controlled manner. Different strategies can be applied for 

this internalisation. One of the most commonly used path for nanomaterial cell de

livery is through endocytosis,7,8 which is a mechanism by which molecules that are 

not membrane-permeable are delivered to the cell interior through vesicles formed 

at the surface of the cell membrane. An other important question is the evolution of 

the chemical and physical properties of the nanoparticles after entry, in particular, 

the biochemical integrity of the capping layer. 

In order to comply with the long term goal of using them as molecular imaging 

labels, the nanoparticles used to study their internalisation ought to be not too small, 

to allow for their detection inside the cells, but also small enough not to interfere 

with the cells mechanisms and to be mobile enough within the cells. The size range 

of 5-10 nm was thus chosen for the nanoparticles used throughout these studies, as 

they are not too small to be observed by both transmission electron microscopy and 

photothermal microscopy within cells. 

Short peptide sequences were chosen to form the protective monolayer as they 

were previously shown to provide good solubility and stability in physiological con

dition, limit the non-specific interactions and also to bring an easy functionalisation 
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3. Non-specific delivery of gold nanoparticles 

route. 9- 12 More precisely, the peptide CALNN was used as a matrix to implement 

a densely packed monolayer on the gold nanoparticles, while other peptides bear

ing groups of interest were added to the content of the monolayer during its self

assembled formation when a precise function was needed. 

Finally, HeLa cells were predominantly used throughout this study of the uptake 

of gold nanoparticles in mammalian cells, as they are a widely available and well 

characterised cell line, with no peculiar transport or signalling behaviour, and are 

therefore a good mammalian cell model. 

This chapter first describes some characteristics of the intracellular internalisa

tion of peptide-capped gold nanoparticles by endocytosis, before taking a closer look 

at the fate of the self-assembled monolayer after the uptake of the nanoparticles, and 

finishing by presenting how the tuning of the monolayer is changing the way the na

noparticles are internalised. 

3.1 Nanoparticles internalisation: endosomal pathway 

3.1.1 Intracellular nanoparticle localisation 

In order to observe nanoparticles localisation inside cells, transmission electron mi

croscopy (TEM) is a logical technique to use. Classical TEM - as opposed to 

High Resolution TEM (HR-TEM) - possesses a resolution that allows imaging of 

individual peptide-capped gold nanoparticles of 5 or 10 nm diameter in cells. This 

is possible because of the good contrast provided by the electron dense gold core. 

However, cell compartments and organelles have contrasts that can make it difficult 

for nanoparticles below 5 nm to be assigned as such or even really unmanageable to 

distinguish them from the cell background. 

Other drawbacks in the use ofTEM in cell imaging, and in the study of the uptake 

of nanoparticles in cells in particular, range from the necessity of cells fixation or 

sectioning to the important number of images required to build a representative 

picture of a phenomenon through quantification. 

Nevertheless, TEM provides a level of detail on the localisation of nanoparti

cles within cells that is difficult to compete with. Figure 3.1 shows an example of 

the typical nanoparticle endocytotic uptake pathway, where the nanoparticles have 

been engulfed by cells in endosomal vesiclesa
• The black arrow points towards an 

endosome filled with several peptide-capped 10 nm diameter nanoparticles, located 

near the cell membrane. The light grey area at the bottom right corner of the image 

corresponds to the outer side of the cell, suggesting that the endosome is seen shortly 

after its formation. 
Although TEM is helpful in looking at details at the subcellular level, it is not 

the most appropriate technique to look at the level of a whole cell. To achieve that, 

&nanoparticle and cells preparation, TEM imaging: P. Nativo 
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3. Non-specific delivery of gold nanoparticles 

Fig. 3.1 - Endosomal localisation of peptide-capped gold nanoparticles in HeLa 
cells. 10 nm gold nanoparticles were incubated at a final concentration of 6 nM for 3 h in 
serum-containing medium with HeLa cells. The cells were further fixed, prepared for and 
imaged by TEM (P. Nativo). The arrow points towards an endosome containing several 
particles, characteristic of the uptake of CALNN-capped gold nanoparticles. 

photothermal microscopy and confocal fluorescence microscopy were used. Photo

thermal microscopy is able to image directly individual gold nanoparticles as small 

as 1.4 nm in ideal conditions 2 and to track 5 nm gold nanoparticles in live cells 5 

through their strong absorption cross-section. It will therefore be used to assess 

unambiguously the amount of nanoparticles taken up by the cells. Confocal fluores

cence microscopy is a powerful tool as it allows a routinely fast and precise imaging 

of fluorescent molecules in living cells. However, the gold nanoparticles that were 

used here (5-10 nm) are not intrinsically fluorescent as smaller nanoparticles can 

be. 13 Additionally the use of fluorescent molecules functionalised on the gold co~e 
does not allow to follow the nanoparticles as the fluorescence would be quenched 

due to non-radiative energy transfer to the gold core (Fig. 3.2A, left). It is thus 

not possible to use fluorescence directly to image the internalisation of the gold 

nanoparticles themselves. 

Yet the quenching property provides an alternate way of following the entry of 

fluorescently labelled nanoparticles in cells, through the release or the degradation 

of ligands holding the fluorescent label from the nanoparticle monolayer (Fig. 3.2A, 

right). A mixed peptide monolayer composed predominantly of the matrix pep

tide CALNN (95 %) and a small proportion (5 %) of fluorescently tagged peptides 

CALNN-th-fam (Fig. 3.2B) was therefore used to assess the intracellular fate of 

the monolayer following the gold nanoparticles entry. The fluorescently labelled 

CALNN-th-fam peptide, starting with the same amino acid sequence as the matrix 

peptide (CALNN) , is extended by a thrombin cleavage sequence and terminated by 

a fluorescent dye, fluorescein , in the fam group. The thrombin cleavage sequence 

(LVPRGS) can be cleaved by the protease thrombin and was added in the design 

to allow in vitro experiments. Although the presence of the cleavage sequence could 

be seen as being a potential problem in assessing the nanoparticles monolayer de-
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Fig . 3.2 - Que nched / unque n ch ed ftuorescen t ly labe lled p eptide-capped gold na
nopa r t icles. (A ) The nanoparticles are capped by peptides of which a few are termiIlated 
by a fluorescent dye (fam). Left: upon excitation the fluorescence is quenched by the go ld 
core. Right: the dyes are fur ther away from th gold core after release or degradation of 
the peptide monolayer and fl uorescence is emitted upon excitat ion . (B ) Nanoparticles are 
coated wi th t\\·O types of ligands, the matrix peptid s CALN and a few fam dye terminat d 
CAL~i\- t h-fam (th: GGGALVPRG GTAK) peptides, to form a dens ly packed protect ive 
self-assembled monolayer. 
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Fig. 3.3 - I n vitro induced unquenching of a fluorescent dye at t he surface 
of a nanopartic1e by proteolysis and ligand exchange. Qllcnchcd fillorcsccntly la
belled gold nanoparticles were coated with a peptide self-assemblcd monolayer composed of 
5 % CALN -th-fam (fam dye terminated) and 95 % CALNN. (A) In vitro assay (P. Free) 
shows fluorescence release (red dots) after the enzyme thrombin cleaved the peptides bear
ing fam groups compared to control conditions without thrombin (black squares) and no 
fluorcscence rclease. (B) In vitro assay (P. Free) using nanoparticles incubated with DTT 
shows fluorescence release due to ligand exchange (red squares) . ~o fluorescence release 
can be observed from nanoparticles incubated with serum-containing medium (black dots), 
showing that serum does not induce ligand exchange on the peptide-capped nanoparticles. 

gradation, thrombin is an extracellular enzyme, and is not present in its active form 

inside cells. There is therefore no risk that the thrombin cleavage sequence would 

promote the degradation of the elf-assembled monolayer and provoke a release of 

fluorescence during t he internalisation of the nanoparticles in cells. The major part 

of the nanoparticle is covered by CAL N peptides, which end with a polar un

charged side chain of the asparagine providing the necessary hydrophilicity. The 

part of CAL N-th-fam exposed to the solution (GGGALVP RGSGTAK-fam) pos

sesses two amino acids (lysine and arginine) with positively charged side chains, but 

overall the terminal carboxylic groups of the asparagine amino acid on the CALNN 

peptides, in a large excess (19:1) with respect to CALNN-th-fam, leaves the surface 

of the nanoparticles with a negative net charge at basic, neutral and slightly acidic 

pH (terminal carboxylic group pKa=4 9
). 

Figure 3.3A presents an in vitro assayb where quenched fluorescently labelled na

noparticles (5 % CAL N-th-fam - 95 % CALNN) were incubated with (red dots) 

or without thrombin (black squares). This gives a proof of principle that the na

noparticle constructs can be used to monitor the degradation of the self-assembled 

monolayer during the entry of those nanoparticles in cells, should any release or 

degradation of some of the peptides in the monolayer occur during thi process . 

To use fluore cence as a proxy to assess the integrity of the monolayer after 

internali ation of the nanoparticles , it is also important to verify that thiolated 

bnanopartic\e preparation and fluorescence assay: P. Free 
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ligands in the medium do not exchange with the peptide ligands of the self-assembled 

monolayer. Ligand exchange with the peptidcs bearing the fluorescent dye during 

incubation would lead to a loss of fluorescent markers and make it impossible to use 

fluorescence to study the degradation of the monolayer inside the cells. Similarly, if 

a functional peptide was included in the monolayer - a cell penetrating peptide for 

example - ligand exchange could impair partially or totally the cell entry strategy 

due to a loss of functionality. Figure 3.3B displays an in vitro assayc showing that 

no fluorescence release can be observed for nanoparticles incubated with serum

containing medium (black dots), as opposed to DTT - known to promote ligand 

exchange 14 - provoking the release of the dyes. This leads to the conclusion that 

serum-containing medium does not induce ligand exchange at the surface of the 

monolayer during the nanoparticles incubation. 

To follow the internalisation of peptide-capped gold nanoparticles, and their sub

sequent monolayer degradation, HeLa cells were incubated with the same 10 nm gold 

nanoparticles coated with a mixed peptide (5 % CALNN-th-fam - 95 % CALNN) 

self-assembled monolayer (6 nM final concentration) for three hoursd
• They were 

subsequently imaged by confocal fluorescence microscopye (live cells) and photo

thermal microscopy (fixed cells). Photothermal microscopy images clearly show an 

endosomal distribution of the uptaken nanoparticles (Fig. 3.4A), which was already 

observed by TEM in the same conditions (Fig. 3.1), when confocal fluorescence 

microscopy images point towards the same pattern of internalisation, through the 

vesicularly shaped fluorescence release (Fig. 3.4C) due to the peptide monolayer de

gradation of those nanoparticles. It indicates that the release of fluorescence, owing 

to the degradation of the peptide self-assembled monolayer coating the nanoparti

cles, could be used as a tool to study the internalisation of the nanoparticles. 

3.1.2 Nanoparticle uptake dynamics 

Although many groups have studied the entry of various nano-objects in cells, very 

little is usually reported about the dynamics of entry. In order to gain insights into 

the gold nanoparticle uptake kinetics, the unquenching property of the fluorescently 

labelled nanoparticles constructs was used, aiming to follow the internalisation of the 

nanoparticles through the monolayer degradation consecutive to the nanopartic1es 

endocytosis. 
For that, 10 nm gold nanoparticles coated with a mixed peptide (5 % CALNN-th

fam - 95 % CALNN) self-assembled monolayer, as used previously, were incubated 

with HeLa cells in a microscope incubator over more than ten hours.f The fluores

cence release was monitored by time-lapse imaging on a fluorescence confocal micro-

cnanopartic1e preparation and fluorescence assay: P. Free 
dnanoparticie preparation: P. Free 
ecell work and fluorescence imaging: V. See 
fnanoparticle preparation: P. Free; cell work, fluorescence imaging and image analysis: V. See 

50 



3. Non-specific deli very of gold nanoparticles 

Fig. 3.4 - Endosomal distribution of peptide-capped gold nanoparticles after 
uptake in B eLa cells. HeLa cells were incubated for 3 h with 10 nm gold nanoparti
cles coated with a mixed peptide (5 % CALN Lth-fam - 95 % CALNN) self-assembled 
monolayer (0 n\1 final concentration) , imagC'd by confocal fluOl"C'scC'ne(' microscopy (V. Sec) , 
fixed and later imaged by photothermal microscopy. (A ) Photothermal microscope image. 
(B ) Bright field image corresponding to (A) . (C) Confocal fluorescellce lIlicroscope image. 
(D ) Bright field image corresponding to (C) . Scale bar represent 10 Jim . 
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scope, to allow a timed quantification of the self-assembled monolayer degradation 

from several fields of view. 

The images show an increase of the fluorescence release over time (Fig. 3.5A). 

Just after the beginning of the incubation with the nanoparticles almost no fluor

escence can be detected. One hour after, the fluorescence release is then visible 

and its level increases over time, allowing a real-time visualisation of the entry and 

degradation of the peptide monolayer through the unquenching of the fluorescein 

molecules. 
An analysis of the intensity of fluorescence over time was done on a single cell 

basis. The different cells analysed present a variation of their fluorescence intensities 

for given time points, but a similar trend can be observed. Individual cells display 

monotonously increasing intensities from the beginning of the incubation to later 

stabilise and remain at a constant level (Fig. 3.5B). 

The analysis of the fluorescence intensities of '" 200 single cells over time uncov

ers that trend (Fig. 3.5C), showing that the average behaviour is well represented 

by a linearly increasing fluorescence release followed by a plateau value appearing 

around 2.5-3 hours. To explain that plateau, two hypotheses are proposed. Either 

most of the fam fluorescent groups have been taken away from the nanoparticles 

monolayers (on average), which is then probably considerably degraded, resulting 

in this constant level of fluorescence inside the cells, or a slower degradation of the 

monolayer - possibly due to few fam groups still on the monolayer - balanced 

with a photobleaching and/or some exocytosis of the dyes leaves the fluorescence at 

a constant level. Looking at the level of the background over time with both fluores

cence and photothermal microscopy could provide some information related to the 

exocytosis of the nanoparticles/ dyes, but this would require some new measurements 

and analysis in a significant quantitative study. 

3.1.3 Nanoparticle uptake quantification 

A systematic quantitative study of uptake was undertaken with the objective of 

learning more on the processes of internalisation of the nanoparticle as a function 

of the quantity of nanoparticle incubated with the cells. Investigating the response 

of cells to different nanoparticle incubation concentrations allows to identify the 

concentration range that provides good images (good contrasts) with both confocal 

fluorescence and photothermal microscopy. It consequently brings ease in image ana

lysis, good statistics, and the possibility to draw comparisons/conclusions between 

images resulting from the two techniques. 

HeLa cells were incubated for four hours with different concentrations (0, 0.07, 

0.2, 0.6, 2, 6 nM) of 10 nm diameter gold nanoparticles coated with a 5 % CALNN

th-fam - 95 % CALNN monolayer, and then imaged by both photothermal and 
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Fig. 3.5 - Intrace llular fluorescence release reveals the SAM d egradation dy
namics. (A ) HeLa cells \\'ere incubated with 10 nm gold nanoparticles coated with a mixed 
peptide (5 % CAL~~-th-fam - 95 % CAL?\~ ) sclf-a sembled monolayer (6 nM final con
centration) in a microscope incubator (37 °C, 5 % CO2), Time-lapse image of 10 different 
fields wert' taken C\ 'CIY ,) min by laser scanning confocal microscopy (V. Sf-c). The It'ft pan
els show the fluo re eenee images and the right panels show briO'htfield images at indicated 
time. (B ) Fluorescence intensity of nine single cells over 3.5 h incubation. (C ) Average of 
the mean fluorescence intensities of 200 single cells as a fun ct ion of nanoparticle incubation 
time. A characteri ·tic plateau appears at 2.5- 3h. Error bars represent the SE. cale bars 
represent 201LI11. 
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Fig. 3.6 - T he number of nanopart icles taken up increases linearly wit h t he 
nanopar t icle incubat ion concent rat ion. (A ) HeLa cells incubated for 4h with gold na
noparticies coated with 5 % CALNN-th-fam - 95 % CALNN were imaged by photothermal 
microscopy under increasing concentrations of nanoparticies (0, 0.07, 0.2, 0.6, 2, 6 nM) . 
(B ) Plot of the mean photothermal intensity for the six nanoparticie incubation concen
trations shown in (A). Single cells mean photothermal intensities were evaluated for "-' 35 
cells for each nanoparticie concentration . Insert: mean photothermal intensity values at 
low concentrations (0, 0.07, 0.2 n::vI). Error bars represent the SE (B) . Scale bars represent 
20{.Lm (A). 

laser scanning confocal fluorescence microscopy (Figs. 3.6A <l.nd 3.7 A).g 

The photothermal images hints that the nanopar t icJes uptake is in propor tion 

with the incubation concentration, although no more precise rela tion could be drawn 

from n. simple visual assessment. A single cell analysis of three to four fi elds of 

view, representing ~42 cells (mean value) for each incubation concent rat ion , show 

more clearly that the cell mean photothermal intensity, hence the mean amount of 

internalised nanoparticles per cell , is proportional to t he nanoparticle incubation 

concentration (Fig. 3.6B). 

The confocal fluorescence images also suggest that the fluorescence release is 

evolving proportionally to the incubation concentration. A single cell analysis of the 

fluorescence inten ity of "" 50 cells for each nanopart icle incubation concentra tion 

shows a linear relation between the mean fl uorescence intensity of single cells and 

the nanoparticle incubation concentration. 

To summarise. linear correlations between the quant ity of nanopar ticles present 

during the incubation and both the quant ity of nanopar t icJes that have been interna l

ised (photothermal microscopy) and the amount of fluorescence rele<l.se (fl uorescence 

microscopy) were established. Ultimately, knowing t he two aforementioned relat ion

ships provides a correlation between the internalisation of the nanoparticles and 

their monolayer degradation, allowing to unveil a direct link between the quantity 

of fluorescence release observed and the quant ity of nanopart icles that have been 

taken up inside the cells . 

gnanopa rticle prepara tion : P. tree: cell work , fluore:;cence imaging and image anaJy is: V. See 
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Fig. 3.7 - Fluorescence release increases linearly with the nanoparticle incuba
tion concentration. (A ) BeLa cells incubated for 4h with gold nanoparticles coated with 
5 % CAL::'\::'\-th-fam - 95 % CAL',::,\ were imaged by confocal fl uorescence microscopy (Y. 
Sec) undcr incrcasing concentrations of nanoparti c\es (0 ,0.07 , 0.2 , O.G. 2, G n:vI). (B ) Plot 
of the mean fluorescence intensity for the six nanoparticle incubation concent rations shown 
in (A). Single cells mean fl uorescence intensities were evaluated for '" 50 ce lls for each nano
part iclc conccntration. Insert : mean fluorcsccncc intcnsity valucs at low conc('nt rat ions (0, 
0.07 , 0.2 n:"1). Error bars represent the SE (B). Scale bars repre ent 20 J.lm (A). 

A comparison of the ent ry of the same fl uorescent ly labelled gold nanopart icles 

(1 0 nm diameter . 6 nM final concent rat ion. 5 % CCAL:\:\- th-fam - 95 % CALNN 

peptide monolayer) was made between various cell lines.h ~larked ly, the DAOY 

cell line monolayer degradation was fo und to be more important than that of other 

cell lines (Fig. 3. A ). T EM images confirmed t hat there were more nanopart icles 

in the endosome after uptake in DAOY cells (Fig. 3. B) than had been observed 

previously in BeLa cells (see Fig. 3 .1 fo r a comparison) with the 'ame nanoparti

cle incubation concentra tion , size and monolayer composit ion. Nevertheless human 

adherent (HeLa, SK-N-AS, DAOY). non-adherent (D-283 Med) and mouse ( ~1EF) 

cells lines did all display a degradation of the self-as embled monolayer t hrough 

fluorescence release (F ig. 3.8A). 

Torrether \\'i t h the direct correla tion between the fl uorescence release observed 
o 

and t he amount of nanoparticles taken up by the cells provided by the nanoparticle 

concentration t itration analysis. it confirms that the monolayer degradation u pon 

internalisation of the nanoparticles i a general process in mammalian cells taking 

place in the endo ·omes . The cau e of the monolayer degradat ion upon in tern alisation 

of the quenched fl uorescently labelled nanopart icles con t ructs is examined in the 

next section. 

hnnnopa rti cle preparat ion : P . F'ree; cell work . flu orescence imaging : V . See; '1'E :-'1 imaging: P. 

l\ativo 

55 



3. Non-specific delivery of gold nanopart icles 

A 

B 

Fig. 3.8 - Uptake of 5 % CCALNN-th-fam - 95 % CALNN coated gold na
nopa rticles in fi ve diffe rent cell lines . (A ) Different cell lines were incubated for 3 h 
with 10 nm gold nanoparticJes (6 n;"1 final concent ration) coated wi th a 5 % CCALNN-th
fam - 95 % CALN monolayer. The nanopart icJes endocytosis and the degradation of 
their monolayer can be observed by confocal fluorescence microscopy (V. See) as previollsly 
described for HeLa cells. From left to right: HeLa cells (human cervical cancer), SK-N-AS 
(human neuroblastoma) , D-283 ;"1ed (human medulloblastoma) , MEF (mouse embryonic 
fibroblasts) , and DAOY (human medulloblastoma). (B ) TEM image (P. Nativo) of 6 nM 
CALNN-capped gold nanoparticles incubated for 3 h in DAOY cells. The endosomes include 
a very large number of nanoparticJes. Scale bars represent 20l Lm (A). 

56 



3. Non-specific delivery of gold nanoparticles 

3.2 Self-assembled monolayer degradation 

The degradation of the gold nanoparticles peptide monolayer has been observed 

during their internalisation in mammalian cells. Although this property can be 

very useful in monitoring the entry of gold nanoparticles in cells, the reason for this 

degradation needs to be understood, should the degradation require to be prevented. 

This would be the case if the self-assembled monolayer was tailored with particular 

functional peptides, for example either in a nanoparticle internalisation strategy or 

in order to follow some molecules of interest after their intracellular conjugation to 

the gold nanoparticles. 
The peptide monolayer degradation could be resulting from ligand exchange. 

This hypothesis would feature free intracellular thiol-containing ligands replacing 

some peptide ligands from the monolayer, amongst which some of the fluorescein 

terminated peptide (CALNN-th-fam), which would see them released from the gold 

core and allow the fluorescence to be emitted from the fam groups. Conversely, 

the degradation could also be due to a protease, whose activity would cleave the 

sequence of the CALNN-th-fam peptide at some place between where the thiol is 

bond to the gold core (cysteine) and the fam group bearing the fluorescein, firing 

the unquenching of the fluorescein. 

Both hypotheses would result in a release of fluorescence inside the cells, explain

ing the monolayer degradation, and will therefore be tested thereupon. 

3.2.1 Influence of the monolayer composition on ligand exchange 

With a view to better understand what promotes or prevents ligand exchange at 

the surface of a self-assembled monolayer of peptide-capped gold nanoparticles, the 

tendency to ligand exchange of different mixed-peptide monolayer coatings were 

investigated in vitro. The mixed-peptide monolayer composed of the matrix peptide 

CALNN and the peptide CCALNN, bearing an additional cysteine towards its N

terminus as compared to CALNN, presented an interesting relation between the 

monolayer composition and its propensity to ligand exchange. 

Nanoparticles capped with five different mixed-peptide monolayers and two ho

mogenous monolayers of CALNNjCCALNN were prepared (see Tab. 3.1 for the 

compositions). The different nanoparticle solutions were then incubated separately 

with four different concentrations (0, 1.2, 2.4, 3.6 J.LM) of free CALNN-Histag pep

tides to initiate potential ligand exchange reactions and later eluted by centrifugation 

through a Ni-NTA beads-based gel to exclude the nanoparticles that had undergone 

ligand exchange with CALNN-Histag peptides for one or more of their ligands. The 

absorbance at 522 nm of the eluted solutions was measured. The measurement gave 

four values corresponding to the Histag incubation concentration of 0, 1.2, 2.4 and 

3.6 J.LM for each nanoparticle monolayer type (Tab. 3.1). These values were normal-
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Type of monolayer 

Homogenous 

Mixed-peptide 

Composition/Ratio 

CALNN 
CCALNN 

CALNN:CCALNN 

1:5 
1:2 
1:1 
2:1 
5:1 

Tab. 3.1 - Composition of the gold nanoparticle monolayers assessed for their 
propensity to ligand exchange with CALNN-Histag peptides. 

ised to 1 for the concentration at 0 J.lM (no induced ligand exchange) and a linear 

fit of the four values was done (intercept fixed to 1). The modulus of the slope and 

its standard error were taken from these fits to produce a measure of the degree of 

ligand exchange that underwent in the different monolayers. 

The results show that the more CCALNN peptide there is in a mixed-peptide 

monolayer, the less sensitive to ligand exchange the nanoparticles are. Regarding 

the homogeneous monolayer coated nanoparticles, CCALNN appears less prone to 

ligand exchange than CALNN (red squares, Fig. 3.9). This is unsurprising as the 

release of CCALNN requires the concomitant exchange of the two thiol bonds. 

3.2.2 Effect of ligand exchange on the monolayer degradation 

It was shown in the previous section that a self-assembled monolayer composed of 

CCALNN peptides, with two cysteine amino acids at their N-terminus ends rather 

than one is less prone to ligand exchange than a monolayer built with the pep

tide CALNN. With this in mind the impact of ligand exchange on the intracellular 

monolayer degradation will be assessed. 

The aim is to compare the resistance of two differently anchored fluorescent 

peptides to ligand exchange, with one or two thiol bond anchoring the fluorescent 

peptide to the gold core. If ligand exchange is significant inside the cells and therefore 

induces the release of fluorescence observed during the nanoparticles internalisation, 

then increasing the fluorescent peptide binding strength to the gold core should 

decrease the intracellular release of fluorescence. Similarly if ligand exchange does 

not play an important role in the process, then the difference should be insignificant. 

For this assessment, the comparison was made between the same fluorescently 

labelled peptide (CALNN-th-fam) as used previously to study the nanoparticles 

internalisation (Sect. 3.1) and a second one for which a cysteine was added at the N

terminus end (CCALNN-th-fam). Nanoparticles (10 nm diameter) coated with either 
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Fig. 3.9 - Propensity of gold nanoparticles to ligand exchange as a function of the 
monolayer composition. Nanoparticles were coated by CALNN and CCALNN peptides 
as components of their capping monolayer. Composition ratio 1:5, 1:2, 1:1 , 2:1 and 5:1 and 
homogenous monolayers of CALNl and CCALN were incubated with CALNN-Histag to 
assess their propensity to ligand exchange. Ni-NTA beads based gel filtration was used 
to trap nanoparticles presenting ligand exchange of one or more of the ligands, and then 
compare the eluted ones with nanoparticles that were not incubated with CALN -Histag. 
The results show that CCALNN is more prone to ligand exchange than CALNN. Error bars 
represent the SE. 

a 5 % CALNN-th-fam - 95 % CALNN or a 5 % CCALNN-th-fam - 95 % CCALNN 

monolayer were incubated separately for four hours with HeLa cells and imaged by 

confocal fluorescence microscopy.i The images were further analysed and a mean 

fluorescence intensity value was produced from the number of fluorescent vesicles per 

cell in rv 200 cells for each condition (Fig. 3.10) . The mean fluorescence intensities 

did not how any significant difference between the two samples . 

This proves that ligand exchange is not responsible for the nanoparticle mono

layer degradation during their internalisation. As a consequence, the release of 

fluorescence observed when the nanoparticles enter the cells must come from the 

cleavage of the CAL N-th-fam peptide holding the fluorescein by an int racellular 

enzyme. 

3.2.3 Cathepsin L proteolytic activity 

As the nanoparticles enter cells by endocytosis and are observed to be confined to 

endosomal vesicles, it is logical to consider that the monolayer proteolytic degrada

tion should take place in these endosomes. The main proteases present in endo omes 

inanopa rtic1e preparation: P. Free; cell work , fluorescence imaging and image a nalysis: V. See 
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CALNN-th-fam CCALNN-th-fam 

Fig. 3.10 - Ligand exchange is not responsible for the monolayer degradation. 
HeLa cells were incubated for 4 h with 10 nrn gold nanoparticles (6 nM final concentration) 
coated with either a 5 % CALNN-th-farn - 95 % CALNN or a 5 % CCALNN-th-farn -
95 % CCALNN monolayer and imaged by confocal microscopy (V. See). The average number 
of fluorescent vesicles in '" 200 cells was plotted for both condition. No statistical difference 
was found between the two samples (ANOVA test). Error bars represent the SE. 

are cathepsins, a family of peptidase with a broad specificity, and whose members 

in endosomes and lysosomes are cathepsin Band L. 

The cleavage potential of cathepsin L was estimated in an in vitro assay,j where 

fluorescent tag bearing 10 nm diameter nanoparticles (98 % CALNN - 2 % CALNN

th-fam monolayer composition) at a final concentration of 6 nM were incubated with 

or without cathepsin L. The fluorescence intensity (Fig. 3.11) displays an increase 

over time for the nanoparticles incubated with cathepsin L (red dots) and no change 

for those incubated without cathepsin L (black squares) . This shows that the pro

tease cathepsin L is able to cleave efficiently the CALNN-th-fam peptide bearing the 

fluorescein from the surface of gold nanoparticles in solution. 

In order to verify if the protease cathepsin L activity in the endosomal vesicles 

was responsible for the monolayer degradation after the nanoparticles internalisation 

and in the view of blocking it , a comparison of this degradation after nanopar

ticle incubation in the presence and absence of a cathepsin inhibitor was carried 

out. Benzyloxycarbonyl-Phe-Phe fluoromethyl ketone (Z-FF-fmk, Fig. 3.12) is an 

irreversible inhibitor of cathepsins Band L, covalently binding its fmk group to the 

thiol of a cysteine residue of the protease to induce an irreversible inhibition. 

HeLa cells were incubated with 10 nm gold nanoparticles (6 nM concentration) 

bearing the previously used mixed-peptide (5 % CALNN-th-fam - 95 % CALNN) 

self-assembled monolayer for four hours in the presence or in the absence of Z-FF-fmk 

(irreversible cathepsin Band L inhibitor). The cells incubated without or with 

inanoparticle preparation and fluorescence assay: P. Free 
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Fig. 3.11 - In vitro cathepsin L induced proteolysis of CALNN-th-fam capped 
gold nanoparticles. 10 nm diameter gold nanoparticles coated with a 98 % CA LNN -
2 % CAL:\:\-th-falll monolaycr at a fiual COllccntratiOlI of G uYI \"erc illcubated with lUlU of 
purified cathepsin L in a 0.1:\1 sod ium-acetate buffer (pH 5.6) in Corning black NBS plates. 
The fluorescence was measured (P. Free) with a B!vIG labtech POLARstar fluorimeter. Left: 
plot of the fluorescence intensi ty ovC' r timC' from nanoparticlC's inclIbatC'd with (rC'd dots) and 
without cathepsin L (black squares). The release of fluorescence in presence of cathepsin L 
show the cleavage potential of the protease towards the CALNN-th-fam peptide present in 
the nanoparticle monolayer. Right: protease cathepsin L with it active site highlighted in 
black. 
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Fig. 3.12 - Structure of the cathepsin L inhibitor b enzyloxycarbonyl-Phe-Phe 
fiuoromethyl ketone (Z-FF-fmk). 
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Z-FF-fmk were then imaged by confocal fluorescence microscopy to detect the quant

ity of fluorescence released (Fig. 3.13A and B, respectively), and further fixed and 

imaged by photothermal microscopy to detect the quantity of internalised nanopar

ticles (Fig. 3.13D and E, respectively). The fluorescence and photothermal images 

were subsequently analysed at a single cell level to determine mean fluorescence and 

mean photothermal intensity values for both conditions. k 

As can be seen on the images (Fig. 3.13A-B), the fluorescence release was signi

ficantly reduced by adding the cathepsin L inhibitor. The quantification specify that 

a six fold reduction was achieved in the presence of cathepsin inhibitor (Fig. 3.13C). 

At the same time, the quantification of the amount of internalised nanoparticles 

provided by photothermal microscopy (Fig. 3.13F) does not show a statistically sig

nificant difference between the two samples. The fall in the fluorescence release 

intensity is therefore not due to a decline in the number of internalised nanoparti

cles, which could have been hypothesised as arising from the use of Z-FF-fmk, but 

to a reduced monolayer degradation. 

Altogether this means that cathepsin L plays an important role in the degrada

tion of the nanoparticle peptide self-assembled monolayer and that this degradation 

can be seriously impaired by cathepsin inhibition. Despite this solution not been 

perfect, it protects markedly the nanoparticle monolayer from being degraded in the 

endosomal vesicles. A more active and better protection of the monolayer based on 

a combined cathepsin inhibition and endosomal disruption will be presented later 

(Chapter 4, Sect. 4.1.1). 
The degradation observed in this particular situation has general implications, as 

internalisation strategies or intracellular conjugation often require a specific peptide 

sequence to be implemented on the surface of the nanomaterial cargo (nanoparticle, 

nanotube, ... ). With this in mind the cleavage potential of cathepsin L on human 

proteins was investigated. l After a cleavage site patternffi had been established with 

the help of the literature,15-17 a Uniprot database search revealed that 37 % of the 

human proteome could be cleaved at least in one place by cathepsin L (Fig. 3.14). 

Consequently, while functionalising a nanoparticle with a specific peptide sequence, 

bearing a function that needs to be preserved intracellularly, the potential degrada

tion resulting from the cathepsin L protease activity should be appraised. 

3.3 Effect of the monolayer composition on the uptake 

Before showing how introducing poly-ethylene glycol in the monolayer of the gold 

nanoparticles is affecting the uptake of the nanoparticles in the cells, a short example 

knanoparticle preparation: P. Free; cell work, fluorescence imaging and analysis: V. See 
lBioinformatics prediction: D. J. Rigden 

m(wyFLASKH1-[AIKRH1-[FYVLI1-[KRH1-[VGNQSRHAFLJ-[AVIGPNQSRHWYFLK1-
(wyFLASKKHPDl 
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Fig_ 3_13 - Protease cathepsin L inhibition by Z-FF-fmk limit significantly the 
nanopart ic1e monolayer degradation. He La cells were incubated for 4 h with 10 nm 
gold nanoparticJes coated with a mixed-peptide (5 % CALNN-th-fam - 95 % CALNN) self
assembled monolaye r (6 n:\I final concentrat ion). (A - B ) Confocal microscopy images of t he 
fluorescence release in the cells (V. See). (A ) Gold ll anoparticies only, (B ) gold nanoparticies 
with 20 j.I.:\I of the irreversible cathepsin L inhibitor Z-FF-fmk. (C ) Quantification of five 
different fields for the conditions showll ill (A) alld (8 ). (D- E) Photothermal microscopy 
images of the gold nanoparticJes uptake. (D ) Gold nanoparticJes only, (E ) gold nanoparti
cles with 20 f1 :\[ of Z-FF-fmk. (F ) Quantificat ion for the condit ions shown in (D) and (E), 
with at least 40 cdls analysed prr condition. The means differences bctwecn tlw samples 
were found to be stat istically significant for the fluorescence intensities and not significant 
for the photothermal intensities with one-way ANOVA tests. Error bars represent the SD. 
Scale bars represent 20 j.l.I11 . 
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proteome 

Fig. 3.14 - Cathepsin L predicted cleavage potential on human proteome. 
A pattern defining the cathepsin L cleavage site was formulated, [WYFLASKH1-[AIKRH1-
[FYVLI1-[KRH1-[VGNQSRHAFL1-[AVIGPNQSRHWYFLK1-[WYFLASNKHPD1, by allow
ing at each substrate position any residue which gave a specificity constant (kcat/Km) of 
at least 10 % of that of the most favoured residue at that position (D. J . Rigden). In a 
non-redundant set of 18593 predicted human proteins (taken from Uniprot), around one 
third (6875) were predicted to be cut at least once. 
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Fig. 3.15 - Structure of daunorubicin. 

of the importance of a good assessment of the chemical stability of the monolayer 

will be presented. 

3.3.1 Nanoparticle delivery to the nucleus? 

Daunorubicin (Fig. 3.15) is a cell permeable chemotherapeutic drug of the anthra

cycline family used in some leukemia treatments. It is fluorescent with a broad 

absorption band with a maximum around 470- 500 nm 18,19 and a broad emission in 

the red,20,21 with a maximum around 600 nm. Its activity inside cells was attributed 

to the intercalation of the drug between DNA base pairs, inhibiting the replication. 22 

The full signalling pathway is complex and not yet totally understood , 23 but a known 

effect of daunorubicin is to induce the cell apoptosis. 23
-

25 

Daunorubicin functionalised nanoparticles were prepared with the aim to im

prove the efficacy and delivery of the drug. The nanoparticles were coated with 
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poly-ethylene glycol (PEG-NHS-ester) molecules and further functionalisation of 

the amine-terminated daunorubicin molecules to the nanoparticles was achieved 

through amide bonds. SK-N-AS cells were incubated with 10 nm diameter dauno

rubicin-functionalised nanoparticles (nanoparticle concentration 6 nM) for 40 min, 

fixed and imaged by wide field fluorescence and photothermal microscopy (on the 

same microscope).n The images (Fig. 3.16A-C) show the presence of fluorescence 

and photothermal signals in the cell nuclei, where they appear to be disseminated in 

a well dispersed manner. In addition to the diffuse signal observed in the nuclei, a 

few areas of stronger vesicularly shaped signal are also observed, but only in the pho

tothermal images. A comparison with cells incubated without nanoparticles shows 

that almost no photothermal signal could be seen within the cells (Fig. 3.16D-E), 

acknowledging the fact that the cells do not have a strong intrinsic photothermal 

signal. 
The fluorescence channel presented in this figure shows the signal coming from 

the excitation of the daunorubicin molecules in green, when in reality those images 

should be represented with a reddish colour as the emission wavelength of dau

norubicin is around 600nm (images acquired in grayscale). Green was chosen for 

two reasons. First, the "red hot" lookup table (LUT) was chosen to represent the 

photothermal images in Fig. 3.16, because a fine tuning of the contrast allows to 

display both the regions of dispersed signal (red) and the ones with higher intensities 

(colour gradient from orange to white) where some aggregation is observed, but also 

for consistency throughout this chapter where either red or "red hot" LUTs were 

used to represent the variation of the intensities on the photothermal images. Then 

the choice of green was made to be able to produce a meaningful overlay of the 

fluorescence and photothermal images. This is indeed the case with green, as a 

region of co-localised fluorescence and photothermal signal produces a yellow/orange 

colour in the overlay. 

A co-localisation of the fluorescence and photothermal signals is observed in the 

nuclei (orange colour in Fig. 3.16A-C, right), but is only partial in some cells. This 

discrepancy could be explained by the fact that the fluorescence and photothermal 

images were not taken at the same altitude. Indeed, if the glass slide onto which 

the cells are bound is considered as the altitude origin, the fluorescence images 

were taken at z=3.5 pm, when the photothermal images were taken at z=l pm. 

Yet another reason could be necessary to explain the partial absence of nuclei co

localisation, as the axial resolution of the photothermal microscope is probably in 

the order of 2.5 pm, 6 but this would need more investigation on the system used. 

These images are difficult to interpret as they are, as a nuclear localisation of 

gold nanoparticle would be a surprising result. Instead of trying to interpret at that 

level, an other control needs to be presented. Daunorubicin coated nanoparticles 

Dnanoparticie preparation and cell work: S. Saleemi 
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Fig. 3.16 - U p take of d a unorubic in coated nanoparticies in SK-N-AS cells . 
(A - C) SK-N-AS cells incubated with nanoparticles loaded with rv 00 daunorubicin mo
lecules fo r -10 min, fixed and imaged . From left to right for each series: Bright fi eld im
age, flllorescence image. photothermal image, overlay of flll orE'scence ann photothermal im
ages. (D - E) Bright fie ld and photothermal images of cells incubateo without nanopartic le . 
(F ) Daunorubicin coated nanoparticles were incubated overnight in medium (10 % Fe S), 
then centrifuged. The nanoparticles were discarded and SK-N-AS cells were incubated with 
the resultillg supernatant for 40 min, fixed and imaged. Images from left to right: bright 
field, fluorcscence channcl. photothermal channel, overlay of t he three previoll s image .. Scale 
bar represents 10 {1m . 
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were incubated overnight with serum-containing medium, centrifuged to discard the 

nanoparticles and the supernatant was incubated with SK-N-AS cells for 40 min. 

The cells were fixed and further imaged by wide field fluorescence and photothermal 

microscopy. Figure 3.16F shows fluorescence and photothermal signals in the nuclei 

and, as previously, some photothermal signal outside of the nuclei, but with a weaker 

level than observed before (all photothermal images have the same contrast). The 

photothermal signal is in this case surprising, as no nanoparticles were incubated 

with the cells, and should therefore be associated with the daunorubicin itself. The 

drug has probably gone off the nanoparticles during the incubation with the medium, 

resulting in free daunorubicin molecules in the medium. The photothermal signal 

observed in the nuclei and in some vesicles, would then be easily explained, as dau

norubicin in known to go in the nuclei. Daunorubicin was for example observed to 

be localised essentially in nuclei and lysosomes in rat embryo fibroblasts. 26 

Although no further investigation was made to understand the photothermal 

signal coming from the daunorubicin molecules inside cells, the binding of the dau

norubicin with an intracellular compound with good absorption properties could be 

hypothesised. Metal ions, for instance were shown to bind daunorubicin,27 but more 

work would though be needed to only start answering this question. 

3.3.2 Influence of polyethylene glycol in the monolayer 

The internalisation of CALNN capped gold nanoparticles has been studied in the 

previous sections (Sect. 3.1 and 3.2) and presented an endosomal uptake of the 

gold nanoparticles in cells. The peptide CALNN was used to form a self-assembled 

protective monolayer at the surface of the nanoparticles, as it has been shown to 

provide a densely packed monolayer and ease in functionalisation,9-11 allowing an 

overall good colloidal stability. 

Although a self-assembled monolayer formed with CALNN limits the non-specific 

interactions at the surface of the nanoparticles, it may not be enough to protect 

them against aggregation during and after internalisation, as could be seen by TEM 

(Fig. 3.1) or photothermal microscopy (Fig. 3.13D), even when protecting the mono

layer against proteolysis deterioration (Fig. 3.13E). Changing the surface chemistry 

of the nanoparticles could thus both provide a stronger resistance against intracel

lular aggregation and change the nanoparticle entry mechanism. 

In order to try and change the intracellular dispersion of the nanoparticles and 

reduce the endocytosis, CCALNN-PEG peptides were chosen to be added in the 

composition of the capping monolayer (Fig. 3.17). Polyethylene glycol (PEG) is 

known to reduce the non-specific interaction of gold nanoparticles with serum pro

teins 28 and to limit interactions of nanomaterials with cells, to a degree where it 

would prevent their internalisation when functionalised with a high content of PEG 

molecules in the monolayer. 29 
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Fig . 3 .17 - Introducing PEG in the SAM of gold nanoparticles to modulate 
the influence of non-sp ecific interact ions. (A ) Gold nanoparticJe are coated with a 
mixed-peptide self-assembled monolayer composed of the matrix peptide CALNN and the 
PEG terminated CCALNN-PEG (CCALNN-(EG)6 - ol). (B ) Scheme of the structure of 
CALI\N. (C ) Scheme of the structure of CCALNN-PEG. 

Monolayer composition 

CALNN 

100 % 
90 % 
80 % 
70 % 

CCALNN- PEG 

0 % 
10 % 
20 % 
30 % 

Tab. 3.2 - Se lf-assemble d monolayer compositions used to assess the influence of 
PEG monolayer content on cell ular uptake. 

Since the proportion of CCALNN - PEG necessary to modify the internalisat ion 

process was unknown in this system, four monolayer compositions with increasing 

proportion of CCALN~-PEG were tested (Tab. 3.2) . 

HeLa cells were incubated separately in suspension with 5 nm gold nanoparticles 

(final concentration 100 nM) coated with the four different CALN / CCALNN-PEG 

mixed-peptide monolayer compositions (Tab. 3.2) for 10 min in serum-free medium 

and a further 40 min in complete medium (10 % FCS). Nanoparticles/medium were 

then discarded by centrifugation of the cells , which were then transferred to a dish 

and left to a ttach to the dish for 4 h in complete medium in order to allow their 

fixation. They ,vere subsequently fixed and later imaged by photothermal micro-
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scopy.O The incubation procedure was chosen in order to comply with the one used 

in Sect. 4.2, where a comparison between toxin assisted delivery and endocytosis 

mediated internalisation of gold nanoparticles will be made. 

The photothermal images show that the quantity of nanoparticles in the cells 

diminishes when the proportion of CCALNN - PEG in the monolayer of the na

noparticles increases (Fig. 3.18A-D), with a very low internalisation yield for the 

20% and 30% proportions of CCALNN-PEG in the monolayer, where almost no 

nanoparticle uptake can be seen on the images (Fig. 3.18C-D). 

An analysis of the images acquired by photothermal microscopy was performed 

on individual cells ('" 50 cells per condition) to evaluate single cells mean photo

thermal intensities, which would provide a measure of the quantity of the nano

particles taken up by the cells. Figure 3.18E shows the quantification of cell mean 

photothermal intensity (± SE) for the four monolayer compositions, acknowledging 

the decrease of cellular uptake with the increase of the proportion of CCALNN - PEG 

in the monolayer that was visible on the images. 

A one-way ANOVA test followed by a Holm-Bonferroni test showed that two 

statistical groups of CCALNN - PEG monolayer proportions appear to be discernible 

for their influence on cells uptake: [0 %,10 %] and [20 %,30 %] (displayed respectively 

in dark and light gray in Fig. 3.18E). When comparing nanoparticle uptake of pairs of 

samples incubated with nanoparticles bearing different monolayers, a pair belonging 

to the same group (intra-group), like 0% and 10% or 20% and 30%, does not show 

a statistically significant difference between its members' means, when a significant 

difference (p < 0.01) is observed for members of inter-group pairs. 

Although the quantity of nanoparticles taken up by the cells can be reduced by 

tuning the self-assembled monolayer, the distribution of the internalised nanoparti

cles stays still. Indeed, if one compares the uptake of cells after incubation with gold 

nanoparticles without addition of PEG in the monolayer (lOa % CALNN, Fig. 3.19A) 

to the uptake of some that are functionalised with 20 % of CCALNN - PEG within 

the content of their capping ligands (Fig. 3.19B), the distribution of the nanopar

ticles inside the cells shows a substantial endocytosis in both cases, with numerous 

regions within the cells that have vesicularly shaped objects showing a high content 

of nanoparticles (endosomes). 

Even if the amount of internalised nanoparticles is lower for the PEG containing 

monolayer, despite a six fold more important incubation concentration as compared 

to the 100 % CALNN coated nanoparticles, the nanoparticles are nonetheless con

centrated in endosomes. No significant non-endosomallocalisation of nanoparticles 

could be found with the different monolayers tested (Tab. 3.2). 

Although some cells are showing what is looking like a fainted dispersed local

isation with 20 % CCALNN - PEG in the photothermal image shown in Fig. 3.19B, 

0nanoparticle preparation and cell work: U. Shaheen 
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Fig . 3 .18 - CCALNN-PEG m ono layer proport ion influence on gold na noparti
cles upt ake. HeLa cell were incubated in suspension with 5 nm gold nanoparticles coated 
with four different CAL~~ - CCALl\"~-PEG mixed-peptide monolayer compositions (fi
nal concentration 100 n\l ) for 10 min in serum-free medium and fur ther 30 min in complete 
medium (10 % FCS). Nanoparticles/ medium were then discarded, cells transferred to a dish 
and left to attach for 4 h in complete medium , fixed and later imaged by photothermal 
microscopy. (A-D) Photothermal microscopy images of the internalised nanoparticles. 
(A ) 100 % CALNN - 0 % CCALNN-PEG. (B ) 90 % CALNN - 10 % CCALNN-P EG . 
(C ) 80 % CALNN - 20 % CCALNN-PEG. (D ) 70 % CALNN - 30 % CCALNN-P EG. 
(E ) Quantificat ioll of single cells mean photothermal intensit ies (rv 50 cells per condi t ion) for 
the four monolayer composit ions shown in A-D. * show a statistical difference between pairs 
of cond it ions \\'ith non-matching bar colours (p < 0.01), no significant difference between the 
other pairs of conditions. Error bars represent the SE. Scale bars represent 20 !Jm . 
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it should be pointed out that it is unlikely to be of any significance. Firstly, the 

contrast range chosen in the photothermal images in Fig. 3.19A-B is only showing 

part of the images. This is due to the difficulty to estimate the information COll

tained in the full contrast range of a photothermal image with a single image, even 

when a lookup table (LUT) is used to provide a colour coding, such as the "red hot" 

LUT used in Fig. 3.19, helping in the visualisation. In these images, the contrast 

range is displayed between a minimum which corresponds to the mean photother

mal intensity of the background of the individual images and a maximum of 600 for 

both images, allowing a visualisation of the less intense areas of the cells in terms 

of photothermal intensity (nanoparticles content) together with the more intense, 

which are therefore saturated. Changes of the contrast range deliver different in

formation with respect to the cell uptake. For example, in Fig. 3.20A and Fig. 3.20B, 

which display the same images as in Fig. 3.19A and Fig. 3.19B (respectively), the 

upper contrast limit was increased to 2000, and fewer and smaller endosomes are 

visible. Fewer are present because the lower intensities became either less visible 

or not visible at all and they are smaller, for some of them, because the endosomes 

showing bigger aggregates have lower intensities on their outer part, which in turn 

fades or disappears. If now the images are displayed with the full range of val

ues present in the respective images, [0,15525] for 100 % CALNN and [0,53844] for 

80 % CALNN - 20 % CCALNN-PEG, very few areas containing nanoparticles are 

still visible, showing the need for a contrast adjustment. Secondly, the potential fain

ted diffuse localisation referred to earlier could also be provoked by many very small 

endosomes containing very few nanoparticles that would all be in a close proximity 

to one another or could simply be coming from the cell intrinsic background. 30 Only 

TEM could provide a clearer answer on that subject, should this be possible. Overall 

it is unlikely to be representing non-endosomal nanoparticles and more investigation 

would be needed to produce a statement on that matter in any case. 

To summarise, introducing PEG in gold nanoparticles self-assembled monolay

er helps to minimise the endocytosis. Poly-(ethylene glycol) helps to minimise the 

non-specific interactions of the serum proteins with the surface of the nanoparticles, 

leading to a weakened interaction of their surface with the cell membrane, in turn 

resulting in a reduced internalisation through endocytosis. 

3.4 Conclusion 

The non-specific internalisation of peptide-capped gold nanoparticles in mammalian 

cells was studied and resulted in an endosomal localisation. The uptake Was il

lustrated by fluorescence confocal microscopy through the nanoparticle monolayer 

degradation, with fluorescence arising as the fluorescent peptides included in the 

monolayer were released and increasing over time until '" 2.5-3 h where a plateau 
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Fig. 3 .19 - Localisation of 100 % CALNN and 80 % CALNN - 20 % CCALNN
PEG coated gold nanoparticIes in HeLa cells . BeLa cells were incubated in suspension 
with 5 nm gold nanoparticles coated with either a 100 % CALNN peptide monolayer (na
noparticle concentration 100 n:\l) or a 80 % CALNN - 20 % CCALNN-PEG mixed-peptide 
monolayer (nanoparticle concentration 600 n:\1) for 10 min in serum-free medium and a fur
ther 30 min in complete medium (10 % FCS ). Nanoparticles/ medium were then discarded, 
cel ls t ransferred to a dish and left to attach for 4 h in complete med ium, fixed and later 
imaged by photothermal microscopy. (A ) P hotothermal microscopy image of the uptake of 
100 % CALl\l\ coated nanoparticles (100 n:\I). (B ) Photothermal microscopy image of the 
uptake of 0 % CAL::-\I\ - 20 % CCALNN-PEG coated nanoparticles (600 nYI ). (C) Bright 
field image corresponding to (A). (D ) Bright field image corresponding to (B) . Scale bars 
represent 10 J1m . 
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Fig. 3.20 - Importance of the contrast in images interpretation. 
The images di played here a[e t hr ame as in Fig. 3. 10, but wit h <i iffr l'rnt ront. ra.c:;t ranges. 
Previou ' ly. the conrra.'>t \\'as adj u ted individually between the background mean intensity 
(areas without cell ) and a \'alue of 600, when here the ma:·,imum value was challged to 
higher \'alues of ::2000 for A- B and t he images maximum for C- D. (A ) Photothermal image 
shown in Fig. 3.19A (100 % CAL:\,J\' ) with a contrast range of [5 , 2000 . (B ) Photothermal 
image shown in Fig. 3.19B ("0 % CALI\'N - 20 % CCALKN-PEG) \vith a contrast ra nge of 
[67.2000. (C) ame image as in (A), contrast rang 0,15525]. (D ) Same image as in (B), 
contrast range [0, 53·1"'''] . Scale bar ' repre ent 10 11m . 
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appeared. Fluorescence and photothermal microscopy showed an internalisation 

which was correlated to the nanoparticle incubation concentration. The monolayer 

degradation was observed to happen upon internalisation of peptide-capped gold 

nanoparticles in various mammalian cells lines, attesting that the degradation is a 

general process. The monolayer degradation was shown not to be resulting from 

intracellular ligand exchange. It was further ascribed to the activity of the en do

somal protease cathepsin L, which was cleaving part of the CALNN-th-fam peptide 

sequence releasing the fam group and allowing the fluorescein not to be quenched 

any more and therefore to fluoresce. An inhibition of cathepsin L was subsequently 

undergone upon internalisation of nanoparticles and showed that the monolayer de

gradation could be significantly prevented and the fluorescence release reduced to a 

low level. Cathepsin L has a broad cleavage potential, as it was also shown to be 

able to cleave more than a third of the human proteins, unveiling the need for care

fully designed functional ligand included at the surface of nanomaterials, especially 

if their function is to be crucial inside the cells, such as when probing intracellu

lar interactions. Finally an investigation of the influence of polyethylene glycol end 

groups in the peptide monolayer composition on the uptake of gold nanoparticles 

was performed and showed that the more polyethylene glycol in the monolayer the 

less internalised nanoparticles there are. 

Materials and methods available in Appendix B.1 
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Chapter 4 

Facilitated delivery of gold 

nanoparticles 

ndocytosis was shown in the previous chapter to allow the intern

alisation of nanoparticles in cells and the subsequent entrapment in 

endosomal acidic vesicles. However, during their stay in the enda

somes they are susceptible to the protease activity, which are de

grading their protective monolayer, and are unavailable to interact 

with the population of proteins present in the cytosol. Therefore other entry mech

anisms or an adapted strategy need to be employed for intracellular nanoparticles 

delivery, especially if a cytosolic delivery is to be fulfilled. 

The facilitated delivery of nanoparticles with the aspiration of a cytosolic local

isation will therefore be investigated here. Three strategies for a cytosolic delivery 

of the nanoparticles will be examined in this chapter. First, endosomal escape will 

be scrutinised using either the endosomal disrupting drug chloroquine or membrane 

destabilising peptides functionalised on the gold nanoparticles. In a second part, the 

entry of gold nanoparticles through a cell membrane pore formation will be assessed 

with the help of the pore-forming bacterial toxin streptolysin O. 

4.1 Assisted endosomal escape 

4.1.1 Endosome disruption 

Peptide-capped gold nanoparticles have been shown previously to experience a de

gradation of their monolayer upon internalisation in mammalian cells (Chapter 3, 

Sect. 3.1). Indeed, nanoparticles coated with CALNN peptides and additional fluor

escent peptides CALNN-th-fam, were exhibiting a release of fluorescence after the 

protease cathepsin L was cleaving the peptide sequence of CALNN-th-fam. However 

this could be limited by inhibiting the activity of cathepsin L using the irreversible 
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CI 

Fig. 4.1 - Structure of chloroquine. 

cathepsin L inhibitor Z-FF-fmk. Yet, the monolayer degradation was not totally un

impaired, as the largely reduced fluorescence release could though still be observed. 

In order to try and protect further the nanopartic1e monolayer and deliver the 

nanoparticles to the cytosol a different strategy of endosome disruption will be ex

amined thereafter using the lysosomotropic agent chloroquine. 

Chloroquine is a cell-permeable weak base (Fig. 4.1) which once internalised 

increases the pH in the endosomes and lysosomes 1 and induces their disruption, 

although this later process is not fully understood. It has been successfully used to 

enhance DNA transfection and further gene expression 2 or the nuclear delivery of 

Tat-fusion proteins3 internalised by endocytosis in fibroblast cells. An increase of 

the splicing efficiency of peptide nucleic acids coupled to CPPs was also observed 

in HeLa cells 4,5 by chloroquine induced endosomal disruption, again after an en

docytosis mediated internalisation. In the context of non-viral gene delivery, it was 

suggested that chloroquine plays a role at different levels in the enhancement of gene 

expression, where it is not only involved in neutralising the acidity of the endosomes, 

but also in conformational changes of internalised exogenous DNA through binding 

and electrostatic interactions, 6 and protecting DNA from degradation in the endo

somal compartments. 7 Sandhu et ai. used chloroquine in serum containing medium 

to improve the transfection efficiency of DNA/gold nanopartic1es complexes,s but 

did not specify a mode of action of chloroquine in the improvement of the transfec-

tion. 

4.1.1.1 Enhanced monolayer protection 

To assess the effect of endosome disruption by chloroquine and to compare it with the 

protease cathepsin L inhibition, HeLa cells were incubated for 4 h with 10 nm gold 

nanopartic1es coated with a mixed-peptide (5 % CALNN-th-fam - 95 % CALNN) 

self-assembled monolayer (6 nM final concentration), solely or in presence of a com

bination of the cathepsin L inhibitor Z-FF-fmk and/or the endosome disrupting drug 

chloroquine, and imaged by confocal fluorescence microscopy. a 

ananoparticle preparation: P. Free; cell work, fluorescence imaging and analysis: V. See 
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The images depict a decrease in fluorescence release of the cells that were incub

ated with nanoparticles in conjunction with chloroquine (Fig. 4.2B) as compared 

those which were incubated in the absence of drug (Fig. 4.2A). The decrease was 

more important with the use of the cathepsin L inhibitor Z-FF-fmk during the in

cubation of the nanoparticles with the cells (Fig. 4.2C), as it was already examined 

previously (Sect. 3.2.3). Remarkably the combination of chloroquine and Z-FF

fmk displayed an almost undiscernible level of fluorescence release on the images 

(Fig. 4.2D). This was further confirmed by the quantification of the mean single 

cell fluorescence for the different conditions, which showed a 93 % reduction of the 

fluorescence released in the cells incubated with the addition of both Z-FF-fmk and 

chloroquine, as compared to 84 % for Z-FF-fmk alone. 

Following the confocal fluorescence imaging, the cells where fixed and later im

aged by photothermal microscopy. A representative sample of the images is shown 

for each condition in Fig. 4.3A-D. The images do not disclose a singular difference 

between the cells incubated only with nanoparticles and the other cells incubated 

with added chloroquine or/and Z-FF-fmk or even between the cells incubated with 

one or two of the drugs. A quantification of the nanoparticles uptake by the cells 

in the different conditions was proceeded using the whole field method. The mean 

photothermal intensities in the different conditions, which attest of the amount of na

noparticle in the cells for these conditions, did not show a markedly different cellular 

uptake between the different conditions with or without the addition of chloroquine 

and Z-FF-fmk (Fig. 4.3E). 
A one-way ANOVA test showed that the fluorescence intensity means of the 

four conditions are significantly different. A follow up Holm-Bonferroni multiple 

comparison test established that the means differences between pairs of conditions 

are significant at the 0.01 level for all the pairs to the exception of the comparison of 

Z-FF-fmk and Z-FF-fmk plus chloroquine. Nevertheless, the same tests performed 

exclusively on the two aforementioned conditions did show a difference between their 

means that was found to be significant, which is more in line with the difference that 

can be seen on the images (Fig. 4.2C-D). At the same time, the same AN OVA and 

Holm-Bonferroni tests performed on the photothermal intensities did not point any 

significant difference between the population means. 

Taken together these results imply that the uptake of the nanoparticles is not 

altered by the use of either chloroquine or Z-FF-fmk and that the combination of 

endosome disruption by chloroquine and cathepsin L inhibition by Z-FF-fmk allows 

an improved protection of the nanoparticles from the degradation of their monolayer. 

4.1.1.2 Nanoparticles intracellular localisation: cytosolic delivery? 

In order to verify the effect of chloroquine on the endosomes and eventually on the 

nanoparticles delivery, a direct imaging of the endosomes is necessary to appraise the 
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4. Facilitated delivery of gold nanoparticles 

NPs only chloroquine ZFFfmk chlo&ZFFfmk 

F ig. 4.2 - Combin ed protease cathepsin L inhib it ion a n d endosom e disrupt ion 
b lock the nanoparticle monolaye r degradat ion. BeLa cells were incubated for 4 h with 
10 nm gold nanoparticle coated with a mixed-peptide (5 % CALNN-th-fam - 95 o/c CALNN) 
. elf-assembkd monolayer (G n:'1 final concentra tion) soldy or in presence of a combination 
of the cathepsin L inhibitor Z-FF-fmk and / or the endo orne di rupting drug chloroquine, 
and imaged by confocal fluorescence microscopy. (A - D ) Confocal microscopy image ' of 
the fluorcsccncc relea..:;e in li\'e c('lIs (V. SP(,). (A ) Gold nanoparticlcs only; (B ) gold nano
particles with 100/1:'[ of chloroquine: (C) gold nanoparticles with 20 {L :'1 of th irrevcr ible 
cathepsin L inhibi tor Z-FF-fmk: (D ) gold nanoparticles with both 100/1\ 1 of chloroquine 
and 20 {L:'1 of Z-FF-fmk. (E ) Quantification of fi ve different fields for the condit ion hown in 
(A- D). The means di ffe rences between the sample were found to be statistically signifi ant 
with a one-way ;\':-J.OVA te ·t . Error bars represent the D. Scale bars represent 20 lim . 
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4. Facilita ted delivery of gold nanopa rticles 

NPs only chloroquine ZFFfmk chlo&ZFFfmk 

Fig. 4 .3 - Combined protease cathepsin L inhibition and endosome disruption 
does not impede nanoparticle uptake . HeLa cells were incubated for 4 h with 10 nm 
gold nanopartides coated wi th a mixed-peptide (5 % CALNN- th-fam - 95 % CALN ) self
a. sembkd monolayer (G n:\1 fin al concentration) solely or in presence of a comhinat ion of the 
cathep in L inhibitOr Z-FF-fmk and/ or the endosome di rupting drug chloroquine. They 
were further imaged by confocal fluo rescence microscopy, fixed and imaged by photoLher
mal microscopy. (A - D ) Photothermal microscopy images of the gold nanopaTticl s uptake. 
(A ) Gold nanopar ides only; (B ) gold nanoparticles with 10011:\1 of chloroquine; (C ) gold 
nanoparticles with 2011:\1 of the irreversible ca hepsin L inhibitor Z-FF-fmk; (D ) gold nano
particles wi th both 100/t:\1 of chloroquine and 20 tt :\1 of Z-FF-fmk. (E) Quantificat ion for 
the condit ion ' shown ill (A D), with at least 40 cells analysed per condition. The means 
differences bet\\TCil the salllples were foulld to be statistica lly lIot sigllificant with a olle-way 
A'f\.OVA test. Error bar ' represent the SD. Scale baTS represent 20 Jim. 
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change in the membrane structuring together with the possibility of nanoparticles 

visualisation. Transmission electron microscopy was chosen to a..">sess the effect of 

chloroquine, since it can bring both the structural membrane information and the 

nanoparticle localisation in a direct manner. 

For this purpose, HeLa cells were incubated for 3 h with gold nanoparticles coated 

with the matrix peptide CALNN (without CALNN-th-fam), prepared and imaged 

by transmission electron microscopy.b The images confirm the disruption of the 

endosomes by chloroquine and exhibit nanoparticles present in the cytosol (Fig. 4.4). 

In spite of a cytosolic localisation, it is noticeable that the nanoparticles ap

pear to stay in the vicinity of the disrupted endosomes. Some nanoparticles are 

seemingly still interacting with some membranes debris and although a few indi

vidual nanoparticles are scattered aside of the others, quite a substantial part of 

them are aggregated. This is also apparent on the photothermal image in Fig. 4.3B 

where, for the same nanoparticle size and concentration and chloroquine concen

tration (with additional CALNN-th-fam peptides in the nanoparticles monolayer), 

vesicularly shaped distributions of nanoparticles are omnipresent in the cells. In 

fact, neither chloroquine (Fig. 4.3B) nor Z-FF-fmk (Fig. 4.3C), nor the combination 

of both (Fig. 4.3D) did disclose a different distribution of the nanoparticles than in 

the absence of drugs (Fig. 4.3A), as observed by photothermal microscopy. The pho

tothermal microscope in the conditions used for the experiment most probably did 

not have the ability to distinguish individual nanoparticles in the cell background. 9 

Furthermore the presence of those cytosolic solitary nanoparticles could have been 

partially masked on the images by the accumulation of nanoparticle dense areas in 

the cells, disallowing their discrimination from the aggregates. However, if a sig

nificant part of them was freely moving inside the cells, not interacting with each 

others or with endosome/lysosome debris, the photothermal images would show well 

distributed intensities located evenly the cytosol. 

None of the treatments did change the way the distribution of the nanoparti

des appears by photothermal microscopy, which in all cases showed an endosomal 

pattern, whether drugs were present or not. 

The number of endosomes that are exposed by photothermal microscopy in pres

ence of chloroquine does not seem diminished either as compared to the absence of 

the drug, but at the same time a decrease in the release of fluorescence is observed. 

Therefore it could be hypothesised that the presence of chloroquine in intact en

dosomes could playa second role in the monolayer protection aside of its endosomal 

disrupting action. Indeed, the reduced fluorescence release could be either due to 

the increase in pH provoked by chloroquine inside the endosomes, inducing conform

ational changes in cathepsin L and decreasing its activity 10,11 or resulting from a 

bnanoparticle preparation, cell work, TEM imaging: P. Nativo 
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;. • 10 • • 

500nm 200nm 

Fig. 4 .4 - End osom e d isrupt ion by chloroquine . HeLa cells were incubated for 3 h in 
complete medium with 10 lllll diameter gold nanopart icle:; (6 nM final concent rat ion) coated 
with a self-assembled monolayer composed of the matrix pept ide CALNN in pre:;ence of 
100 /-L:' I chloroquine, prepared for and imaged by TE:vI (P. Nativo) . The TE?\1 images of the 
cells show disrupted endosomes and many particles not enclosed in membrane compartments, 
although most particles are still located close to the disrupted endosome. 
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4. Facilitated delivery of gold nanoparticles 

hinderance in accessing the cleavage sequence by the protease following interactions 

between chloroquine and the nanoparticles. An answer to these questions cannot be 

given by the current data though and more in depth experiments would be needed 

for it. 

4.1.1.3 Nanoparticles and degraded monolayer: co-localisation? 

In order to appraise the degree of co-localisation between the fluorescent fam dyes, 

released from the nanoparticles functionalised with fluorescent peptides (CALNN

th-fam) after monolayer degradation, and the nanoparticles themselves inside cells, 

the nanoparticle internalisation needs to be observed on the same microscope for 

both fluorescence and photothermal imaging. 

For this purpose, HeLa cells were therefore incubated with 5 nm gold nanopar

ticles (100 nM concentration) coated with a mixed-peptide (5 % CALNN-th-fam/ 

95 % CALNN) self-assembled monolayer, solely or in presence of a combination of the 

cathepsin L inhibitor Z-FF-fmk and/or the endosome disrupting drug chloroquine 

for 3 h, before the medium was changed to remove the excess nanoparticles.c Live 

cells were then imaged successively by wide field fluorescence and photothermal 

microscopy on the same microscope (t = 4.5 h), to allow a visualisation of the nano

particle/degraded monolayer co-localisation. 

As seen previously, the combination of chloroquine and Z-FF-fmk does favour 

a good protection of the monolayer from cathepsin L proteolysis and the fluores

cence observed in this case is almost not visible (Fig. 4.5E), with a level comparable 

to the one shown by cells incubated without nanoparticles (Fig. 4.5A). There is 

consequently no possible co-localisation to observe in this situation. 

The cells incubated with only nanoparticles and the ones incubated with nano

particles and 20 J.l~1 of Z-FF-fmk show a partial co-localisation, with a few areas in 

the cells where both fluorescence and photothermal signals can be observed at the 

same place. 
Surprisingly the ccrlocalisation is only partial. This could be explained by the 

mobility of either the nanoparticles or more probably the dyes or could also be 

associated with the way the images were acquired. Indeed in all conditions, the 

wide field fluorescence image is taken first, at 3 J.lm above the glass slide with an 

integration time of 0.62 s, and then the photothermal image is acquired at 1 J.lm above 

the glass slide, line by line in a back and forth movement with a 10 ms integration 

time per pixels, to finally perform the total image acquisition in '" 13.5 min for 

a 256 x 256 pixels image, as it was for these images. The altitude at which the 

fluorescence images were acquired was chosen in order to obtain images that had 

the best focus for all fields of view on average, after observation of various areas 

where cells were showing fluorescence release. The altitude chosen for the photcr 

cnanoparticle preparation and cell work: P. Free 

85 



4. Facili tated delivery of gold nanoparticles 

Fig . 4 .5 - Co-localisation of nanoparticles a nd d egr a de d m onolayer wi t h / wi t hout 
e n dosome d isrupting d rug chloroquine and/ protease inhibit or Z-FF-fmk . 
BeLa cells were incubated with 5 nm gold nanoparticles (100 n:'1 concentrat ion) coated with 
a mixed-peptide (5 % CAL:\T:\T- th-fam / 95 % CALNN) self-assembled monolayer, solely or 
in presence of a combinat ion of the cathepsin L inhibitor Z-FF-fmk and/or t he endosome 
disrupting drug chloroquine for 3 h, before the medium wa changed to remove the exce -- na
no particles. Live cells "'ere imaged successively by wide field fluorescence and photothermal 
micro copy on the same microscope (t = 4.5 h). to allow a visualisation of the nanoparticle/ 
degraded monolayer co-localisation. (A - E) From left to right: bright field image, fluo r
escence image. photothermal image and o\'erlay of fluorescence and photothermal images. 
(A ) Cells \\'ithout nanoparticle- : (B ) cells with gold nanoparticles only; (C ) cells with gold 
nanoparticles and 100 {L:\I of chloroquine: (D ) cells with gold nanopart icles and 20 {L:\I of 
the irreversible cathepsin L inhibitor Z-FF-fmk: (E ) cells with gold nanoparticles and both 
100 {L:\I of chloroquine and 20 {L :\I of Z-FF-fmk. Scale bar represents 20 {Lm. 
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thermal images was coming from previous observation of the dependance of the 

intensity on the altitude observed in one cell incubated with nanoparticles showing 

a maximum around 1 /lm and other tests showing that the signal is decreasing above 

,...., 1 J..Lm while increasing the altitude. Although this does not represent a statistically 

representative sample, it was considered as a reasonable assumption that the signal 

will be around its maximum at this l/lm altitude. Furthermore, although the pho

tothermal intensity of nanoparticles located at the same altitude as the fluorescent 

dyes (3J1,m) is likely to be lower when detected at 2/lm below it (detection focus), 

a strong signal would probably still be detected. 

Altogether and for the aforementioned reasons, an observed co-localisation is 

likely to represent a significant presence of both nanoparticles and fluorescent dyes 

resulting from the monolayer degradation. 

The areas where co-localisation was observed in the cells incubated with nano

particles, with or without the addition of Z-FF-fmk, should therefore represent a 

significant amount of nanoparticles and dyes in a relative close proximity. 

To estimate better the extend of the co-localisation, Fig. 4.6 shows the images 

of cells incubated with only nanoparticles represented earlier in Fig. 4.5B with two 

different contrasts. In both series of images (A and B) the contrasts minima were 

chosen to minimise the background in both fluorescence and photothermal images 

in the areas where no cells were present, minimising the presence of pixels due to the 

noise visible on the images. The maxima of the contrast in both fluorescence and 

photothermal images in Fig. 4.6A were chosen to show better the low intensities in 

both fluorescence and photothermal images (saturating the higher ones), in order to 

better display the extend of the co-localisation. The contrasts maxima in Fig. 4.6B 

where chosen higher to display the strength/weakness of the respective signals where 

co-localisation can be observed. 

Singularly, enhancing the contrast in Fig. 4.6A did not unveil extensive areas of 

co-localisation in the cells incubated without drugs. 

The same way of choosing the contrast was also applied in Fig. 4.7, which display 

the co-localisation of cells incubated with nanoparticles in the presence of chloroquine 

(same image as in Fig. 4.5C). In this case hardly any area of the cells were exhibiting 

the joint presence of nanoparticles and fluorescent dyes coming from the monolayer 

degradation. This is consistent with the effect of disrupting the endosomes that 

chloroquine was shown to have. However, in line with the observation of relatively 

low co-localisation observed in absence of chloroquine (Fig. 4.6), it cannot be ex

cluded that part of co-localisation could not be observed due to the experimental 

conditions. 
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Fig . 4 .6 - Co- loca lisation of n a noparticJes and d egraded monolayer w it h no a dded 
drugs . HeLa cells were incubated for 3 h with 5 11m gold nanoparticles (100 n\ 1 final concen
tration) coated with a mixed-peptide (5 % CALNN-th-fam - 95 % CALNN ) self-assembled 
monolayer for 3h . before the medium was changed to remove the excess nanopart icles. Li ve 
cells were imaged successively by wide field fluorescence and photot hermal microscopy on 
t he same microscope (t = 4.5 h), to allow a visualisation of the nanoparticle! degraded mono
layer co- localisation . (A - B ) T he same field of view is hown with two different contrasts 
to allow an estilllatioll of t he illlportallce of the co-localisat ioll . From left to right: fl uor
escence image, photothermal image and oyerlay of fluorescence and photothermal image . 
(A ) Small contrast range (fl uorescence: [10900,11900); photothermal: [100,200]) displaying 
the ma.-ximum area of co-localisation . (B ) Larger cont rast range (fl uorescence: [10900,11(00); 
photothermal: [90.1000J displaying the degree of co-localisation. Scale bar represents 20 ~im. 

4 .1.2 Nan op article m ediated endosome m embrane d estabilisat ion 

In t his section the fusion sequence of the pept ide HA2, which causes the rupture of 

cndosoJl1 c:; after ir :; uptake and thc subscqucnt acidification of thc C'nJ osOlllc:;, was 

used in conjunct ion to the cell penetrating peptide Tat to functionalisc nanoparticles 

in a strategy aiming to increase thei r uptake and at the same time deliver them in 

the cytosol. 

T he Tat protein is a t ranscript ion act ivation factor of the human immunodefi 

ciency virus. Its peptide t ransd uct ion sequence YGRKKRRQRRRd is known as a 

cell penetrating peptide. 12 which designates short cationic peptides that have the 

abili ty to translocate across the cell membrane without disrupting it. The name 

of CPP was given as it was beliewd origi nally t hat the peptides were not inter

nalised by endoC)!tosis but were going d irect ly to the cytospla rn. Frankel et al. 

dTat minimal transduction domain is r -idues --1 9- 57: RKK RRQRRR 
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Fig. 4 .7 - Co-localisation of nanoparticles and degraded monolayer in presence 
of endosome disrupting drug chloroquine. BeLa cells were incubated for 3 h with 5 nm 
gold Ilanoparticles (100 Il :-! fillal cOllceIltratioIl ) coated with a mixed-pept ide (5 % CALT\:\""
t h-fam - 95 % CALNl'\ ) self-assembled monolayer with 100 /lM of chloroquine for 3 h, before 
the medium was changed to remove the excess nanopart icles. Live cells were imaged suc
cessively by widc field fl uorcsc('I1cc and photothcrmal microscopy on thc samc microscopc 
(t = 4.5 h). to allow a \'i -ualisat ion of the nanoparticle j degraded monolayer co- localisat ion. 
(A - B ) The same field of \'iew is showll with two differellt contrasts to allow all estilllat ion 
of t he importance of the co-localisation . From left to right : fluorescence image, photo
thermal image and oyerlay of fluorescence and photothermal images. (A ) Small contrast 
range (fluorescence: 1037-1.11374]; photothermal: [100.200]) displuyillg the ma..xillllllli area 
of co-localisa ion. (B ) Larger contrast range (fluorescence: [10374,143 74]; phototherm al : 
[90,1000:) displaying the degree of co-localisation . calc bar represents 20/lIT!. 

demonstrated in 1988 that the Tat protein is taken up in HL3Tl cells a nd further 

observed thei r nuclear localisation 13 which was dramat ically increased a fter using 

chloroquine to deliver them in the cytosol. Later t he Tat p rotein tra nsduction do

main ,,"as shown to interact with lip id rafts in the cell membrane b efore entering cell 
. . t ' 14 by mlcrop1l10CY OS IS . 

De la Fuente et ai. 15 have reported t he nuclear localisation of sm all ("-' 2.8 nm) 

gold nanoparticles functionalised with Tat by EDC coupling to a t iopronin mono

layer coating at a concentration of '" 1 J.L~f after incubation with cells hTERT-BJl 

human fibroblast cells. The nanopart icles were demonstrated to go in t he nuclei by 

TE~I, but unfortunately only one single image was shown as evidence of t he nuclear 

deli very. This group did a follo\\" up study in which t hey were comparing t he uptake 

of 511m gold functionalised with tiopronin to others wit h tiopronin terminated wi t h 

either Tat or PEG or Tat terminated PEG . They studied by immunofluore cence 
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the quantity and distribution of antibody conjugated clathrin and dynamin, which 

are proteins both involved in endocytosis processes, the cell surfaces by SEM and 

the nuclear localisation by TEM. They concluded that the non-Tat-containing nano

particles were internalised by clathrin-mediated endocytosis and the Tat terminated 

ones were not. 16 The Tat nanoparticles were again observed in the nucleus - al

though they chose the same image as in their previous paper 15 - unlike the other 

nanoparticle types. However, the statistics presented (clathrin and dynamin fluor

escence) lacks significance (10 cells means) and presents only very indirect evidence 

to back up the claim of clathrin-mediated endocytosis, and the TEM images were 

highlighted as needing caution in their interpretation as they further mentioned that 

the fixation was having a potential in bringing the 5 nm nanoparticles in the nuclei 

through the nuclear pore. Ruan et aI. have demonstrated that Tat functionalised 

quantum dots are internalised by endocytosis in HeLa cells and established that 

they stayed in the endosomes that were further transported near the nucleus to the 

microtubule organising centre. 17 

HA2 is a subunit of the influenza A virus hemagglutinin glycoprotein HA and 

contains a fusion peptide sequence that allows membrane destabilisation at low pH 

(see Cross et al. 18 for a recent review on structure-function of HA fusion peptide). 

Wadia et al. conjugated the fusion peptide HA2 to the CPP Tat to achieve a 

destabilisation of micropinocytosome internalised HA2-Tat peptides and deliver the 

peptides to the cytosol, to allow them to interact with DNA and subsequently induce 

the expression of EGFP. 14 Kumar et aI. have used 20 nm gold nanoparticle multi

functionalised with anti-actin antibody to target actin filaments and antibody bond 

Tat-HA2 peptides for a targeted cytosplamic delivery in 3T3 mouse fibroblast cells. 19 

They used a combination of TEM and darkfield reflectance microscopy to show that 

nanoparticles lacking the HA2 sequence were delivered but stayed in endosomes and 

that the fully functional (HA2 containing) nanoparticles seemed to have escaped the 

endosomes as they were shown to label efficiently actin filaments. 

4.1.2.1 HA2 membrane destabilisation process 

HAO is a precursor polypeptide chain of 550 amino acids that constitutes a non

covalently linked trimer that dissociates after proteolysis into two subunits HAl and 

HA2 linked by a disulfide bond to form HA. 20,21 The proteolytic cleavage transforms 

the precursor HAD polypeptide into the pH-sensitive HA, which allows conforma

tional changes upon acidification 20,22-24 in endosomes and which leads to the virus 

linked to HA to fuse its membrane 25,26 with the endosomal membrane and be re

leased in the cytosol of the targeted cell. To achieve that the fusion peptide located 

on the N-terminal of the HA2 subunit is inserted in the endosome membrane and 

destabilises it. The exact process by which irreversible conformational changes leads 

to membrane fusion is not fully understood. This is partly because the fusion pep-
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tides and the ten residues that link them to the part of the HA2 structure that has 

been resolved are very hydrophobic (not possible to crystallise) and their structure 

is therefore still unknown at acidic pH. 

4.1.2.2 HA2/Tat peptides improve the nanoparticle uptake 

With the view of improving the nanoparticles uptake and promoting their cytosolic 

delivery upon internalisation, Tat and HA2 peptides will be added to the nanopar

ticle monolayer (Fig. 4.8A). 

As seen previously, at basic to slightly acidic pH (typically above 4) the na

noparticle surface has a negative net charge coming from the terminal carboxylic 

group of the asparagine exposed to the solution. In presence of CALNN-PEG, this 

situation does not change. The addition in the self-assembled monolayer of the 

CALNN-HA2 peptide (CALNNGDIMGEWGNEIFGAIAGFLG-amide), which pos

sesses three negatively charged residues (1 Asp, 2 Glu), does therefore not change the 

net charge of the nanoparticles at any pH above a slightly acidic value (CALNN

HA2 isoelectric point: 3.57). The addition of the peptide CALNN-Tat (CALN

NAGRKKRRQRRR, pI=12.3) in the monolayer brings hydrophilic residues to the 

nanoparticles surface, together with a total of eight positively charged residues (6 

Arg, 2 Lys). CALNN-Tat does not change the net surface charge of the nanopar

ticles when present in the monolayer with the CALNN and CALNN-PEG matrix 

peptides due to the huge excess of those later ones. However, it provides a few local 

patches of positive charges on the nanoparticles, which are difficult to quantify, since 

the peptides self-assembly process may favour some peptides with respect to others 

and the derived exact monolayer content is therefore unknown. 

Gold nanoparticles (5nm diameter) solutions were prepared with self-assembled 

monolayers composed of the matrix peptides CALNN and CALNN-PEG (4:1 ra

tio) with (and without) the addition of the functional membrane disrupting pep

tides CALNN-HA2 (Fig. 4.8C) and/or the cell penetrating CALNN-Tat peptides 

(Fig. 4.8D) - the details of the monolayer compositions can be found in Tab. 4.1. 

HeLa cells were then incubated separately with the nanoparticles (final concen

tration 500 nM) coated with or without the functional peptides CALNN-HA2 and 

CALNN-Tat or without nanoparticles (control) for three hours, fixed and imaged by 

photothermal microscopy. e 

A representative sample of the images acquired is displayed in Fig. 4.9 for the five 

conditions. The contrast of the photothermal images (identical between conditions) 

was chosen to limit the displayed background and to allow the visualisation of the 

internalised nanoparticles in the four conditions where the cells were subjected to 

nanoparticle incubation (contrast range: [50,2000]). An immediate conclusion after 

image comparison is that more nanoparticles are taken up by the cells incubated with 

enanoparticle preparation and cell work: P. Free 
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Fig. 4 .8 - Nanopart icle funct ionalisat ion with HA2 and Tat peptides. (A ) Gold 
nanoparticle \\"ere functionali oed \\"ith the matrix pep tides CALNN and CALNN-PEC and 
the addition of the funct ional peptides CALNN-HA2 orl and CALNN-Tat. (B ) Structures 
of matrix peptides CAL:\:\ and CAL:\X-P EG (CALNN-(EG)6-ol) . (C- D ) Pept ide struc
tures drawn with a coloured outer surface representing the hydrophilicity I hydrophooicity 
of the residues (red: hydrophobic: blue: hydrophil ic) . (C ) :\Iembrane destabilising 
CAL:\;\-HA2 peptide (CA.L;\:\GDI:\ lGEWGi\EIFGAIAGFLG - amide). (D ) ell penet
rating CA L:\:\-Tat peptide (CAU';\AG RKKRRQRRR). 
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Monolaye r compos ition Label 

Functional p e ptides Matrix p eptides (Fig. 4 .9) 

CALNN-HA2 CALNN- Tat CALNN CALNN- PEG 

80 % 20 % B 

10 % 72 % 1 % C 
1 % 79 % 20 % D 

10 % 1 % 71 % 1"% E 

Tab . 4 .1 - Composit ion of t he gold nanoparticle self-assembled monolaye r pre
pared wit h / wit hout t he functiona l p eptides CALNN-HA2 and CALNN-Ta t. 

Fig . 4 .9 - Intrace llular d elive r y of gold nanoparticles ass is t ed by monolayer fu nc
t ionalisation with HA2 / Tat p ep t ides . HeLa cells were incubated eparatcly without 
nanopart icle or \\·ith 5 nm nanoparticles (fi nal concent rat ion 500 n:'1) functionalised wit h 
either no functional peptide ( 0 % CALNN - 20 o/c CALKN-PEG matrix pept ides) or with 
a combinat ion of HA2 and / or Tat peptides (10 % CALNN-HA2 , 1 % CALNN-Tat , 10 % 
CAL~~-HA2 -1 % CAL~~-Tat ) for 3 h, fixed and imaged by photothermal microscopy. 
(A - E ) Images of the nanopart icle uptake by HeLa cells for t he fi vE' condit ions. Top: bright 
fiC' ld imagC' ; mictdk: photothC'rmal image: bottom: ovC'rlay of the bright nC'l ct and photothf'r
mal images . (A ) Cells without nanoparticJes incubation. (B ) C lls incubated with nano
par ticles coated with the matrix peptides (80 % CALNN - 20 % CALNN-PEG). (C) Cells 
incubated with nanopart icle functionalised with 10 % CAL T -HA2 p pt ides. (D ) Cells 
incubated with nanopart icles functionalised with 1 % CALNN-Tat peptides. (E ) Cells in
cubated wi th nanopart icles functionalised with 10 % CALNN-HA2 and 1 % CALNN-Tat 
pepLides. Scale bar represents 20 ILI11 . 
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the nanoparticles bearing the functional peptides CALNN-HA2 and/or CALNN-Tat 

than the ones incubated with the nanoparticles coated only with the matrix peptides 

CALNN and CALNN-PEG. An additional difference could also be estimated in 

first approximation within the samples containing the functional peptides CALNN

HA2 and CALNN-Tat in their nanoparticle monolayer, where the nanoparticles with 

CALNN-Tat and the ones with both CALNN-HA2 and CALNN-Tat appearing to 

experience more internalisation than the ones with only CALNN-HA2. 

An analysis of the images was done by the "whole field" method on three (1 % 
CALNN-Tat) or four (other conditions) fields of view per condition (method de

scription in Sect. B.2.9.3). The method used a threshold discarding the pixels below 

a value corresponding to 1.5 times the mean background intensity, to give a mean 

photothermal intensity value (per field of view) for each of the five conditions shown 

in Fig. 4.9. The results of the analysis are plotted as a bar chart in Fig. 4.10. The 

quantification demonstrates that the uptake of gold nanoparticles by the cells is on 

average increased by almost a factor two (1.72) by adding a proportion of 10 % of 

the functional peptide CALNN-HA2 in the monolayer and nearly by a factor three 

(2.71 and 2.76 respectively) when adding 1 % CALNN-Tat or 10 % CALNN-HA2 

and 1 % CALNN-Tat in the monolayer. 

An assessment of the statistical significance was done by a one-way ANOVA test 

followed by Holm-Bonferroni multiple comparison tests and showed a significant 

difference between the five different conditions. Unsurprisingly, it did not show a 

significant difference between the two samples containing the functional peptide Tat, 

as their mean values are very close and the error bars not negligible. 

However, if for example one looks at the pair of samples formed by the cells 

incubated without nanoparticles and the cells incubated with nanoparticles coated 

only with the matrix peptides (80% CALNN - 20% CALNN-PEG), although a 

Holm-Bonferroni test show a significant difference between the samples means at 

the 0.05 level, which is often considered as acceptable, at the 0.01 level a Holm

Bonferroni test did not point towards a significant difference between those samples. 

It raises questions about the means and errors of the two aforementioned samples 

and therefore either on the images or more probably on the method used to analyse 

them, as the images clearly show a clear cut difference between the presence and 

absence of the CALNN coated nanoparticles during incubation. Maybe here a single 

cell analysis would reduce the contribution of a few cells with a higher intensity to 

the amplitude of the standard deviation and mechanically solve this discrepancy. 

4.1.2.3 Intracellular localisation of HA2/Tat functionalised 

nanoparticles 

The improvement of the nanoparticles uptake was noticeable with the addition of 

the different combination of CALNN-HA2 and CALNN-Tat peptides in the na-
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Means difference 

Pairs of samples significance (1/0) 

0.05 level 0.01 level 

10% HA2/1% Tat Cells only 1 1 

1% Tat Cells only 1 1 

10% HA2/1 % Tat Matrix pep tides 1 1 

1% Tat Matrix pep tides 1 1 

10% HA2 Cells only 1 1 

10% HA2/1% Tat 10% HA2 1 1 

1% Tat 10% HA2 1 1 

Matrix peptides Cells only 1 0 

10% HA2 Matrix peptides 1 0 

10% HA2/1 % Tat 1% Tat 0 0 

Tab. 4.2 - Statistical significance of differences between mean photother
mal intensities after uptake of nanoparticles bearing different combination 
of CALNNjCALNN-PEGjCALNN-HA2jCALNN-Tat peptides in HeLa cells. 
Holm-Bonferroni multiple comparison tests were carried on after ANOVA tests to assess 
the statistical significance of the differences between the mean photothermal intensities 
of cells incubated with (and without) nanoparticles coated with either matrix peptides 
(80 % CALNN - 20 %CALNN-PEG) only or with one or two of the functional peptides 
CALNN-HA2 and CALNN-Tat (10 % CALNN-HA2, 1 % CALNN-Tat, 10 % CALNN-HA2 -
1 % CALNX-Tat). The 0.05 and 0.01 significance levels are shown to allow an evaluation of 
the strength of the differences. 1 indicates that means difference is significant at the given 
level and 0 that it is not. 

noparticle monolayer. However, the intracellular localisation of the nanoparticles 

was not examined throughout and still remains to be understood. In particular it 

would be interesting to know whether the HA2 has helped into a cytosolic entry 

of the nanoparticles or not. Figure 4.11 presents the photothermal images shown 

previously in Fig. 4.9B-E. The contrasts were set differently between the different ... · 

images, as the comparison of the quantity of uptake between the conditions is not 

the purpose, with the goal to display the images with a contrast truly representative 

of the internal distribution of the nanoparticles for each image. The reason for 

this choice was partially driven by the fact the uptake differs between the images. A 

similar contrast for all the images would have either hidden some nanoparticles dense 

areas in the condition where less uptake is observed (Fig. 4.llA) while allowing a 

good representation of others (Fig. 4.11C-D), or it would have saturated the images 

with higher uptake to allow the correct display of the least uptake. 

A closer view of the photothermal images of the cells incubated with nanopar

ticles with either the matrix peptides only as capping ligands (Fig. 4.11A) or with 
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4. Facilitated delivery of gold nanoparticles 

Cells only 100% matrix 10% HA2 1% Tat 10% HA2 
peptides 90% matrix 99% matrix 1 % Tat 

peptides peptides 89% matrix 

peptides 

Fig. 4.10 - Quantification of CALNN-HA2/CALNN-Tat assisted cell delivery 
of gold nanoparticles. HeLa cells were incubated separately without nanoparticles or 
with 5 nm nanoparticles (final concentration 500 nM) functionalised with either no func
tional peptide (80 % CALNN/20 % CALNN-PEG, matrix peptides) or with a combination 
of CALNN-HA2 and/or CALNN-Tat peptides (10 % CALNN-HA2, 1 % CALNN-Tat, 10 % 
CALNN-HA2 -1 % CALNN-Tat) for 3 h, fixed and imaged by photothermal microscopy. 
Three or four fields of view were analysed per condition to produce "whole field" mean 
photothermal intensities for the five conditions (average of 53 cells per condition) and a 
mean photothermal intensity was generated by taking the average of the fields mean values 
(weighted by the number of cells per field). Error bars represent the SE. 

the addition of the functional peptides CALNN-HA2 (Fig. 4.11B) or CALNN-Tat 

(Fig. 4.11C) or with both (Fig. 4.11D) in the nanoparticles monolayer does not show 

a difference in nanoparticle distribution. The four conditions display numerous en

dosomal vesicles spread in the cells, a pattern attesting of an endocytosis mediated 

uptake. A few larger aggregates are appearing on the images representing the con

ditions where CALNN-Tat peptides were included in the monolayer (Fig. 4.11C- D), 

but the effect is not pronounced. 

All in all the size of the nanoparticles dense areas in the four different conditions 

is quite similar. This can be put in perspective by comparing with the information 

present in the images displayed in an identical contrast for all conditions, which 

is visible in Fig. 4.12 (same contrast as in Fig. 4.9). This later figure shows that 

the increase in nanoparticles content inside the cells is essentially achieved by an 

increased amount of nanoparticles in the endosomes. To conclude on the localisation 

information given by the photothermal images, it is noteworthy to observe that none 

of the conditions have shown any tangible sign of cytosolic localisation, despite the 

effect that the HA2 peptides are supposed to have on the endosomal escape. 

A comparison could though be made with a similar nanoparticle system, com

posed of 10 nm diameter nanoparticles coated with a monolayer comprising 10 % 
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Fig . 4 .11 - Int racellula r localisation of CALNN-HA2 / CALNN-Ta t p eptide::; 
coated n anopart icles in H eLa cells . The images of the uptake of gold nanopart iclcs 
fun ctiona lised with (and wi thout) CALNN-HA2/ CALNN-Tat peptides shown in Fig. 4.9B
E a re displayed wit h different contrasts. The cont rasts were chosen by the auto functi on 
of t he ImageJ software in order to display the images wi t h t he best individua l contrasts to 
better show the nanopart icles localisation regardless of the quanti ty of uptake. (A - D ) Pho
tothennal images of fixed HeLa cells previously incubated wi th llanopart icles coated with 
the matr ix peptides CALl\'l\' / CALNN-PEG (4:1 ) (A) or with addi t ional funct iona l peptides 
CALNN-HA2 and/ or CALNN-Tat (B- D). (A ) Tanoparticle monolayer composed solely of 
t he ma trix pept ides CALK N/ CAL\TN-PEG (cont rast [272 ,45 6]) . (B ) 10 % of CALNN
HA2 pept ides added in t he monolayer (contrast [294. 7966]) . (C) 1 % of CALNN-Tat pcp
tides added in the monolayer (contrast [287,14612]) . (D ) 10 % of CALNN-HA2 and 1 % of 
CALN N-Tat peptides added in t he monolayer (contrast [275,1613 ]) . Scale bars represent 

20 11m. 
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Fig. 4 .12 - Intracellular localisation of CALNN-HA2/ CALNN-Tat p eptides 
coated na nop ar t icJes in H eLa cells . The images of the uptake of gold nanoparticles 
functionalised with (and \\-ithollt ) CAL~N-HA2/CALNN-Ta peptides shown in Fig. 4.9B- E 
are displayed in a larger version for. (A- D ) Photothermal image of fixed HeLa cells previ
ollsly incubated with nanopart icles coated with the matrix pep t ides CALNN / CALNN-PEG 
(4:1 ) (A) or with additional fun ct ional pept ides CALNN-HA2 and / or CALNN-Tat (B- D). 
(A ) anopart icle monolayer composed solely of the matrix peptides CALNN/ CALNl\-PEG . 
(B) 10 % of CAL\"::\-HA2 peptides added in the monolayer. (C) 1 % of CALN I-Tat pep
t ides added in the monolayer. (D ) 10 % of CALNN-HA2 and 1 % of CALNN-Tat pcptidcs 
added in the monolayer. cale bars represent 20/-Lm. 
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CALNN-HA2 functional peptides and 90 % of the matrix peptide CALNN, which 

has shown a limited endosomal escape. HeLa cells were incubated with nanoparticles 

(10 nm diameter, 6 nM concentration) functionalised with a peptide monolayer com

posed of 10 % CALNN-HA2 and 90 % CALNN for three hours before being prepared 

for transmission electron microscopy and imaged by TEM. The images show that 

some nanoparticles have managed to escape the endosomes (red arrows in Fig. 4.13), 

but they seem to be still interacting with the some pieces of membrane coming from 

the broken endosomes, and are staying in the close vicinity of the endosomes. The 

two situations cannot readily be compared, but this example shows that HA2 has 

indeed an effect on the endosomal membrane when it is present on the surface of 

nanoparticles. 
A quantitative TEM study from U. Shaheen (unpublished data) was comparing 

10 nm nanoparticles coated with 10 % CALNN-HA2 with either 90 % CALNN as 

a matrix or with 70 % CALNN and 20 % CALNN-PEG as matrix peptides. The 

later coating is similar to the one used above in Sect. 4.1.2.2, but a different size 

of nanoparticles was used. The results seem to show that more nanoparticles are 

found in the endosomes when CALNN-PEG is present in the monolayer, but at the 

same time that the nanoparticles are surprisingly more aggregated. Additionally, 

the nanoparticles bearing CALNN-PEG peptides are found to interact less with 

the membrane, which is expected. The nanoparticle aggregation and the probably 

subsequent absence of membrane interaction observed by TEM are consistent with 

what was observed by photothermal microscopy. 

4.1.2.4 Summary 

The addition of HA2 and Tat peptides in the nanoparticle monolayer has been dis

playing some interesting features on the uptake of the nanoparticles. The cell pen

etrating effect of Tat could be witnessed, but surprisingly HA2 did also improve the 

uptake of the nanoparticles to which it was functionalised. However, the prospect 

of a cytosolic localisation of the nanoparticles bearing the HA2 sequence in their 

self-assembled monolayer did not materialise. This fact was unexpected, but could 

be explained by the low degree of interaction that the nanoparticles must experience 

with the endosomes membrane, owing to property of reducing the non-specific in

teractions that poly-ethylene glycol possesses. It is not clear, with the present data, 

what the potential of these monolayer functionalisations is, but the addition of Tat to 

the monolayer has significantly increased the uptake of particles that possessed low 

non-specific interaction properties due to the presence of PEG terminated peptides 

in the monolayer. A TE11 study could help getting some information on the beha

viour of nanoparticles functionalised with Tat and HA2. Knowing how they interact 

together inside endosomes or with the membrane of the endosomes could help a bet

ter design of the monolayer composition and maybe improve the chances of HA2 to 
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Fig. 4.13 - Gold nanoparticles functionalised w ith a p e p t ide monolayer compri:s
ing 10 % CCALNN-HA2 can escape endosom es. BeLa cells were incubated for 3h 
with 10 nm gold nanoparticles coated \vith a 90 % CCALNN - 10 % CCALNN-HA2 mixed
pept ide monola\C'f (6 n~I final concent rat ion), fixed, prepared for and imaged by TE\'I. The 
image show that some particle have e ' caped the en do omal compartments (red arrows) . 

perform it membrane disruption capabilities. Alternatively, chloroquine could be 

used in conjunction with nanopart icles functionalised with Tat and PEG termina ted 

peptides to in\'estigate whet her nanoparticles with reduced non-specific interact ion 

properties could be released away from broken endosomes in tead of taying in their 

vicinity and display an evenly distributed localisation in the cytoplasm. 

4 .2 Toxin assisted internalisation 

Streptoly in 0 is a bacterial toxin originat ing from t he group A streptococci, which 

after in 'ertion in cholesterol containing membrane f rms some t ran ient pores, which 

can be used as delivery channels. pi ller et at. used SLO in what they qualified as a 
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"biochemical microinjection" in anti-sense oligonucleotide delivery 27 improving by a 

lOO-fold the delivery of oligodeoxynucleotides in KY01 myelogenous leukaemia cells 

in comparison to incubation in absence ofSLO. The unspecific delivery of protein was 

also accomplished by streptolysin 0 treatment in rat basophile leukaemia cells, with 

proteins that were further demonstrated to be fully functional in the cytoplasm. 28 

Similarly, isotopically labelled proteins were introduced in live 293-F embryonal 

human kidney cells using a SLO pore-formation mediated entry in order to observe 

the NMR signal of proteins that did not need any further modification of their 

sequence than the isotope labelling.29 Recently, Brito et al. have used SLO to 

transfect siRNAs in human myeloma cells line and subsequently knockdown the 

expression of a targeted gene. 30 

The pores created by the toxin streptolysin 0 on cell membranes have been suc

cessfully utilised to introduce oligonucleotides 27 , proteins 28 or siRNAs 30 in mam

malian cells in the last fifteen years, but this strategy has not been applied yet to 

introduce nanoparticles inside cells. The uptake of gold nanoparticles was therefore 

investigated using this approach with a view to provide nanoparticles with a different 

entry route targeting the cell cytoplasm. 

4.2.1 Streptolysin 0 pore-forming bacterial toxin 

Streptolysin 0 is a bacterial protein toxin coming from the /3-hemolytic group A 

streptococci, composed of 571 amino acids in its native form and 541 amino acids 

in its secreted form 31 arranged in a single polypeptide chain. Once activated by 

thiols or other reducing agents32 it is forming pores in cholesterol containing cell 

membranes. The SLO monomers bind to cholesterol in the cell membrane through 

their hydrophobic C-terminal end, possibly subsequently associating into dimers 33. 

Further monomers are assembling together resulting in the complexes forming arcs 

and later for some of them rings.The binding of the monomers is a temperature

independent process unlike the pore forming step which was proposed to require a 

conformational change of the oligomers during the ring formation with one of the 

SLO domain inserting in the membrane, increasing the ring width and subsequently 

creating the pore, although the precise mechanism has not been demonstrated. 34 

Sekiya et al. have studied the pore formation on blood cells membranes by TEM 

and have identified the closed pores forming rings to have internal and external 

diameters of '" 24 and 34 nm, respectively.35 Bhakdi et al. found a similar inner 

diameter for ring-shaped pores (26 nm). They also observed that most of the SLO 

complexes were forming semicircular unclosed arcs with 13-16 nm internal radii of 

curvature36 and also rarely closed non-circularly shaped assemblies with a maximum 

one-direction dimension of '" 65 nm. 

The size of the molecules able to enter the pores could be estimated by the entry 

FITC-Iabelled molecules of several size in cells. Fawcett et al. observed that 11 , 
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38 and 148 kDa FITC-conjugated dextran and 67 kDa FITC-Iabelled bovin serum 

albumin complexes were present in the cytosol of 8LO treated rat myocytes,37 and 

Walev et al. found a cut-off of '" 150 kDa after incubating THP-1 human leukemia 

blood cells with FITC-dextran (4,80, 150, 260, 500 kDa) in presence of 8LO. 28 

The pore formation is a reversible process and the permeabilisation can be 

stopped and reversed by adding serum 38 or Ca 2+ .28 The resealing process in rat 

basophile leukemia cell was initiated by the presence of Ca 2+ and could be considered 

as temperature-independent, since it occurred efficiently at 4 DC. 28 The membrane 

repair is only partially understood at the moment though and a global understand

ing of its mechanism is difficult to be made since contradictory reports exist on the 

different processes that may be involved. A study undergone by Idone et al. sugges

ted that endocytosis is involved in the repair process of the plasma membrane of rat 

kidney cells and that the process can happen as quick as in a few minutes. 39 Walev 

et al. reported that the repair mechanism involve shedding 8LO off the membrane, 

although this process cannot account alone for the resealing as over 50 % of 8LO 

monomers were still membrane bound. 40 

Babiychuk et al. studied the Ca 2+ -mediated repair of the membrane of human 

embryonic kidney HEK293 cells and showed that the intracellular Ca 2+ concentra

tion is linked to the ability of the cells to repair their membrane. 41 The intracellular 

localisation (membrane/cytoplasm) of a combination of transiently expressed an

nexin Al and A6 (respectively labelled with YFP and CFP) provided a measure of 

the range of intracellular Ca 2+ concentration rCa 2+]i' which allowed to find a critical 

value of 10 J.lM above which the cells could not efficiently proceed to the repair and 

led to cells death. Below this threshold the cell repair mechanism was accompanied 

by rCa 2+]i oscillations and shedding of annexin Al containing microparticles from 

the cells. Notably, no endocytosis or exocytosis involving the intracellular membrane 

could be observed, but this could be related to a inability of annexins to interact 

with phosphatidylserine poor membranes. 

However, the exocytosis of", 10 % of the lysosomes present in 8LO treated NHK 

cells was observed after addition of Ca 2+ by Rodriguez et al. 42 and McNeil et al. 43 

reported the co-localisation of fiuorescently labelled lysosomes and cell membrane 

after addition of Ca 2+, which suggests that exocytosis might be involved in the 

repair process, although it is unknown to what extend. 

Yet those contradictions could be the result of the heterogeneous shapes of arcs 

and rings of 8LO oligomers observed at the surface of the membrane, with some 

functional pores and some non-functional oligomers aggregates (arcs with membrane 

still present). Those different objects could be dealt with differently by the cells 

and necessitate several distinct processes working jointly to produce an effective 

membrane repair process. 
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4.2.2 Nanoparticles/streptolysin 0 co-incubation modus operandi 

Given the uncertainty on the exact size of nanoparticles that would be effectively 

internalised by the cells through the pores, the decision was made to keep it as low as 

possible. A diameter of 5 nm was thus chosen for the gold nanoparticles throughout 

the study of 8LO mediated entry of nanoparticles in mammalian cells, as their 

observation would be possible using both TEM and photothermal microscopy. 

The cells were first incubated for 10 minutes (37 CC) in suspension in serum

free MEM with gold nanoparticles (5nm diameter) and SLO at the appropriate 

concentrations to promote a pore mediated uptake of the nanoparticles. The me

dium needed to be serum-free at that particular step of the incubation as serum 

inactivates the pore formation by streptolysin O. The nanoparticles incubation con

centration was adapted depending on the type of peptide mixture used for the self

assembled monolayer to allow the uptake of a detectable amount of nanoparticles 

in the conditions where the nanoparticles were incubated in absence of 8LO. A 

higher concentration was for instance necessary when nanoparticles coated with a 

monolayer comprising poly-ethylene glycol molecules were used, as PEG reduces the 

non-specific interactions and therefore the uptake of the nanoparticles (Sect. 3.3.2). 

The 8LO concentration was chosen after a concentration optimisation procedure (see 

Sect. B.2.6.2 for details) that allowed the permeabilisation of a minimum of 50 % of 

the cells while keeping a low level of cytotoxicity. The optimisation is required to 

be repeated regularly as the activity of the toxin is decreasing over time and needs 

to be performed each time an experimental condition is modified, such as a change 

of type of medium, cell line, temperature or resealing duration. 

In the second step of the protocol serum-containing medium was added to the 

cells to inactivate the toxin and stop the formation of pores in the cell membrane, 

and the cells were left to reseal for another 20 minutes at 37 cC. The nanoparticles 

were then discarded by removing the medium (centrifugation) to avoid any further 

endocytosis mediated uptake of the nanoparticles. At that time the cells were seeded 

on an Iwaki glass dish in serum-containing medium, where they were left to attach 

to the dish for 4 hours, before fixation and imaging by photothermal microscopy. 

The duration of the later incubation period (4 h) was driven by the necessity of the 

attachment of the cells to the glass dish following their incubation in suspension, 

to allow their subsequent fixation and imaging. This process was found to take a 

minimum of four hours. 

4.2.3 Streptolysin 0 effect on the quantity of nanoparticle uptake 

He La cells were incubated in suspension with 5 nm diameter gold nanoparticles 

(100 nM) coated with the matrix peptide CALNN in presence (or absence) of the 

membrane pore forming toxin streptolysin 0 in serum-free medium for 10 min at 

37 cC. The cells were incubated another 20 min in serum-containing medium for cell 
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resealing, as serum deactivate the toxin, before the medium was changed for nano

particles removal (see Sect. B.2.6.2 for incubation protocol details). The cells were 

then left to adhere on an Iwaki dish for 4h in serum-containing medium, before 

fixation and photothermal imaging. f 

A representative photothermal image of the uptake of the nanoparticles is shown 

in Fig. 4.14A and B, for the cells incubated respectively in absence or in presence 

of streptolysin O. A visual impression arises when observing those images that the 

uptake in the presence of streptolysin 0 is slightly more important than without. 

However, this impression was not proved to be true. A quantification of the intern

alisation was done by analysing single cells mean photothermal intensities, to obtain 

a mean value of the nanoparticles uptake per cell (see Sect. B.2.9.4 for method de

tails). The outcome of the quantification is that the uptake was similar in the two 

samples (+/- SLO). The streptolysin 0 treated cells have photothermal intensities 

that seem individually more evenly distributed within the different fields of view, 

but the average of the mean cell intensities is below the one of non-streptolysin 0-

treated cells. The reason of this later statistical characteristic lies in the presence of 

a few cells with higher mean uptake in absence of streptolysin O. Indeed, in those 

cells the presence of aggregates that were taken up or that were stuck at the surface 

of those cells (Fig. 4.14A) is increasing a mean photothermal intensity that would 

otherwise be rather low. Nevertheless, even if the uptake in presence of streptolysin 

o appears to be slightly lower, the difference of the photothermal intensity means 

of the two conditions (+/- SLO) was not found to be significant (ANOVA one-way 

test). An average processed after removal of the outliers in both photothermal in

tensity populations (+ / - SLO) of the analysed cells showed that the two means were 

even more markedly close. The higher/lower order was changing depending on the 

definition used for the outliers, but most importantly the difference between the two 

means was quite logically again not found to be significant. 

The streptolysin 0 treatment in the case of nanoparticles functionalised with the 

matrix peptide CALNN alone can therefore be considered as void with respect to the 

nanoparticle uptake quantity, and the uptake probably dominated by endocytosis. 

This could be due to the natural high interaction of CALNN-coated nanoparticles 

with the cell membrane which would see the endocytosis prevail over a pore forming 

mediated uptake in term of quantity of uptake. 

In order to test that hypothesis HeLa cells were incubated in the same conditions 

as previously, with nanoparticles coated with the addition of either 10 % or 20 % of 

CCALNN-PEG peptides in their monolayer, to reduce the non-specific interactions 

of the nanoparticles with the cell membrane and try to promote the pore mediated 

entry over endocytosis. The concentration had though to be changed as addition 

of CCALNN-PEG in the monolayer is reducing the uptake quite dramatically, es-

fnanoparticle preparation, SLO optimisation, cell work and SLO treatment: U. Shaheen 
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Fig. 4 .14 - Influence of streptolysin 0 on the internalisation of CALN p eptides 
coated nanoparticles. HeLa cells were incubated in suspension with 5 nm gold nanoparti
cles (100 n:-1 concentration) coated \\'ith the matrix peptide CALNN in pre ence (or absence) 
of t he membrane pore forming toxin streptolysin 0 in serum-free medium for 10 min at 37 cC. 
The cells \\-ere incubated ano her 20 min in serum-containing medium (toxin inactivation) 
for resealing, before the medium was changed for nanoparticies removal (see Sect. B.2.6.2 for 
incubation protocol detai ls) . The cells were then left to adhere on a n Iwaki dish for 4 h in 
serum-containing medium, before fL-xat ion and photothermal imaging. (A- B ) Photothermal 
images of the cells in absence or presence of streptolysin 0: (A ) cells incubated in absence 
of SLO: (B ) cells incubated in presence of SLO . (C ) Quantification of 50 and 64 single 
cells mean photothermal intensities for t he conditions shown in (A) and (B), respect ively. 
T he means were not found to be significant ly di ffe rent (one-way A:;'OVA test ) . Error h al'S 
represent the SE. Scale bars represent 20 pm. 
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pecially in the case of 20 % added CCALNN-PEG, as it was shown in Sect. 3.3.2. 

A nanoparticle concentration value of 600 nM, six times the one used for CALNN 

coated nanoparticles, was therefore chosen to allow a direct comparison between the 

two nanoparticle coatings and at the same time to enable the internalisation of an 

appropriate amount of 20 % CCALNN-PEG coated nanoparticles for them to be 

subsequently detected. 

A representative photothermal image of each condition is shown in Fig. 4.15A-

D. For both monolayer types, 10 % CCALNN-PEG - 90 % CALNN and 20 % 

CCALNN-PEG - 80% CALNN, an increase of the nanopartic1es uptake is vis

ible in the cells incubated in presence of streptolysin 0 (as compared to incubation 

without toxin). The mean amount of nanopartic1e uptake per cell of the four condi

tions was appraised by the analysis of'" 50 single cells mean photothermal intensities 

in each condition (method details in Sect. B.2.9.4). The quantification (Fig. 4.15E) 

confirms a large increase of the cells uptake for the nanoparticles bearing 10 % of 

CCALNN-PEG in their monolayer in presence of streptolysin 0 during the incuba

tion as compared to the absence of SLO. A more moderate increase is observed in 

the case of nanoparticles comprising 20 % of CCALNN-PEG in their monolayer. For 

both sets of nanoparticles containing CCALNN-PEG in their monolayer a signific

ant difference (p<O.01) between the presence and absence of streptolysin 0 during 

the incubation was found by ANOVA tests and follow up Holm-Bonferroni tests 

processed on the photothermal intensities populations (+ / - SLO) of each type of 

monolayer. It confirms statistically that streptolysin 0 increases the uptake of na

noparticles that have a limited interaction with the cell membrane (10 % or 20 % 

CCALNN-PEG), although the mechanism for this entry cannot be inferred from 

those first evidences. 

4.2.4 Intracellular nanoparticle distribution after Streptolysin 0 

mediated uptake 

The images shown in Fig. 4.14A-B and Fig. 4.15A-D do provide a good estimation of 

the quantity of nanoparticles taken up by the cells in the different conditions (0 %, 

10 %, 20 % CCALNN-PEG monolayer content ± SLO), but a better resolution is 

necessary to allow a deeper investigation on the intracellular distribution of the na

noparticles. A series of photothermal images with a pixel size twice smaller as before 

(310 nm here, 620 nm in the previous section) was therefore acquired on the same 

samples as the ones used for the nanoparticles uptake quantification (Sect. 4.2.3). 

Two images of each condition are shown in Fig. 4.16-4.18, for cells incubated in 

presence or absence of streptolysin 0 and co-incubated with nanoparticles composed 

of the matrix peptide CALNN and the addition of 0 % (Fig. 4.16), 10 % (Fig. 4.17) 

or 20 % (Fig. 4.18) of CCALNN-PEG peptides. The same image contrast was chosen 

for all the images in the three figures in order to allow a side by side comparison of 
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Fig . 4.15 - S t r ep tolysin 0 induced in crease of CCALNN-P E G funct iona lised go ld 
n a n opa r t icies u ptake. HeLa cells were incubated in suspension with 5 nm gold nanopar
ticles (600 n:'1 concentration) coated with t he matrix peptide CALNN and 10 % or 20 % of 
CCALNN-PEG peptides in presence (or absence) of the membrane pore forming toxin strep
tolysin 0 (5LO) in serum-free medium for 10 min at 37 ac. The cells were incubated another 
20 min in serum-containing medium (toxin inactivation) for resealing, before the medium was 
changed for nanoparticles removal. The cells were left to adhere on an Iwaki dish for 4 h 
in serum-containing medium. before fixation and imaging. (A - B ) Photothermal images 
of cells incubated with nanoparticle containing 10 % CCALNN-PEG in their monolayer, 
in absence or presence of 8LO. (C- D ) Photothermal images of cells incubated with na
noparticle containing 20 % CCALNN-PEG in their monolayer, in absence or presence of 
5LO. (A, C ) Cells incubated in absence of SLO. (B , D ) Cells incubated in presence of SLO. 
(E ) Quantification of '" 50 single cells mean photothermal intensities for the conditions 
shown in (A- D). * illdicate a statist ically significallt difference (p< O.OI, one-way ANOVA 
and Holm-Bonferroni tests) . Error bars represent the SE. Scale bars represent 20 j.im. 
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the different conditions. 

4.2.4.1 SLO influence on the nanoparticle uptake 

The cells that were incubated with nanoparticles in presence of SLO display more 

numerous endosomes than the cells that were incubated without SLO. Additionally 

higher photothermal intensities are observed in the endosomes in presence of SLO, 

pointing towards a bigger number of nanoparticle per endosome in presence of SLO 

during the incubation. The endosomes are also more evenly spread across the cells 

in presence of SLO, when their location seems more sporadic without SLO. 

Three types of nanoparticles were tested, each of them coated with CALNN 

peptides and the addition of varying CCALNN-PEG peptides proportions (0 %, 
10 %, 20 %) to assess the influence of the degree of interaction with the cell membrane 

during the internalisation. The observations made are valid for the three nanoparti

cles type and show that SLO affects the quantity of nanoparticles uptake through the 

number of endosomes. However, no significant cytosolic presence of nanoparticles 

was observed in either samples in the conditions used for the experiments, leaving as 

an open question the mechanism by which SLO influences the nanoparticle uptake. 

4.2.4.2 Monolayer CCALNN-PEG content influence on SLO mediated 

uptake 

The quantity of nanoparticles taken up by the cells was shown to be increased by the 

co-incubation with streptolysin 0 for nanoparticles bearing either 10 % or 20 % of 

CCALNN-PEG in their monolayer. Introducing PEG molecules at the surface of the 

nanoparticles changed the interactions between the nanoparticle and cell membrane 

surfaces and allowed streptolysin 0 to influence the quantity of nanoparticle up

take, which did not happen without the addition of PEG to reduce the non-specific 

interactions. 
A comparison of the photothermal images of cells incubated in presence of SLO 

and nanoparticles coated with a peptide monolayer bearing either 10 % (Fig. 4.17C

D) or 20 % (Fig. 4.18C-D) of CCALNN-PEG peptides with the same nanoparticles 

concentration (600 n:M) shows that the endosomes have a higher nanoparticle density 

with a smaller proportion of PEG molecules at the surface of the nanoparticles. This 

demonstrate that the interaction of the nanoparticles and the cell membrane plays 

an important role during the internalisation, but again cannot give more insight on 

the role that 8LO plays in it. Indeed, the increased internalisation observed with an 

increased nanoparticle-cell surfaces interaction (10% CCALNN-PEG) could either 

be provoked by a more favoured endocytosis or a stronger interaction of the nano

particles with the pore created by SLO. More endosomes also seem to be present 

in the cells incubated with 10 % CCALNN-PEG as compared to the ones incubated 

with 20 % CCALNX-PEG, although a definite statement on this matter is difficult 
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Fig . 4 .16 - Int racellula r distribut ion of CALNN coated gold nanoparticles a fter 
str ep tolys in 0 co-incubation. HeLa cells were incubated with gold nanoparticlcs (5 nm 
diameter, 100 n:'1 concentration) coated with the matrix peptide CALNN in absence or in 
presence of the membrane pore forming toxin streptolysin 0 (SLO), as explained previously 
in Sect. 4. 2.2, fixed and imaged by photothermal microscopy. Images of the same samples as 
in Fig. 4. 14 were acquired with a twice finer resolution, to allow an enhanced visualisation of 
the intracellular nanoparticle distribution. (A - D ) Photothermal images showing the nano
particles distribution inside cells after co- incubation with or without 8LO: (A - B ) incubation 
in absence of SLO; (C- D ) incubation in presence of 8LO. Scale bars represent 10 {Lm . 

to give as the pre -ence of endosomes containing very few nanoparticles could have 

stayed undetected by the photothermal microscope in the condi tions used for the 

experiments. 

It would be useful to integrate some information on the distribution of the Cll

dosome sizes and their corresponding photothermal intcnsi ties wi thin single cells 

to confirm the visual impressions. which could happen to be wrong. That kind of 

investigation would necessitate a throughout image analysis on every single cell con

sist ing in performing a serie- of image transformat ions, typically erode and dil ate 
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Fig. 4 .17 - Intracellular distribution of gold nanoparticles coated with a 10 % 
CCALNN-PEG - 90 % CALNN monolayer after streptolysin 0 co-incubat ion . 
HeLa cells were incubated with gold nanoparticle' (5 11m diameter, 100 n?l1 cOllcentration) 
coa ed with the matrix peptide CALNN and an additional 10 % of CCALN -PEG pept ide:;, 
in absence or in presence of the membrane pore forming toxin treptolysin 0 (SLO), RS 

C'xplainNj prC'viollsly in SC'ct. 4.2.2 , fixC'd and imagC'd by phototlwrmal microscopy. ImagC's 
of the same amples as in Fig. 4.14 were acquired with a twice finer resolution , to a llow an 
enhanced visualisation of the intracellular nanoparticle distribution . (A - D ) Photothermal 
images showing the nanoparticle ~ di "tribut ion inside cell " after co-incubation with or without 
SLO: (A - B ) incubation in absence of SLO: (C- D ) incubat ion in pre ence of SLO . cctle 
bars represent 101/m. 
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Fig. 4.18 Intrace llular distribution of gold nan opa r t icles coated with a 20 % 
CCALK --PEG - 0 o/c CALN'K monolayer after str ep t olysin 0 co-incubation. 
HeLa cells "'ere incu ba ted with gold nanopanicJes (;) nm diameter , 100 n?-'1 concentration) 
coa ed with th matrix peptide CAL\,:\' and an additional 20 % of CCALNN-PEG peptides , 
in ab ' nee or in presence of the membrane pore forming toxin streptolysin 0 (SLO), as 
explained p[('\'ioll"l~' in ('ct. -1.2. :! . fL'\('d and imaged b)' photothrrmal microscopy. Imag('s 
of he same samples as in Fig. -1 .1-1 \\'ere acquired with a twice finer resolution, to a llow an 
enhanced \'iualisa ion of he intracellular nanopanicJe distribut ion. (A- D ) Photothermal 
images sho\\'ing he nanoparticles dis ribution inside cells aft er co-incubation with or wi thout 

LO : (A - B ) incubation in absence of SLO: (C- D ) incubation in presence of SLO . Scale 

bars reprc::.en 101 /111 . 
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4. Facilitated delivery of gold nanoparticles 

processes, to allow a subsequent automatic recognition of the highlighted objects 

based on their aspect ratio (close to the one of a disk). Unfortunately, a series of 

new images would need to be acquired in order to perform such image analysis. 

Indeed, in the current images a misalignment between even and odd lines can be 

observed, especially on the left of the images. While going from the left to the right 

of the images, these defects progressively disappear along the image scan. This ori

ginated from a hardware related software based synchronisation problem during the 

image scan which was unsolved at the time when the images were acquired and has 

been fixed since then. 

4.2.5 Cell mean nanoparticle quantity distribution 

In a given condition, the nanoparticle uptake is varying from cell to cell, but a mean 

value can characterise the quantity of uptake of the cell population (Sect. 4.2.3). 

The populations of cells incubated with the three different monolayer composition 

(100 % CALNN, 10 % CCALNN-PEG - 90 % CALNN, 20 % CCALNN-PEG -

80 % CALNN) in presence or in absence or SLO will be examined through the 

distribution of the cells mean photothermal intensities, to appraise the effect that 

streptolysin 0 had on the nanoparticle uptake on the whole population. 

Figure 4.19 show the distribution of mean photothermal intensities measured 

for the cells in the six different conditions. The distributions are similar in the 

populations that were incubated in absence of streptolysin 0 for the three types of 

nanoparticle monolayer, with a large number of cell exhibiting a low nanoparticle 

loading. The distributions of cell mean nanoparticle content change significantly 

when the cells were incubated with SLO, becoming broader and having some sim

ilarities to the characteristic bell-shaped normal distribution. This observation is 

valid for the three types of monolayer, but a particular emphasis should be made 

on the distribution of cells incubated with nanoparticles coated with a monolayer 

comprising 10 % of CCALNN-PEG peptides. This cell population was shown to dis

play the largest increase of nanoparticle uptake while compared to cells incubated 

with the same nanoparticle type but without 8LO, and shows here to have cell mean 

photothermal intensities well spread between the minimum and maximum intensities 

with a shape looking like a normal distribution. 

In order to assess whether the populations of cells incubated in presence of SLO 

can statistically be considered as normally distributed or not, a series of statistical 

tests was conducted on the six cell populations (0 %, 10 %, 20 % CCALNN-PEG 

± 8LO). The Kolmogorov-Smirnov normality test showed that the three popula

tions of cells incubated in presence of SLO are a normally distributed at the 0.05 

level (Tab. 4.3), when the populations of cell incubated in absence of 8LO are not 

normally distributed. However, the more powerful Lilliefors test only detected the 

cells co-incubated with 10 % CCALNN-PEG coated nanoparticles and SLO to have 
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Fig. 4 .19 - Distribut ion of t he cells mean gold nanoparticles content after incub
ation wit h nanopar t icles in presence or absence of streptolysin O. Nanoparticles 
coated with a peptide monolayer composed of either 100 % CALN or 10 % CCALNN
PEG - 90 % CALNN or 20 % CCAL N-PEG - 80 % CAL N were used to study the 
influence of the membrane pore-forming toxin SLO 0 11 their uptake in He1 a cell '. T he 
photothermal intensities of individual cells used to produce a mean nanoparticle uptake per 
cell for each of the aforementioned monolayer type in presence and in absence of 8LO dur
ing the incubation of the nanoparticles with cells (Fig. 4.14C and Fig. 4.15E) were used to 
build histograms represent ing the distribution of nanopart icle uptake of the different cell 
populations. From left to right: 100 % CA1 NN, 10 % CCALNN-PEG - 90 % CA1NN. 
20 % CCALNI -PEG - 80 % CALNN, Top: incubation without SLO; bottom: incubation 

in presence of SLO. 

a normally distributed population and the Shapiro-Wilk t est (increased power) did 

not qualify any of the distributions as normal (0.05 level). 

To better est imate the mcaniug of the discrcpallcies exposed by the different stat

istica l normality tests and provide a graphical tool to judge the degree of normali ty 

Q_Q plots can be utili ed . For each cell population (incubation with nanopart i

cle coated with 0 %, 10 %, 20 % CCA1N -P EG; ± S10), the quantiles of the cells 

mean photothermal intensit ies population are plotted against the quantiles of a nor

mal distribution wi th the same mean and standard deviation as the cell population 

to allow for a comparison. A given cell mean nanopart icle content population would 

be well described by a normal distribution if the circles in F ig. 4.20 are aligned to the 

red line. The cells incubated without SLO display cell mean photothermal inten ity 

distribut ions very distant from a normal distribution. In presence of SLO during 
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Monolayer type Normality statistical test (± SLO) 

statistical power 

Shapiro-Wilk Lilliefors K-S 

- SLO + SLO - SLO + SLO - SLO + SLO 

0 % CCALNN-PEG X X X X X ./ 

10 % CCALNN-PEG X X X ./ X ./ 

20 % CCALNN-PEG X X X X X ./ 

Tab. 4 .3 - Normality tests conducted on the cell mean nanoparticle content 
populations. Kolmogorov-Smirnov (K-S), Lilliefors and Shapiro-Wilk normality tests were 
undertaken to appraise the similarity of the cell nanoparticle mean content population dis
tribution to a normal distribution and compare the cells populations in the case of a co
incubation of the nanoparticles with or without SLO (± SLO) . ./ indicates a cell population 
that was found to be drawn from a normally distributed population at the 0.05 level by the 
test considered (X: opposite conclusion). 

the incubation , the cell population have indubitably a tendency to change towards 

normality. This is especially true for the cells incubated with nanoparticles coated 

with a 10 % proportion of CCAL N-PEG peptides in their monolayer in presence 

of SLO, for which the cell mean photothermal intensities are very close to a normal 

distribution on most of the intensity range. 

4.2.6 Discussion 

The influence of the non-specific interactions during the internalisation of gold na

noparticles via streptolysin O-induced pore formation was investigated. To change 

the surface properties of the gold nanopart icles, and t he non-specific properties in 

particular, the composition of the protective self-assembled monolayer was varied. 

The introduction in the monolayer of different proportions of poly-ethylene glycol 

known to reduce t he non-specific interactions - through CCALNN-PEG peptide:'> 

provided a proxy to assess the importance of the nanoparticle-membrane interactions 

during the streptolysin ° facili tated entry of nanoparticle in HeLa cells . 

Cells were incubated in presence or in absence of st reptolysin ° with nanopar

tides coated with a monolayer composed of either 100 % CALNN peptide, which 

allow a natural interaction of the nanoparticles with the cell membrane as their 

quantitative endocytosis could witness, or 10 % CCALNN-PEG - 90 % CALNN, 

which provoke a diminished internalisation of the nanoparticles by endocytosis , or 

finally 20 % CCALNN-PEG - 80 % CALNN, whose ability to further reduce non

specific interactions between the nanoparticles and the membrane further hinders 

their endocytosis mediated uptake. Photothermal microscopy was employed to es-
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Fig. 4.20 - Q-Q plots comparing t he cells mean gold nanoparticle content d istr i
but ion to a nor mal d istribution . The quantiles of the cells mean nanoparticle content 
distribut ion are plotted against the quantiles of a normal distribution with the same mean 
and standard deviation as the cell population to allow for a comparison. The cells mean na
noparticle content population would be well described by a normal distribut ion if t he circles 
are aligned to t he red line. 

t imate the nanoparticle uptake of t he cells in t he different conditions, and a summary 

of the location of the different representative images is availa ble in Tab. 4.4, together 

with the monolayer compositions and nanoparticle incubat ion concentration. 

The ratio of the mean uptake per cell after their incubation with 5 nm diameter 

gold nanopar t icles in presence and in absence of streptolysin 0 provides a comparison 

of t he influence of streptolysin 0 on the quant ity of nanoparticle uptake. This can be 

eva luated through the ratio of the mean photothermal intensity per cells in the two 

incubation conditions (+ 8LO / - 5LO) for three the different nanopart icle monolayer 

compositions. The variances of the ratios were calculated using the Delta method 

which consists in using a Taylor series expansion to approximate the variance of 

the ratio of two variables (populations: - 5LO and + 5LO), further assuming the 

independence of t he variables. The standard errors were further obtained from the 

calculated variances. 

Figure 4.21 displays t he nanoparticle uptake ratios and summarise effect ively 

t he impact that streptolysin 0 had on the uptake in the three different conditions, 

regardless of the nanopart icle concentration used . The quantity of nanoparticles 

uptake was shown not to be influenced by the presence of 5LO for nanopa rticles 
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Monolayer composition N anoparticle Corresponding figures 

Matrix peptides concentration (quantification/localisation) 

CALNN CCALNN-PEG (nM) - SLO + SLO 

100% 100 4.14A/4.16A-B 4.14B/4.16 C-D 

90% 10% 600 4.15A/4.17 A-B 4.15B/4.17C-D 

80% 20% 600 4.15C/4.18A-B 4.15D/4.18C-D 

Tab. 4.4 - Monolayer compositions prepared for the assessment of streptolysin 0 
influence on the uptake of gold nanoparticles. 5 nm diameter gold nanoparticies were 
prepared with a self-assembled monolayer composed of matrix peptides CALNN and differ
ent proportions (0 %, 10 %, 20 %) of CCALNN-PEG peptides. HeLa cells were incubated 
with those nanoparticles in the presence or absence of SLO (see Sect. B.2.6.2 for incuba
tion details), fixed and imaged by photothermal microscopy. The monolayer compositions 
and the figures numbers where the corresponding photothermal images can be found are 
associated. 

bearing solely CALNN peptides, which hints that endocytosis was dominating their 

internalisation. On the contrary, in the presence of non-specific interaction weaken

ing peptides CCALNN-PEG in the nanoparticle monolayer, the uptake in presence 

of SLO was increased by a six fold with a 10 % proportion and by nearly two fold 

with 20 %, in comparison to the uptake of the same nanoparticle types without SLO. 

If one considers that the nanoparticles are essentially delivered through the pores 

created by SLO for those types of nanoparticles, then the conclusion that too little 

interaction between the nanoparticles and the cell membrane is decreasing the effi

ciency of the uptake arises. Yet a delivery through the pores formed by SLO in the 

plasma membrane would normally imply a cytosolic delivery of the nanoparticles, 

but this was not observed by photothermal microscopy. However, the conditions in 

which the images were acquired did not allow the detection of single sparse nano

particles that would be dispersed in the cytosol. 

Despite that, if a significant number of nanoparticles was readily entering the cells 

through the pores formed by the toxin streptolysin 0 and stayed in the cytoplasm, 

the nanoparticles would be in a much closer proximity to one another, which would 

allow their detection and display an evenly distributed photothermal signal in the 

cytosol, which has not been monitored. None of the photothermal images of the cells 

incubated with 8LO acquired in this study allow to demonstrate that a significant 

amount of nanoparticles has reached the cytosol. 

Nevertheless, a comprehensive TEM study of the internalisation of CALNN/ 

CCALNN-PEG coated nanoparticles in presence of streptolysin 0 proceeded by U. 

Shaheen (unpublished data) in conjunction with the present one showed a few na-
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Fig. 4 .21 - Influence of monolayer non-specific interactions on streptolysin 0 
facilitated entry of gold nanoparticles. Nanoparticles coated with a peptide monolayer 
composed of either 100 % CALNN, 10 % CCALNN-PEG - 90 % CALNN or 20 % CCALNN
PEG - 80 % CALNN were used to study the influence of the membrane pore-forming toxin 
BLO on their uptake in HeLa cells. The mean photothermal intensity of the cells was used 
to estimate the mean quantity of nanoparticle internalised per cell with the three types 
of monolayer with decreasing non-specific interactions with the cell membrane (0 %, 10 %, 
20 % CCALNN-PEG) in presence or in absence of streptolysin O. The ratio of the mean 
nanoparticle uptake per cell with and without co-incubation with SLO is plot for the three 
monolayer types studied. Error bars represent the BE. 

noparticles located in the cytosol. It represented", 1 % of the observationsg in cells 

incubated with 10 % CCALNN-PEG coated nanoparticles, when it was possible to 

discriminate "-' 13 % of themh in cells incubated with 20 % CCALNN-PEG coated 

nanoparticles. However, a comparison with nanoparticles incubated in absence of 

5LO would be needed to confirm that the cytosolic localisation is indeed due a toxin 

pore forming induced entry of the nanoparticles. 

To explain the enhanced nanoparticle uptake provoked by their incubation with 

the pore forming toxin 5LO and at the same time justify the presence of numerous 

endosomes and the absence of a significant proportion of nanoparticles in the cytosol 

some processes encouraging the nanoparticle entrapment in endosomes must be pro

moted by 5LO. The following three not mutually exclusive hypotheses are proposed 

to explain the observed endosome captured nanoparticles: 

1. NPs are trapped in endosomes during the 5LO/NPs co-incubation: 

a) streptolysin 0 monomers or oligomers binding to the membrane is trig

gering an increased endocytosis 

b) an increased endocytosis is induced by the membrane repair mechanism 

2. NPs are recycled from the cytosol into endosomes after a pore entry 

g9 cytosolic nanoparticles out of 809, statistics performed on 7 cells 
h 13 cytosolic nanoparticles out of 103, statistics performed on 5 cells 
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The resealing of the cells, which is achieved by the addition of serum-containing 

medium, is a pivotal step of the incubation. It allows the inactivation of the toxin and 

the subsequent sealing of the cells, but also to mechanically reduce the nanoparticle 

concentration in the medium by nearly two third by the volume added. However , 
during the twenty minutes necessary to this process nanopartides endocytosis is not 

prevented and could even be promoted by SLO as suggested by Idone et al. 39 

Hypotheses Ib could then be tested by changing the temperature during the 

resealing process. Owing to the fact that endocytosis is an energy dependent process, 

proceeding to the resealing step of the incubation at 4°C (and 37°C as a control) 

would allow to block any endocytosis that could be happening during that time 

period and verify whether a SLO enhanced uptake (10 and 20 % CCALNN-PEG 

conditions) is still fired or not and if the endosomes would be consequently less 

importantly represented. 
However, the first two hypotheses fail to explain on their own the absence of 

effect of SLO on the quantity of nanoparticle uptake when PEG is not present 

in the monolayer. Indeed, nanoparticles coated solely with CALNN peptides are 

interacting more with the cell membrane than the ones bearing some additional 

CCALNN-PEG peptides, but their uptake is not promoted quantitatively by SLO. 

Hypotheses la and Ib would therefore additionally require an interaction between 

SLO and PEG to take place or SLO to promote an interaction of the PEG coated 

nanopartides with the cell membrane - which is very unlikely - to explain their 

increased uptake by endocytosis. At the same time this interaction would need 

to be hindered when the amount of CCALNN-PEG peptides in the monolayer is 

increased, as 10 % CCALNN-PEG coated nanoparticles displayed a stronger increase 

of their uptake in presence of SLO than the 20 % CCALNN-PEG coated ones. Taken 

together those evidences make hypothesis 2 a more suitable process candidate. 

In order to determine if the nanopartide endosomalloading is happening after the 

resealing process, the observation of the cells by photothermal microscopy should be 

proceeded to at an earlier time, ideally directly after the nanoparticJe removal. This 

could be achieved by adapting the incubation protocol to allow an earlier fixation 

of the cells, just after the resealing step. 

This is not a trivial modification of the protocol though, as it would require to 

proceed to the nanoparticle incubation on cells that would already be attached on 

the glass dish. The conformation of the cells is different when they are attached to 

a glass dish. They possess a wider surface area exposed to the incubation medium, 

as they stretch them-selves while stuck to the glass slide. This may induce more 

endosomal uptake, especially if endocytosis is the dominant process responsible for 

the SLO facilitated internalisation of the nanoparticles, and the reorganisation of 

the extracellular matrix components may also change the way the nanopartides and 

cells surfaces interact with each others. The cell surface conformation changes may 
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therefore alter the processes by which SLO influence the internalisation of the na

noparticles, should it have a significant influence on grafted cells, and consequently 

disallow a comparison between the processes on adhering and non-adhering cells. 

In conclusion, should SLO prove to be able to provide a route towards the cytoso

lie delivery of gold nanoparticles or not is still an open question, and the dynamics 

of nanoparticle entry which would be imaged by live photothermal microscopy could 

be giving new insights into the entry mechanisms. 

4.3 Conclusion 

Different strategies of facilitated entry of gold nanoparticles in mammalian cells 

owing to avoid endosomal entrapment or to disrupt them have been investigated in 

this chapter. First, the drug chloroquine has been utilised in combination with the 

cathepsin L protease inhibitor Z-FF-fmk to enhance the protection of the nanopar

tides against proteolytic monolayer degradation. Chloroquine also helped breaking 

the endosomes by which the nanoparticles were internalised in the cells. However, the 

nanoparticles were observed to be staying in the vicinity of the broken endosomes, 

interacting with pieces of endosome membranes and globally not displaying the 

characteristics of dispersed cytosolic nanoparticles. 

In a second phase, a combination of the cell-penetrating Tat terminated peptides 

and endosome disrupting HA2 terminated peptides were used to functionalise gold 

nanoparticles. The resulting compounds showed an increased uptake due the effect 

of Tat and surprisingly also HA2, but not a combined effect of both. Markedly, the 

nanoparticles were not observed to have significantly escaped the endosomes despite 

the capacity of HA2 to disrupt membranes, probably because of a lack of interaction 

with the endosome membrane preventing HA2 to act to break the membrane. 

Finally, the membrane pore forming toxin streptolysin 0 was employed during 

the incubation of the nanoparticles to try to promote their cytosolic entry. This 

could not be witnessed, although the process did actually increase the quantity of 

uptake of particles when a proportion of poly-ethylene glycol terminated peptides 

was added to the monolayer. This was particularly significant when a proportion of 

10 % of CCALNN-PEG peptides was introduced in the monolayer and slightly less 

important with further PEG containing peptides, but it was absent with nanopar

tides possessing a stronger interaction with the cell membrane. The nanoparticles 

were shown by photothermal microscopy to be located in endosomes in all conditions. 

This could be originating from a nanoparticle recycling in endosomes after an initial 

cytosolic entry through the streptolysin 0 formed pores, although further in-depth 

investigations of the entry dynamics are required to provide a better view of the 

mechanism. 

Materials and methods available in Appendix B.2 
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Chapter 5 

"Stripy" nanoparticles revisited 

n 2004 Jackson et al. published the article entitled "Spontaneous as

sembly of subnanometre-ordered domains in the ligand shell of mono

layer-protected nanoparticles"l in Nature Materials. This article be

came over the last seven years the foundation of a series of interlinked 

articles on "stripy" nanoparticles, published by the group of F. Stellacci 

in various high profile journals. 

Those "stripy" nanoparticles are composed of a metal core - gold in general

of a few nanometres (2-8 nm) and coated with a self-assembled monolayer comprised 

of a mix of two types of thiolated ligands. This paper and the thirteen following 

ones 2- 14 published by this group on "stripy" nanoparticles all claim that the ligands 

self-organise at the surface of the gold core to form ripples. Subsequently, a number 

of properties have been credited to those nanoparticles amongst them, the prop

erty to "interact with the molecular environment in a novel way" allowing them to 

"avoid non-specific adsorption of proteins"l, a "non-monotonic dependance on com

position of solubility,,7 or later, when "water-soluble amphiphilic gold nanoparticles 

with structured ligand shells" were reported 11, the ability to "penetrate the plasma 

membrane without bilayer disruption".l2 

The properties of those nanoparticles are attractive and important for the bionan

omaterial and drug delivery community as they echo some of the current challenges 

in the field such as the controlled self-assembly of molecules on nanoparticles,15 

identifying the interactions of the nanomaterials with biomolecules and cells 16 or the 

intracellular delivery and fate 17 of these engineered nanomaterials. However, seven 

years after the publication of the first article of the series, the nanoscale organisa

tion of mixed alkane thiol ligands on gold nanoparticles has not yet been reported 

by any other group. Additionally, claims presented in this series of articles are some

times not consistent (for example: solubility, Fig. 5.6 in Sect. 5.1.5; interdigitation 

in Sect. 5.1.2), and results are often incorrectly or over-interpreted, commonly lead

ing to unsupported conclusion by the authors (Sect. 5.1.6), but noticeably all start 
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hypothesising or lead to the conclusion of stripiness. 

The evidences presented to support the existence of ripples on those particles 

will be revisited in this chapter, which will be divided in two parts. The first part is 

going to focus on the first article by Jackson et al., reviewing the evidences, claims 

and interpretations provided to clearly demonstrate that the existence of ripples has 

not been proved herein. The second part will concentrate more on the interactions 

of nanoparticles with cells dealt with more recently by Verma et al. 12 

5.1 The underpinning of "stripy" nanoparticles 

5.1.1 Sensible geometry: 2D images are projections of 3D objects 

Geometrically predicted particles and experimentally imaged gold nanoparticles will 

be compared here. First, a 5.8 nm nanoparticle is taken as a theoretical example. 

The gold core is a 3.8 nm diameter sphere covered with a 1 nm thick layer, featuring 

stripes having a 1 nm regular spacing in 3D (Fig. 5.1A) and two "poles" (left and right 

side of the nanoparticle in Fig. 5.1B). This diameter of 5.8 nm (perimeter = 7r X d ~ 

18 nm) implies that there are 9 stripes on the sphere, owing to the pole symmetry, 

hence 9 per hemisphere. 
If this nanoparticle was observed by Scanning 'TUnnelling Microscopy (STM), 

the apparent spacing of the stripes on the 2D image - the projection of their 3D 

structure on a 2D image plane - would certainly not be regular (Fig. 5.1B). Indeed 

while moving from the top of the observed hemisphere with a STM tip towards 

its edge, the apparent spacing between the stripes on the 2D image is decreasing 

quickly from stripe to stripe (1 nm, 0.9 nm, 0.6 nm, 0.3 nm). This is easily visible on 

the height profile of the theoretical nanoparticle (Fig. 5.1C), which has been taken at 

the position of the white line - in the middle of the nanoparticle- in the theoretical 

STM image in Fig. 5.1B. 
But what has been reported by Jackson et al. is quite different. Figure 50lD (ad

apted from Fig. 1 b from Jackson et al. 1) displays a STM image of a gold nanoparticle 

coated by a mix of l-octanethiol (CH3-(CH2h-SH, OT) and mercaptopropionic 

acid (HOOC-(CH2h-SH, MPA) ligands with a 2:1 molar ratio. The associated 

height profile (Fig. 5.1E, adapted from Fig.1d in Jackson et al.) shows a constant 

stripe spacing of'" 1 nm, which is in contradiction with the geometrically predicted 

profile. This is not only the case for this particular nanoparticle as the ten nano

particles of the same first STM image from Jackson et al. (Fig. 1a) display a similar 

propensity. Figure 5.2 shows the height profiles corresponding to those ten nano

particles along with the predicted one. Looking at the height profile of those ten 

experimentally imaged nanoparticles, from the top of each individual sphere to its 

edge, the stripes spacing appears to be fairly constant. The values measured from 

these profiles, reported in Tab. 5.1, exhibit a rather small variation (",1.05-1.1 nm), 
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Fig. 5.1 - Theoretical and exp erimentally measured (STM) stripe widths of a 5 .8 
nm gold nanopart icle . (A ) ST:'1 tip scanning over a tripy nanopart icle perpendiculal'ly 
to the stripes orientation. (B ) Theoretical ST\1 image with colour-coded height of a 3. nm 
gold core with 1 nm stripes (in 3D). (C ) Height profi le at the position of th(' line in (B). 
(D ) Experimental T\I image (adapted from Fig. lb of Jackson et al. l

). (E ) Height profil 
corresponding to the whi te line in (D) (adapted from Fig. Id of J ackson et ai. I) . (D) and (£) 
are adapted by permission from :'Iacmillan Publi hers Ltd : Nature Ylaterials,l opyright 

(2004). 

but do not decrease with the same trend as it i ' expected from the pred icted values . 

5.1.2 Vertical alignment of neighbouring rippled nanoparticles: no 

plausible explanation has been proposed 

The ST::.r image provided by J ackson et ai. 1 has another particular feature as the 

ten whole nanoparticles present a ll have their ripple ' a ligned perpelldi 'ularly to the 

fast scanning a..xis. i\evertheless this alignment is not p resent solely on this image, 
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A B 

2 3 4 nm 

theoretical 

o 2 3 4 nm 

Fig . 5 .2 - H e ig h t p rofiles of 10 n a noparticles observe d by J ackson et al. 
(A ) ST\1 image taken from Fig. 1a of Jackson et al. 1 where 10 nanoparticJes are numbered 
and selected in ye II 0 \\' squares. (B ) Top: height profiles correspond ing t.o the whit.e li nes for 
t he nanoparticJe 1- 10 numbered in (A) (curves shifted vertically for a better vi ualisat ion); 
bottom: theoretical height profi le for 1 nm stripes on a 5.8 nm nanoparticle (3 . nm gold 
core). (A) is adapted by permis ion from Macmillan Publishers Ltd : Nature Materia ls, 1 

copyright (2004). 

N a noparticle 
1 st stripe 2 n d s tripe 3 r d stripe 4 th s tripe 

(nrn) (nrn) (nrn) (nrn) 

Theoretical NP 0.98 0.86 0.64 0.34 

NP 1 1.0 1.3 1.0 

NP 2 1.2 0.9 1.0 

NP 3 1.3 1.0 0.9 0.9 
NP 4 1.0 1.0 1.1 

NP 5 1.2 1.4 1.1 

NP 6 1.1 1.2 1.0 

NP 7 1.0 1.0 1.0 1.0 

NP 8 1.0 1.2 1.3 
NP 9 1.2 1.3 1.3 
Ip 10 0.9 0.9 0.9 1.0 

:\Iean 1.09 1.12 1.06 
P 1- 10 SD 0.13 0.1 0.14 

Ta b . 5.1 - S t ripe widths of t h eoretica l a nd exp erimenta l 5 .8 nm dia m eter na no
p a r t icles . The nanoparticles nu~b.ered (1- 10) refer to the nanopart icJes shown in Fig. 5.2 . 
The mean and the standard devIatIon (SD) of the stripe widths for the nanopart icJes 1 to 
10 are given at the bottom. 
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but appears as a hallmark in almost all the papers of the series. 

5.1.2.1 Interdigitation 

The authors acknowledge this alignment in their article, but fail to explain its per

pendicularity to the fast scanning axis. They propose interdigitation as an explana

tion for the alignment. They write (citation numbers modified to fit with the current 

text order): 

"It is known that the nanoparticle ligands interdigitate 18,19. We believe 

that this phenomenon leads to the observed macroscopic alignment of the 

ripples across many nanoparticles. Indeed, it can be observed that there 

is no clear separation between the ligand shells of the nanoparticles. On 

heating above the de-interdigitation temperature and subsequent gentle 

cooling, we improved ripple alignment across the sample. Samples self

assembled on a gold foil from a 1,2-dichlorobenezene solution kept at a 

temperature (150° C) above the de-interdigitation transition did not show 

consistent ripple alignment." 

Although they suggest that they have been trying to improve this alignment and 

that it can also be non-systematical, they fail to provide the example images that 

would back these claims up. Interestingly, in a later article of the series, Centrone 

et al. 7 deny the incidence of interdigitation on OT /MPA nanoparticles, writing: 

"in the nanoparticles chosen, because of the charges present in the NPs 

ligand shell, we can assume that the amount of interdigitation is negli

gible. We confirmed this using differential scanning calorirnet11J accord'ing 

to methods in the literature". 

This was not the last contradiction of the series, as slightly later during the same 

year, Hu et al. 9 write in the conclusion of their article: 

"We have shown that ripples in the ligand shell enhance particle-particle 

interactions, leading to a stronger degree of interdigitation. This leads to 

a significantly less ordered assembly of particles into a nanoscale glassy 

state." 

This paper from Hu et al. was received for reviewing on October 10 (2007), while 

the PNAS paper from Centrone et al. was received on August 30 (2007). However, 

as both papers were submitted - and maybe prepared - in a fairly close proximity, 

with the same corresponding authors, it is difficult to understand such a degree of 

inconsistency. 
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5.1.2.2 Alignment of the stripes to the slow scan axis 

The authors 2 claim that stripes can only be seen when they are perpendicular to 

the fast scan axis: 

"If one now examines an image of several nanoparticles (Figure 8), it 

is immediately evident that those particles with the most clear ripples 

(that is, ripples whose direction is easy to discern) almost always have 

domains which tend to run perpendicular, within ±30°, to the fast scan 

direction (or, equivalently, parallel to the slow scan direction). However, 

there are several other nanoparticles within the scan images that show 

nanostructuring, but whose ripples' direction is difficult to discern (Fig

ure 8d). This disparity is likely due to how the tip scans across each 

ligand shell 'lattice' and the resulting merging of scan lines." 

It is often difficult to say if the nanoparticles in a STM image are supposed to show 

ripples or not without looking at the figure legend for any article of this series. 

Let us first admit that it is always possible to distinguish these stripes. Although 

their argument could explain why stripes would only appear on the STM images 

when they are perpendicular to the fast scanning direction, it fails to explain why 

a small deviation from the perpendicular would not allow any stripe to be visible. 

It also does not explain why the nanoparticles are aligned to one another, such as 

in Fig. 5.2A, or why the observation of ripples is not a rare event but a systematic 

observation. 

5.1.3 Fast Fourier Transform: a useful tool to analyse noisy 

images 

In a number of articles of the series, including the first one, some measures of the 

stripes spacing - or "headgroup spacing" for the homoligand - are reported by the 

authors. Although we have already seen earlier that those spacings should not be 

constant on nanoparticles 2D images if they are in 3D (see Tab. 5.1, Sect. 5.1.1), 

the authors always report a single value to represent them. In most of the articles, 

they do not mention clearly the method used to measure those distances, but hint 

that it is done directly on the STM images. 

In JACS, Jackson et al. 2 describe how they measure the "STM-observed head

group spacing" in the case of homoligand functionalised nanoparticles: 

"The headgroup spacings on each nanoparticle were determined by meas

uring the peak to peak spacing between clearly visible headgroups located 

near the center of the particle, generally measuring four or more spa

cings per particle. We believe that spacings taken at particle edges are 
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more subject to tip/sample distortions and, due to geometric considera

tions, may not be representative of the actual molecular configurations. 

In most cases we tried to measure spacing between neighboring headgroups 

horizontally aligned to minimize the possibility of line scan artifacts or 

sample drift·" 

The authors decision to measure the headgroup spacing near the centre of the nano

particle, to discard the ones near the nanoparticles edges and their choice to output it 

as an average does not allows one to discover any regularity in the spacing measure

ment. Additionally, taking only horizontally aligned headgroups is also surprising as 

it inherently accounts for an hypothesis of vertically aligned stripes and could easily 

be subject to artifact as it is the direction perpendicular to the fast scan axis. 

In 2009, Hu et al. 13 reported a detailed method used for the stripe spacing 

measurements. They describe the method as follows (reference numbers modified to 

fit with the present order): 

"VVhen oscillations are present in line scans, their periodicity is recorded 

(Fig. 5). Here we define oscillations as a periodic variation with at least 

three maxima and with the two periods not differing in spacing more 

than 10 %. (This latter condition is typically established by the operator, 

mostly visually). 

"Note that for a 4.5nm diameter particle with striation 0.9nm thick 

(the theoretical minimum would be ",,0.8nmF~o,21 the maximum number 

of oscillations that could be imaged would be 5. When multiple oscilla

tions are present the reader takes the distance between the two peaks that 

are furthest apart and then divides the distance by the number of peaks. 

Each nanoparticle in the image will be used to generate approximately 

three measurements at max. The reason for this limiting is to prevent 

excessively counting of particles whose properties lead to good images, 

and thus a biased population in further statistical analyses. 

"In a given image (sometimes as large as 100 x 100 nm, with as many 

as 200 nanoparticles in each image), we try to record the spacing for 

10 to 20 particles (never more than 50), each spacing an average of 

three separate measurements per particle, of which each measurement is 

the average of at least two periodicities. The measurements recorded in 

this way are averaged and lead to a single spacing measurement that we 

associate with a certain tip speed. It should be pointed out that oscillation 

periodicities are recorded with no operator bias, that is the reader will 

record periodicities independent of their position in the image. Many 

images are analyzed at varying tip speeds. In some cases we have analyzed 

as many as 10 images (which means in excess of 1000 oscillations and/or 

equivalently 1000 periodicities)." 
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Here again the method described by Hu et al. assumes that the stripe spacing does 

not vary. 
To limit bias in the measurement of the ripples spacing, the Fast Fourier Trans-

form (FFT) of the source images can be used. Figure 5.3 displays a grayscale version 

of the image of OT/MPA nanoparticles (2:1 molar ratio) published by Jackson et 

al. and its FFT (A and B, respectively). The FFT shows two oblong maxima that 

are aligned to the Y-axis. The values of the maxima on the FFT can be precisely 

identified in the integrated (X-axis) intensity profile (Fig. 5.3C), with a measured 

periodicity of 1.3 ± 0.5 nm (Jackson et al. 1 reported a value of 0.9 ± 0.1 nm). Along 

with those maxima, the FFT also displays two vertical lines going through the max

ima. Those two lines are the result of a series of modes in the original image that 

have the same periodicity on the X-axis but different ones on the Y-axis. As a 

consequence, the wavelength>. is not defined for these X-values, and these vertical 

lines clearly cannot be features of a real material, and incidently the image cannot 

represent stripes. 
A theoretical equivalent of the STM image was produced as a comparison, by 

gathering ten theoretical nanoparticles (same model as in Fig. 5.1) having small 

rotations (± 5°) with one another (Fig. 5.3D). The corresponding FFT (Fig. 5.3E) 

show two weak semi-circular maxima with, this time, a defined wavelength >.=0.9 nm. 

FFT can also be used to remove high and low frequency noises, through the use 

of a frequency filtering procedure. The ten nanoparticles present in Jackson et al. l 

(Fig. 5.2A) were cropped and a frequency filter was applied on those ten images 

(Fig. 5.4). The images on the right of Fig. 5.4 show the result of this process. This 

allows to see the phase reset of the oscillation that appears near the nanoparticles, 

shifting some of the scan lines with respect to one another. 

5.1.4 Lack of structural evidences: X-ray diffraction and TEM 

In order to better understand the coming discussion regarding the XRn and TEM 

data mentioned below, the X-ray diffraction plot and TEM image have been repro

duced from Jackson et al. 1 (Fig. 5.5A and B, respectively), with their original figure 

legend quoted directly in the figure caption. In their 2004 article, Jackson et al. 

write: 

"The presence of ripples on the nanoparticles has also been confirmed us

ing X-ray diffraction (XRD). Indeed, all of the XRD plots of the rippled 

nanoparticles described in this paper showed peaks at 20 ranging from 

2.5° to 13°. Some of the peaks were temperature dependent, as is ex

pected for peaks due to inter-particle packing arrangements 19• However, 

one or two peaks were temperature independent, pointing to periodic ar

rangements, with 0.5-2.5 nm spacing, on single nanoparticles (see Sup-
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Fig . 5 .3 - Fast Fourier Transform analysis of experimental and theoret ical STM 
images of striped nanoparticles . (A ) Experimental STM image (adapted from Fig. 1a 
of J ackson et al. 1) . (B ) FFT of t he image shown in (A). (C) Integrated profil e of the 
FFT image shown in (B) along the x-a."'(is (red curve: pixel to wavelength correspondence) . 
(D ) Exemplar theoretical image of 10 nanopar t icles. (E ) FFT of the image shown in (D). 
(F ) Integrated profile of the FFT image shown in (E) along the x-axis (red curve: pixel to 
wavelength correspondence). (A) is adapted by permission from Macmillan Publishers Ltd: 
Nature ),Iaterials, I copyright (2004) . 
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Fig. 5.4 - Freque ncy-filte red images of the "stripy" na noparticles observ d by 
Jackson et al. The ten images on the left correspond to the arne ten nanopar ticl s 
highlighted in Fig. 5.2. For each of t hem and from left to right: image of individual nano
particles cropped from the STM image in J ackson et al.; FFT of the image; fr qu n y fl it r; 
frequency-fil tered image. The Images 0 11 the left are adapted by permission fro m Ma 'millall 
P ublishers Ltd: ature Materials, I copyright (2004) . 
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plementary Information, Fig. Sl). Such temperature-independent peaks 

were never observed in homo-ligand nanoparticles. Additional confirma

tion of the presence of ordered phase-separated domains was provided by 

transmission electron microscopy (TEM) images. In fact, in these im

ages (see Supplementary Information, Fig. S2) we have found that there 

is an observable ring around the nanoparticles' metallic cores consisting 

of discrete dots spaced ",o.5-0.6 nm." 

This is problematic, because in this article - and in the whole series by Stellacci et 

al. - only three XRD spectra are shown (in the supplementary information). Two of 

them are from the diffraction of OT /MPA (2:1 molar ratio) capped silver nanoparti

cles (3.8 nm diameter). Those two spectra differ by a thermal treatment between the 

two diffractions experiment, which allows one to find temperature-insensitive peaks. 

Those peaks, according to the authors, can be "assigned to the ordered domains 

formed on the nanoparticles' ligand shell." Four temperature-insensitive peaks can 

be distinguished between the two curves, but only one of them "indicated a domain 

spacing of ",0.7 nm, similar to the STM measured spacing (O.g2nm see table}", 

according to the authors. Xo justification was provided as to why this peak was 

found to represent the stripes spacing or to what the other peaks were representing. 

The third and last spectrum corresponds to the OT /MPA capped (molar ratio 

2:1) gold nanoparticles of a 5.1 nm diameter (3.8nm for the STM images shown in 

the article). It is not stated which peaks are temperature-sensitive in this case, and 

it is not possible to know it as only one spectrum is provided, but nevertheless the 

authors associated one of them to the ripples spacing: "the ripple spacing measured 

with XRD (20 = ",12.5°, equivalent to 0.7nm) agrees even better with the one 

measured in STM (O.72nm, see table}." In this case, as for the silver nanoparticles, 

there is no specific reason why specific peaks should represent the ligand shell of the 

nanoparticles, rather than some structural features of the gold or silver core. The 

absence of a spectrum for the nanoparticles capped with homo-ligands (supposed to 

be ripples-free), which are said to show "no temperature independent peak at small 

angles" does not allow any comparison to be drawn and renders the use of the 

presented spectra void. 

Regarding the TEM image provided by Jackson et al., only one image of a 

single nanoparticle was shown. On this image (Fig. 5.5), Jackson et al. see "quasi

ordered dots spaced 0.5 nm around the particle" (figure legend), and add that the 

"dots are attributed to ions captured but [by] the MPA head groups." Observing ions 

around a nanoparticle is a challenging task though. Recently Weinstock et al. were 

for example able to produce convincing evidences that they imaged self-assembled 

monolayers of inorganic anions on 14 nm gold nanoparticles. 22 However, to achieve 

that they used cryo-TEM and not classic TEM. In this way a rapid cryogenic cooling 

of the sample was allowing them to protect the samples and capture the gold na-
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Fig. 5.5 - X -R ay diffraction a nd TEM evidences from J ackson et al. 
(A ) Caption text is as it reads in Jackson et al.: "XR D plot of homo- and mixed-ligand 
nanoparticles. The pink and green curves were obtained Jrom diffraction oj OT:MPA 2:1 
silver nanoparticle. (3. nm in diameter). The particles were first analyzed at mom tpmpcrat
ure (green curve) and sub equently heated at 100 ° C for 1 hour and allowed to cool down at 
room temperature lowly. This type oj heating cycle is I.,"1lown to help the formation of inter
digitated super-lattices of nanoparticles, and consequently to generate new peaks in the XRD 
spectrum or to enhance the intensity oj existing ones (see reference 27 19).As evident from 
the comparison of the pink (spectrum taken on the same sample after thermal treatment) and 
the green curves, new peaks appear (one of them is indicated by the blue arrow) but a few 
peaks stay unmodified. These latter peaks were assigned to the ordered domains Jormed on Ihe 
nanoparticles' ligand shell. In particular, the peak indicated by the red arr'ow (20 = "' 12.5°) 
indicated a domain spacing of ",0. 7 nm, simila?' to the STM measured spacing (0.92 nm see 
table) . The blue curve is an XRD plot oj OT:MPA 2:1 gold nanopar·tides (5. 1 nm in dia
meter). In this case the ripple spacing measured with XRD (2() = "'12.5°, quivalent to 
0.7nm) agrees even better with the one measur d in TM (0.72 nm, see table). These curves 
are representative of all of the curves that we obtained. The homo-ligand nanopaTticies showed 
no temperatuTe independent peak at small angles, while the mixed ligands showed one 01' more 
temperature independent peak at 2B ranging from 2.5° to 13° ." (B ) Caption text is as it 
reads in Jackson ct al.: "Transmission electron m icroscopy of OT: MPA (2:1) gold 
nanoparticles. Bright field image of a nanoparticle showing quasi-oTdered dots spaced 0.5 
nm around the particle. These dots are attributed to ions captured but th MPA head groups. 
[ ... J Scale bar 1 nm ." (A) and (B) are adapted by permission from Macmilla n Publi 'hers 
Ltd: Nature },Iaterials, 1 copyright (2004). 
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noparticles in solution with the surrounding anions retaining their original local 

structure. It is quite a strong claim to assign those highlighted dots (red arrows) to 

any specific structure with a single image, especially when it is already difficult to 

state whether they can really be discriminated from the background or not, and all 

that with a sample that is not in the same conditions as in solution. But, again, the 

absence of TEM images of nanoparticles capped with homoligand, as controls images, 

renders the comparison impossible and the presented TEM image meaningless. 

5.1.5 Solubility 

The solubility of rippled nanoparticle was an early interest for the authors, as in 2004 

Jackson et al. l report for the first time a non-monotonous behaviour of the solubility 

of OT/MPA nanoparticles in ethanol as a function of the monolayer composition. 

Four year later, Centrone et ai. 7 studied the solubility of OT/MPA nanoparticles 

in twelve different solvents in a more systematic manner, and still mention a non

monotonic behaviour: 

"solubility of nanoparticles as a function of composition show nonmono

tonic behaviors indicative of physicochemical effects that go beyond those 

expected by a simple thermodynamic treatment1
." 

However, if one compares their results on the solubility of OT/MPA nanoparticles 

in ethanol in 2004 and 2008, a clear contradiction arises (Fig. 5.6A). 

To assess the dependance of the solubility on the monolayer composition the 

use of different solvent was replaced by a titration of tetrahydrofuran (THF) into 

water. THF is the most hydrophobic solvent miscible in water and thus provide 

the largest continuous hydrophobic to hydrophilic gradient to study the solubility of 

those nanoparticles. Homoligand-capped (OT, MPA) and OT/MPA mixed-ligand

capped nanoparticles with molar ratios of 1:3, 1:2, 1:1, 2:1 and 3:1 were prepared 

and mixed with the mixture of THF /H20 solvent. After a centrifugation to remove 

insoluble aggregates, the absorbance of the supernatant was taken as a measure of 

the solubility of the nanoparticles.a 

The results show that nanoparticles capped with 100 % OT (hydrophobic) re

suspend well in THF but not in water and, at the opposite, the ones capped with 

100 % MPA (hydrophilic) resuspend well in water but not in THF. For a given 

hydrophobicity /hydrophilicity (ratio of THF:H20) the solubility follows a smooth 

transition with respect to the monolayer composition, and there is here no indication 

of non-monotonic characteristics. 

More interestingly, in their study Centrone et al. report saturation concentra

tions that are relatively low, with the maximum concentration for all the different 

mixes of nanoparticles in a given solvent in the range of 30-500 nM. 7 If one takes 

&nanoparticie synthesis and solubility assay: C. P. Shaw 
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Fig. 5.6 - Solubility of nanoparticles capped with different OT:MPA liga nd rat io:;. 
(A ) Comparison of the -olubility in ethanol reported by Centrone et al .7 in 200 (black 
squares, left Y 3..,xis) and by Jackson et al. l in 2004 (red squares, right Y 3..,xis) . The solubili ty 
is expressed through the saturation concentration (molar) in the 2008 study, while the 2004 
study defines the solubili ty scale as it writes: "4 = highly soluble, that is, no precipitation 
visually observed, 3 = mostly soluble, that is, little precipitation obser-ved over' time with 
consequent slight decoloumtion of the solution; 2 = slightly soluble, that is, most of sample 
precipitated but a small coloration of the solution 1'emains, 1 = totally insoluble". (B ) 
Solubility of the nanoparticles in different ratios of the solvent mixture THF:H~O . The 
nanoparticles and the solvent mixture were mixed and then centrifuged (3000 RPM, 5:;) to 
remove insoluble aggregates. The ab orbance of the supernatant was taken as a measure of 
the solubility of the nanoparticles (C . P. Shaw). (A) is adapted from Centrone et al. 7 with 
permission from Proceedings of the National Academy of Sciences USA . © 200 Nationn.l 

Academy of Sciences, SA. 
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Fig. 5 .7 - Saturat ion conce ntration of OT-capped gold nanopa rticIes in THF . (A ) 
P hoto of a 8 J-LYI suspension of 3 nm diameter gold nanoparticles capped with OT three weeks 
after suspension in THF (C. P. Shaw) . (B ) A 450 nM suspension (reported as "satur'ation 
concentration" by Centrone et al. 3) is shown for comparison. 

the example of OT capped nanoparticles, the saturation concentration reported is ill 

the 300-500 nl\1 range for six different solvents (benzene, chloroform, hexane, ca.rbon 

tetrachloride, T HF and DCB). For example, in T HF, the saturation concentration 

is reported to be 450 n:..1. An attempt to measure the saturation concentration was 

proceeded to. but after three weeks the nanoparticles were still in suspension for 

a concentration of f.L~1; no equilibrium between a solid and a liquid phase was 

observed (Fig. 5.7 A) and the measurement could therefore not be taken . T he satur

ation concentration must therefore be higher than that value of 8f.LM, which is more 

than 18 times what Centrone et al. reported. 

5 .1.6 Non-specific interaction : a cartoon instead of data 

Amongst other claims , J ackson et al. have ascribed to the rippled nanoparticles the 

property of preventing non-specific protein adsorption 1. T his is fi rst written in the 

abstract and introduction of their 2004 article: 

"(. . . ) because the size of the domains is much smaller than the typ

ical dimensions of a protein, these materials are extrem ely eB' ctive 'in 

avoiding non-specific adsorption of a variety of proteins." 

"B ecause of the extremely small size of the domains (rv 5..4) these particles 

interact with the molecular environment in a novel way; for' example, they 

prevent non-specific adsorption of proteins." 

Then, in a paragraph about the nanoparticles properties, they develop their argu

ment by writing: 

"More interestingly, we have observed that these nanoparticles avoid non

specific adsorption of proteins. W e believe that this happens because of 

the unique subnanometre-ordered repetition of hydrophobic and hydTO

philic regions on the particles' ligand shell. Th e 5-A small domains on 
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the outside of these particles are more than one order of magnitude smal

ler than the characteristic size of a protein globule; independently of the 

protein conformation, there will always be a series of attractive and re

pulsive forces between the protein's outer shell and the particle's domains 

(see Fig. 5). Consequently, there will be almost no net attraction, and 

the protein adsorption from solution will not be thermodynamically fa

vourable." 

They continue by describing how three chosen proteins (cytochrome C, lysozyme 

and fibrinogen) are not showing any adsorption on rippled nanoparticlcs: 

"Following known procedures 29, (using STM, atomic force microscopy, 

and Fourier-transform infrared spectroscopy) we have confirmed that all 

of these proteins adsorb on MPA,OT and on mixed MPA/OT monolay

ers, and established that the same behaviour occurs on OT homo-ligand 

nanoparticle films, but the proteins do not adsorb on rippled or domained 

MPA/OTnanoparticle films, even after 24-h exposure to a concentrated 

solution. It should be pointed out that on rippled nanoparticle-coated 

surfaces we found no evidence for the presence of proteins with any of 

the characterization techniques used. We believe that this result is due 

to the unique size scale of the ordered hydrophobic and hydrophilic do

mains. These results are extremely promising, in fact, using three differ

ent characterization techniques we find that surfaces coated with nano

structured nanoparticles outperform surfaces that are known 29-25 to have 

good protein-resistance properties with all of the three very different pro

tein systems used." 

But a serious concern arises from this as only a cartoon displaying a nanoparti

cle and a model protein (Fig. 5 in Jackson et al. l ) has been shown to support those 

claims. No data, neither in this article, nor in its supplementary information, nor in 

further articles by the group has been published at all on non-specific interaction of 

homoligand or mixed-ligand coated nanoparticles. The alleged nanoparticle property 

is further mentioned in nine articles of the series without any further investigation 

on its postulated property, but always a reference to the initial article: 

"This unprecedented small size of the phases leads to unexpected proper

ties of the nanoparticles such as a nonmonotonic dependence on compos

ition of solubility and good resistance to protein nonspecific adsorption. 1" 

Jackson et al. 2 (pl1136-11137) 

"Understanding and controlling the properties of molecular coatings on 

surfaces is an important challenge for many applications, and is a key 
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factor in the fabrication of, e.g., protein repellent 1 [ .•. j surfaces." 

Singh et al. 5 (p226106-1) 

" Rippled NPs also are highly resistant to protein nonspecific adsorption. J" 

Carney et al. 6 (p798) 

"we showed that it prevents efficiently protein nonspecific adsorption I" 

Centrone et al. 7 (p9886) 

"They were also effective at repelling protein nonspecific adsorption. 1" 

Hu et al. 9 (p6279) 

"The presence of such a unique molecular arrangement on the surface of 

the nanoparticles determines a number of properties, ranging from the 

nonmonotonic dependence of solubility on composition to resistance to 

protein nonspecific adsorption and cell membrane penetration. 1,11,12" 

Nakata et al. 10 (p4294) 

"In fact, the size of these domains is small enough ('" 0.5 nm) to be com

parable to the size of a small molecule; as a consequence the nanoparticles 

show a non-monotonic dependence of solubility in ethanol on ligand shell 

composition as well as some resistance to protein non-specific adsorp

tion. 1,2" Uzun et al. 11 (p196) 

"The similarity in the nanoparticle uptake in serum-containing and se

rum-free conditions suggests 'striped' particles are resistant to non-spe

cific protein adsorption (as previously observed in similar systemsj1" 

Verma et al. 12 (p591) 

"The presence of these molecularly defined domains confers the particles 

with unique properties, such as two diametrically opposed polar defect, 

a non-monotonic dependence of the solubility on the ligand shell com

position, resistance to protein nonspecific adsorption, and cell membrane 

permeation. 1,3,4, 7,8,10,12" Hu et a1. 13 (p24) 

5.2 How do "stripy" nanoparticles interact with cells? 

In 2008, Uzun et al. reported the synthesis of "highly water-soluble mixed mono

layer protected 'rippled' gold nanoparticles" functionalised with sodium 11-mercapto

undecanesulfonate (MUS, hydrophilic) and octane thiolate (OT, hydrophobic) as 
. 1· d 11 cappmg Igan s . 

Later in the year the same group presented a study of the interaction of different 

compositions of the same mixed ligands monolayer protected nanopartic1es with cells. 
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The nanoparticles described as bearing "ribbon-like domains" structured monolayers 

(previously referred to as striped or rippled) were able to "penetrate the plasma 

membrane [of cells] without bilayer disruption" to go directly to the cytosol 12 , as 

opposed to the ones not showing stripes (homoligands and unstructured mixed

ligands) that were internalised by the conventional endosomal pathway. 

In both articles the stripiness of those particles is a key point in the line of 

argument - water-solubility or cytosolic delivery - but only a single image of 

these "water-soluble/stripy" nanoparticles (2:1 MUS:OT) was published (Fig. 2 by 

Uzun et al., Fig. 1 by Verma et al.). 

5.2.1 Water-soluble "stripy" nanoparticles 

The single water-soluble "stripy" nanoparticle (2:1 MUS:OT molar ratio) mentioned 

above is shown in Fig. 5.SA. Its FFT shows the same features than the previously 

published images of "stripy" nanoparticles (see Fig. 5.3B, Fig. 5.4), with the two 

characteristic oblong maxima crossed by a vertical line (Fig. 5.SB). After applying a 

frequency filter to the image (Fig. 5.SC), thus removing the high and low frequency 

noise in the image, the phase shifts between successive scan lines are markedly more 

distinct as highlighted by the red arrows in Fig. 5.SD. Figure 5.8E shows that the 

stipe widths do not vary from the middle of the nanoparticle to its edge, as expected 

from predicted values of theoretical nanoparticles (Fig. 5.3, Tab. 5.1). Subsequently 

this STM image cannot be the representation of a nanoparticle with regularly spaced 

stripes (in 3D), and neither can what appear as stripes on the image be a real feature 

of the sample since a series of modes in the STM image have the same periodicity 

on the X-axis (see discussion about the undefined wavelength of the FFT maxima 

in Sect. 5.1.3 for a detailed justification). 

5.2.2 Uptake of "stripy" nanoparticles: what interaction with the 

cell membrane? 

In their 200S Nature Materials article, Verma et al. proposed that structured rippled 

nanoparticles enter cells without bilayer disruption due to the structure of the cap

ping monolayer. 12 It read: 

"With the ordered amphiphilic structure of some CP Ps in mind, we ex

plored the interaction of these nanoparticles with living cells. Here, we 

show that ",6nm nanoparticles, coated with a shell of hydrophobic and 

anionic ligands regularly arranged in ribbon-like domains of alternat

ing composition (Fig. laY, penetrate cell membranes at 3rC and 4°C 

without evidence of membrane disruption. Particles with identical hy

drophobiC content but lacking structural order in the ligand shell for the 

most part do not penetrate cell membranes; hence, we conclude that the 
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Fig. 5.8 - Water-soluble MUS/ OT-coated "stripy" nanoparticles (2:1 molar ratio 
of MUS:OT). (A ) ST:"! image of a water-soluble nanoparticle adapted from Fig. 2 of Uzun 
et al. II (B ) FFT of the image shown in (A). (C) FrC'q llC'ncy ti ltC'!". (D ) Reverse FFT of 
the image in (C). i.e. frequency-filtered image. Red arrows point to phase shi fts betwe n 
consecutive scanning lines. (E) Intensity profile corre ponding to the yellow line in (A). 
(A) is adapted from Uzun et al. 11 - Reproduced by permission of T he Roya l Society of 
Chemistry. 

structural organization of surface chemical groups plays a key TO le m 

regulating cell-membrane penetration." 

In order to study the nanoparticles ent ry and their int racellula r di t ri but ioll , the 

authors essentially used confocal fluo rescence microscopy and TEM. Howe\·er, the 

use of a fluorophore (thiolated BODIPY) to assess the entry of rippled nanopar t icies 

can be considered as equivocal for several reason . Firstly, t he int roduction of a new 

component in the monolayer is likely to modify the monolayer surface organisat ion 

by changing the ligands interactions and therefore its supposedly rippl ed structure. 

Secondly. th e gold core has strong fluorescence quenching abili t ies and would p revent 

a significant part - if not all - of the fl uorescence [rom being emiLled by the 

fluorophore . And finally. the colocalisat ioll of the t hiolate fillorc:')("cll 1. dyc a lld 1. he 

gold core would need to be proven as it has been shown previously thnt ligand 

exchange can occurs with free thiolated ligand PI' sent in the cytoplasm, such as 

h· "6 glutat IOne. -
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The authors described the fluorescence labelling, although they do not answer 

the above-mentioned concerns expressed. More importantly they do not display the 

STM images of fluorescently labelled nanoparticles to establish that the nanoparti

cles display ripples on their surfaces, when the presence of the ripples on the surface 

of the nanoparticles is the key argument in their explanation of the "cell-membrane 

penetration" of "structured" mixed ligand shell versus "unstructured" ones. 

The experiment from Verma et al. were repeated on a different cell line (HeLa), 

in order to have results that are not inherent to a cell line having peculiar transport 

mechanisms. 27 Gold nanoparticles were synthesised according to the protocol used 

by Verma et al. Homoligand (100% MUS, 100% OT) and mixed-ligand (1:2 and 2:1 

MUS:OT molar ratios) capped gold nanoparticles were prepared according to the 

protocol described by Verma et al. The TEM size characterisation and the resulting 

size distributions for these four types of nanoparticles are shown in Fig. 5.9, with a 

nanoparticle mean diameter of 3.2-3.8 nm and polydispersities within 18-29 %.h 
Further assessment of their colloidal stability was made through a salt-induced 

aggregation assay. An aggregation parameter is evaluated through the ratio of the 

absorbance of the colloidal solution at two different wavelengths (A = 650, 500 nm). 

The aggregation parameter is increasing monotonously with the degree of aggreg

ation. For clarity in the representation, it has been normalised to the initial value 

where no salt is present (different nanoparticle sizes create arbitrary vertical shifts 

between the different curves as Amax is size dependent). At physiological conditions 

(PBS rv 0.15 M) the 1:2 MUS:OT molar ratio nanoparticles already show some de

gree of aggregation (Fig. 5.10, red triangles). Overall the three different capping 

monolayers all show a poor colloidal stability, and the more OT ligands the mono

layer bears (OT is hydrophobic), the smaller the concentration of salt needed to 

aggregate them is. 
Internalisation of three types of nanoparticles (100% MUS, 2:1 MUS:OT, 1:2 

MUS:OT) in HeLa cells was studied by photothermal microscopy (see Chapter 2 for 

details about the technique), together with a control without nanoparticles. With 

this technique there is no requirement to include some fluorophores in the monolayer, 

which would most probably be significantly, if not totally, quenched by the nano

particles, provided that they would still be bound to them. The signal acquired is 

therefore unambiguously ascribable to the nanoparticles themselves and proportional 

to their amount (to the volume of gold present in the focal volume), avoiding the 

difficult task of justifying the hypothesis of fluorophores-nanoparticles colocalisation. 

The MUS/OT capped nanoparticles (100 % MUS, 2:1 MUS:OT, 1:2 MUS:OT) 

were mixed with medium and incubated with HeLa cells for three hours (400 nM final 

concentration). They were further washed and fixed before photothermal microscopy 

imaging.c 

bnanoparticle synthesis, TEM imaging and colloidal stability assay: C. P. Shaw 
cnanoparticle synthesis: C. P. Shaw; cell work: P. Free 
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Fig. 5.9 - TEM and size distribution of MUS/OT coated gold nanopart iclcs. (A
D ) TEYI micrographs of gold nanoparticles coated with a SAM cOlllprised of d ifl'erc11 L 1110hr 
ratios of ~IUS/OT (C. P. haw) . (A ) 100% OT, (B ) 1:2 MUS:OT, (C ) 2:1 MUS:OT, (D ) 
100% YIUS. (E - H ) iz d istribut ions of gold nanoparticles coated with SAMs c l11prisC'd of 
differcnt lI10lar rat ios of YIUS/ OT. (E ) 100% OT, (F ) 1:2 MUS:OT, (G ) 2:1 MUS:OT, (II ) 

100% ?\1US. 
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Fig. 5.10 - Colloidal stability of MUS/OT nanoparticles. The stability of a given 
nanopart icle solution is evaluated through an aggregation parameter (ratio of the ab orbance 
at .A = 650 nm and at .A = 500 nm) as a function of the concentration of salt (NaCI); Red 
triangles - 2:1 OT:Y1US; Blue circles - 1:2 OT:MUS; Green squares - MUS. 

Figure 5.11 is showing the uptake of the three different MUS/ OT monolayer 

compositions (100 % r-.,1US, 2:1 MUS:OT, 1:2 MUS :OT) with three different fields 

of view (79.25 x 79.25 J.Lm ) for each sample, to show the representativeness of the 

images. For each field of view an overlay of a bright field image and the corresponding 

photothermal image is shown, to better see the localisation of the nanoparticles 

within the cells. 
The uptake of the nanoparticles is clearly visible for the t hree different condi-

tions and well above the negligible cells background (Fig. 5.12). The intracellular 

localisation of t he nanopart icles also show no difference betweell cells illcuba teu 

with either homoligand (100 % YiUS) or mixed ligand (2:1 MUS:OT, 1:2 MUS:OT) 

capped nanoparticles. 
The contrast was chosen here to be displayed identically between sample' for a 

straightforward visual comparison to be possible. However, the photothermal images 

have a large dynamical range (16-bit images, 65536 grey values) and a re therefore 

not easily represented by a ingle snapshot . 

Figure 5.13, Fig. 5.14 and Fig. 5.15 show the uptake of the nanoparticlcs for 

the t hree different monolayer composit ions in more details . For each field of view, 

two images and an intensity profile are displayed . The first image is an overlay of 

a bright field image and the corresponding photothermal image (as in Fig. 5.11) , 

and the second is the photothermal image alone (256 x 256 pixels, 1 pixel= O.31 {Lm). 

The values of t he contrast (34- 2000) were thus clIO 'en to highlight well the fea

tures present in t he three different condit ions. The intensity profile, corresponding 
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670/0 MUS 

Fig . 5.11 - InternaJisat ion of MUS/ OT capped gold nanoparticles in HeLa cells . 
Overlays of photothermal and bright field images showing the uptake of homoligand (100 % 
MUS, left) and mixed ligand (2: 1 MUS:OT, middle; 1:2 MUS:OT, right) capped gold nano
particles. The scale bar represents 10 tim. 
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Fig. 5.12 - " St ripy" n a nopa r t icles cont rol: H eLa ce lls in a b sence of na nopa rticles . 
Left : overlay of bright field and photothermal images of HeLa cells in absence of nanopar
ticles; Iniddle: photothermal image of HeLa cells; right : 1D intensity profile sect ion (w h ite 
line in the photothermal image) . The scale bar represents 10 pm. 

to the white line drawn in the photothermal image, allows a visualisation of the 

full range of values in a relevant part of the field of view. It is thus easier to see 

dist inguish between high (endosomes) and low (cytoplasm, nuclei, background) in

tensities regions within cells . This confirms the characteristic pat tern of endo 'ytosis 

visible in the images. and demonstrate that there is no significant presence of frce 

nanoparticles within the cytoplasm in any of the conditions investigated. 

5.3 Conclusion 

The evidences for the presence of stripes on gold nanoparticles coated with mixed 

alkane thiolated ligands published by the group of F . Stellacci in a series of fo ur teell 

peer reviewed research article were revisited. 

A geometrical argument allowed to show that the regularly spaced patterns 

present in the ST:Yr images, described as stripes, cannot represent regula rly spaced 

ripples at the surface of the gold core. The unequivocal reason to explain t haL is 

that ligands regularly spaced in 3D cannot appear as regularly spaced on a 2D pro

jection (ST:'1 image) . Fast Fourier Transform analysis of the published STM images 

resulted in exposing what the real nature of the stripes was , a scanning artefact. 

Then, homoligand-capped and mixed-ligand-capped gold nanoparticies (MUS/ 

OT) were synthesised as reported by the authors. Their saturation concentrat ioll 

was further evaluated, and OT-capped gold nanoparticies were shown to have a 

saturation concentration at least eighteen times higher than what had beell reported . 

Finally, the localisation of YIUS and mixed MUS / OT-capped nanoparticles (s up

posedly ··stripy" or not) was observed by photothermal microscopy after their in ter

nalisation in BeLa cell ". No difference appeared in localisation of the nnnopH rLiclcs 

between the different types of monolayer, as all of them displayed a clear endocytosis 
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F ig . 5 .1 3 - Internalisation of 100% MUS-function a lised nanopart icIes in IIc LR 
cells . From left to right : three different fields of view. Top: overlays of br ight ri e ld and 
photothermal images; midd le: corresponding photothermal images; bottoll1: ID illLell s ity 
profile sections (white lines in t he phototherlllal images). The scale bars represellt 10 Ill11. 

pattern of internalisation, and the presence of cytosolic J1 anoparticl e:::; was rlll ed ali t 

by the measurement accomplished by photothermal microscopy. 

Materials and m ethods available in Appendix B.3 
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Fig. 5 .14 - Interna lisation of MUSj OT-functionalised (2:1 molar r a tio) nanopa r
t icles in H eLa cells . From left to right: th ree different fie lds of view. Top: overl(lYs 
of bright field and photothermal image; middle: correspond ing photothermal ill1agps; bot
tom: ID intensity profile sections (white lines in the photothermal images). Thr scalr hal's 

repres nt 10 p.m. 
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Fig. 5 .15 - Internalisation of MUS j OT-functionalised (1:2 molar ratio) mmopal'
ticles in H eLa cells. From left to right : three different fi eld of view. Top: overlrtys 
of bright fi eld and photothermal images; middle: corresponding phololhN l11 al imagC's; boL
tom: ID intensity profile sC'ctions (white lines in thC' phototh<'rmal image's). The sca le' bars 

repre ent 10 11m. 
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Chapter 6 

Active delivery of gold 

nanoparticles 

ntroducing nanomaterials in cells can be easily achieved in most cases 

by means of endocytosis. However, the nanometre sized objects intro

duced inside cells in this manner, and gold nanoparticles in particular, 

cannot readily access the cell cytosol. Indeed, indirect cytoplasm deliv

ery strategies aiming either to escape from the endosomes using endo

somes disrupting drugs or virus derived fusion peptides or to bypass endocytosis in 

a cell membrane pore formation mediated entry have not yet proven to allow for an 

evenly distributed, endosome-free, localisation of gold nanoparticles in the cytosol. 

Under those circumstances more direct and pro-active nanoparticles internalisa

tion processes requiring physical action such as a mechanical maneuver for micro

injection, or an electromagnetic wave stimulus for electroporation, or even a photo

physical operation for polyelectrolyte microcapsule cargo release mediated delivery 

could provide alternative solutions. 

Microinjection allow the internalisation of small molecules or nanoparticles in 

cells via a micropipette, which upon introduction of its thin tip across the plasma 

membrane deliver the cargo in the cytoplasm or nuclei of targeted individual cells. 

Mei et al. developed DHLAa-PEG ligands shell allowing gold nanoparticles and 

quantum dots (QDs) to remain stable over an extended pH range 1. They demon

strated the internalisation of DHLA-PEG-OCH3-QDs by microinjection in mon

key kidney COS-1 cells and showed that a significant proportion of the quantum 

dots retained a cytosolic localisation for up to 32 hours. Wang et al. have been mi

croinjecting gold nanoparticles (40 nm) for SERS (Surface Enhanced Raman Spec

troscopy) imaging 2 in zebrafish embryos by means of a micropipette and McDougall 

et al. have used an unusual optoinjectionb to demonstrate the internalisation of 

adihydrolipoic acid 
binjection by means of optical tweezers 
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single 100 nm gold nanoparticles in the nucleus of Chinese hamster ovary K1 cells. 3 

Electroporation consists in applying short electrical field pulses that create transi

ent pores in the cell membrane (see Gehl 4 for a review). It was shown to successfully 

internalise fluorescently labelled antibodies or dextrans in mammalian cells, 5,6 which 

entered by diffusion. It has also been widely used to transfect DNA in mammalian 

cells, where internalisation of the highly charged molecule was shown to be favoured 

by the electrical field,7 or for the uptake of 0ligonucleotides. 8 Chen et ai. have ap

plied this technique to internalise NLS peptides (SV 40 nuclear localisation signal 

peptide) functionalised quantum dots in HeLa cells and observed both perinuclear 

and nuclear localisations of the NLS conjugated nanocrystals. 9 

Electroporation has not been extensively used for metal nanoparticle delivery, 

although an example can be found in the study of Lin et ai. who used it to deliver 

bare 60 nm silver nanoparticles for SERS imaging. 10 However, although the nano

particles were apparently localised in the cell cytosol (one TEM micrograph), they 

were aggregated in clusters of a several hundred nanometres. 

Recently fluorescently labelled dextrans were shown to be released from polymer 

microcapsules by photophysical means inside live cells,11 which opens a potential 

new route of cytosolic nanoparticle delivery. This chapter will therefore focus on the 

use of polyelectrolyte multilayer microcapsules as container for intracellular cargo 

delivery. After reviewing the potential of microcapsules composed of polyelectrolyte 

multilayers as delivery vehicles, the laser photophysical mediated damaging process 

of its polymer shell will be examined. 

6.1 Polyelectrolyte microcapsule mediated delivery 

Multilayer polyelectrolyte microcapsules were first introduced in 1998 by Donath 

et ai. 12 and have emerged recently in the field of drug delivery as potential cargo 

vehicle. They are derived from the concept of layer-by-Iayer I3 (LbL) assembly of 

polyelectrolytes of opposite charges on a charged surface. Briefly, a charged surface 

of choice is incubated in an aqueous solution with a polyelectrolyte of an opposite 

charge and left to adsorb on the surface, then washed to remove the excess polymer 

and incubated in a solution containing an other type of polyelectrolyte with a charge 

opposite to the one of the first polymer, which in turn adsorbs on the polyelectrolytes 

of the first layer. The surface is again washed to remove the excess polymer and 

subsequent baths in oppositely charged polyelectrolytes can be continued until the 

desired number of layer is obtained. Consequently, it allows to choose the charge of 

the surface of the multilayer assembly through the one of the last deposited polyelec

trolyte. This assembly process was first applied to flat surfaces, and is utilised to 

build polymer microcapsule. The process first consists in using the surface of a col

loid as a template for a polyelectrolyte multilayers and proceed to the deposition of 
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the desired number of layers, to create a core-shell polymer microcapsule. Then, the 

colloid is removed by dissolution in acidic or aqueous solutions, depending on the 

core material, to yield to a hollow polymer microcapsule. The size of the microcap

sule can be tuned over a full order of magnitude by adequately choosing the type of 

the colloidal template, from a few tenth of nanometres with silica nanoparticles 14 to 

a few micrometres with organic cores such as melamine formaldehyde 12 or inorganic 

crystals such as calcium carbonate. 15 

The composition of the microcapsule shell, integration of various elements in the 

walls or loading of the internal cavity can also be adapted to fulfil different require

ments. Rivera-Gil et al. have for example used degradable dextran sulfate/poly-L

arginine microcapsule to demonstrate the intracellular fluorescence unquenching of 

DQ dyes previously linked to the protein ovalbumin upon proteolysis. 16 Gold na

noparticles 11, magnetic nanoparticles 17 or quantum dots 18 can be inserted in the 

walls of the polymer shell during the LbL assembly process. The introduction of gold 

nanoparticles within the polymer shell was shown to allow the intracellular release 

of fluorescently labelled dextrans upon illumination of the wall. Finally, the cavity 

can be loaded with various molecules, from fluorescent dyes,11 to DNA 19, via a per

meability that can be induced for example by a change of pH,20 or temperature. 21 

Kreft et al. used PSSc /PAHd microcapsule loaded with the pH-sensitive SNARF-1 

fluorescent dye to show the local pH decrease upon acidification of the endosomal 

compartments in which the microcapsules where located. 22 

6.2 Laser irradiation microcapsule opening assay 

In order to use the microcapsule as delivery agents, their content need to be released 

in the cytoplasm once they are inside the cells. To achieve this goal, the strategy 

chosen was to provoke a local temperature increase within the capsule wall upon 

illumination, to lead to its rupture. 

Although the mechanism has not been studied throughout, it was shown to 

work. Javier et al. have used fluorescently labelled dextrans (Alexa Fluor 594 or 

Cascade Blue) encapsulated in microcapsules composed of multilayers of the two 

polyelectrolytes PDADMAce and PSS with gold nanoparticles included in the walls 

to demonstrate the opening possibilities. A 830 nm wavelength laser illumination 

was used to open the microcapsule internalised in live MDA-MB-435s breast cancer 

cells by endocytosis. They showed that a power of 0.7 mW was not enough to release 

the dextran in the cytoplasm, but a power of 2.3 mW did actually provide a clear 

cytosolic distribution of the fluorophores. 11 The release process is thought to be 

cpSS: poly( styrene sulfonate) 
dpAH: poly(allylamine hydrochloride) 
epDADMAC: poly(diallyl dimethyl ammonium chloride) 
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the result of the capsule wall and endosome membrane damage subsequent to the 

heating of the nanoparticles present in the capsule wall upon laser illumination. 

The capsules that were used in the present study were composed of different 

polyelectrolytes (PSS/PAH)5' with nanoparticles pre-loaded inside the microcap

sule cavity, and the laser illumination wavelengths available to open the capsules on 

the Liverpool photothermal microscope set up were different and limited to 633 nm 

and 523 nm. Therefore it was proceeded to an evaluation of the power necessary 

to open the capsules. In a first step a decision was made to examine the opening 

process using a HeNe laser (633 nm) as microcapsule wall damaging tool and for 

which the maximum power available was around 20mW. However, this power is the 

output at the exit of the laser and due to the combination of optics on its path the 

maximum power at the entry of the microscope is going down to '" 18.7 m W. At the 

output of the microscope objective used for this study (50x/0.g NA) the maximum 

power is in turn again significantly lowered to a value of", 1O.7mW. 

Although the plasmon band of individual nanoparticles included in the cavity 

of the microcapsules would have a peak wavelength better triggered by a laser of 

a 523 nm wavelength for nanoparticles heating by photothermal effect, the decision 

was made to use a wavelength of 633 nm. The first reason for this choice was coming 

from the perspective of intracellular microcapsule opening, for which a wavelength 

in the red would be less likely to be harmful for the cells. Furthermore, if some 

nanoparticles are aggregated on the wall, due to the core removal process, they 

should have an absorption peak that shifts towards the red and therefore a higher 

wavelength may be more suitable for their heating. 

To assess the potential damages generated by laser illumination to polyelectrolyte 

microcapsules, positively charged (PAH outside layer) (PSS/PAHh microcapsules 

composed of ten alternating layers of the two polyelectrolytes PSS and PAH and 

20 nm diameter gold nanoparticles pre-loaded in the cavity,! were left to adsorb on 

the gla.....;;s coverslip of an ultra-pure deionised water filled Iwaki dish for'" 30 minutes. 

To open the capsules the approach chosen was to use a continuous wave (CW) HeNe 

laser irradiation immobile and focused on the wall of the capsules (Fig. 6.2A) as 

a tool to open them. After some initial tests, a power of 3.6 m W, as measured at 

the output of the objective, was first examined for capsule illumination, with an 

exposure time of 100 ms. The criterion used to judge whether the illumination had 

an effect on the microcapsule wall or not was to visually appraise if the appearance 

of the wall had changed in the area where the capsule was exposed. This was 

accomplished by comparing images extracted of movies acquired before, during and 

after the illumination by bright field microscopy. Fifteen capsules were exposed to a 

series of five illumination on the side of their wall, separated by a moment (typically 

1-10 s) and a movie was acquired continuously at the same time. After a single 

fmicrocapsule preparation: L. del Mercato 
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PAH 

n 

Fig. 6.1 - TEM image of a polyelectrolyte (PSS/ PAH)I) microcapsule contain
ing gold nanoparticles in the cavity. Left: A droplet of an aqueous solution containing 
the poly(styrene ulfonate) / poly(allylamine hydrochloride) (PSS/PAR) polyelectrolyte mul
tilayer microcap ules was deposited on a carbon coated grid and evaporated under vaccum 
before TEM imaging. Right: schemes of the PSS and PAR polyelectrolytes. Image courte y 
ofW. Parak. 

illumination of 100 ms, only one microcapsule out of 15 did show a change in it 

shape. After five illuminations the situation did not change for the other fourt en 

microcapsules, wjth none of them displaying a visible shape change. The cap ule 

that showed a change in its shape after the first illumination did exhibit a partial 

rupture of its wall at the place were it was exposed to the laser after the fourth 

illumination (Fig. 6.2B-G). 
As 3.6 m W were not enough to obtain a wall damage on a significant number of 

microcapsules, a second assessment was made on fifteen other microcap ule with a 

laser power of 1O.7mW (maximum intensity available). The outcome was this time 

more conclusive as 80 % of the microcapsules did present a change in their shap 

after one illumination. The degree of the shape modification was different from on 

capsule to the other with moderate shape changes (Fig. 6.3A- B) , stronger alterations 

for a few others (Fig. 6.3C) and what appeared microscopically as a damaged shell 

was observed for 20 % of all the microcapsules (Fig. 6.3D- E). 

Further illumination of the microcapsules that were presenting a change in th ir 

shape without appearing microscopically as damaged did not provoke a rupture of 

their shell after at least three other illuminations on the same areag . Similarly, only 

one of the microcapsules that appeared not visibly changed after the first illumin

ation showed a change after further illuminations (see Tab. 6.1 for a summary). 

The method used to assess the conformational changes of the microcapsules relied 

gnot included in the tatistics as one capsule was only exposed once a fter the first ex posure 
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Fig. 6.2 - P o ly m er microcapsule damage induced by CW H e N e laser (3.6 mW) 
exposures. A polymer microcap ule adsorbed on the glass cover~lip of an ultra-purl' water 
filled h\'aki dish was exposed to successi\'e 100 ms laser expOS1lfes (6:1:1 nm , C\ V) focIIs('d 011 

the side of the cap ule wall at the power of 3.6 m W until a damage of the ~ he ll ould he 
obseryed . (A ) Schematic of a microcapsule as seen from a plane perpend icu lar to t he glass 
slide, showing a laser exposure on capsule wall. (B ) Bright field image of t he capsule before 
irradiation. (C - G ) Bright field of the same capsule as in (A), respectively after t he first , 
se('ond. third, fourt h and fifth 100 ms lk:\(' laser rxposurr (:I.G mW). Thr a rea rxposrc\ to 
the laser light source before the frames shown in (C- G) is highlighted by a recl e1 0Led lille 

circle in (B). 

Fig. 6.3 - poly m er microcapsule damage induced by CW HeNe laser (10.7 mW ) 
exposures. Five different polymer microcapsules adsorbed on the gla s covers li p of a ll ultra
pllre warrr fillrd hyaki .dish wrre each rxposrd to a singlr 100 ms las!' r rxpOSllrl' (f;:n 11111 , 

CW) focused on the slde of the capsu les wall at t he power of 10.7m\ \!. (A- E ) Bright 
field image of the microcapsule before (top) and after (bottom) the laser ex posure ( 100 1I1S , 

G:):) nm , 10.7 m \ \ ' ), ~hO\\'ing different degree of damage: (A - B ) moderate wall shape change; 
(C ) stronger :"hap~ alterat ion : (D - E ) microscopically visibly damaged ~h ell. The area ex
posed TO the laser hght source between the top and bottom fram s shown in (/\ E) i~ poillted 
by a r darrow. 
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Laser exposure effect 

No visible change 
(after one exposure) 

Modified shape 
after a single exposure 
after four exposures 

Damaged shell 
(counted in modified shape) 

6. Active delivery of gold nanoparticles 

Laser power (m W) 

3.6 10.7 

93% 20% 

7% 80% 
7% 87% 

0% 20% 

Tab. 6.1 - Laser exposure power dependence on polymer microcapsules shell 
impairment. The change in polymer microcapsules shape was observed by bright ficld 
microscopy before and after the illumination of the side of their shell with a focused CW 
ReNe laser beam at a power of either 3.6mW or 1O.7mW. At the power of 3.6mW most 
capsules did not exhibit any change, when most capsules did at 1O.7mW. The statistics were 
performed on populations of 15 microcapsules. 

on microscopical observations and yet does not allow to determine unambiguously 

if a cargo present inside the microcapsule could be released. It is reasonable though 

to consider that it would happen for the capsules that presented a damaged shell, 

with visible polymer displaced from the shell. However, further evidences would be 

needed to determine if that could also happen for the microcapsules that did only 

show a change of their shape. This microscopically visible shape change could for 

example have led to a local porosity of the microcapsules, which could not be probed 

within these experiments, or even have induced a damage to the shell that was not 

visible with the microscopy technique used for this study. Alternatively, a transient 

porosity of the microcapsules could happen during the illumination, as suggested by 

Bedard et al. 23, and would not be detected here. 

Further investigations of the opening process were initiated using similar PSSj 

PAH microcapsules containing gold nanoparticles in their walls and FITC-conjugated 

dextrans (500 kDa) in their cavities. However, the opening process had to be pro

ceeded to with a different wavelength as the nanoparticles present in the walls were 

distributed in a dispersed manner, with an absence of aggregates (different produc

tion method). To achieve the damage on the capsules the frequency doubled Nd;YLF 

laser with an output wavelength of 523nm (CW mode) was therefore used on the 

photothermal microscope. However, as the fluorescent dye (FITC) functionalised to 

the dextrans has a not negligible absorption at 523 nm, the illumination necessary to 

damage the capsules walls would also quench the dyes. This disallowed to distinguish 

between quenching and release of the dextrans upon microcapsule damage and the 

assessment of the release from the capsules could not be accomplished conclusively. 
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However, a selective photobleaching induced on the capsule wall or in the centre 

of the capsule achieved with the help of a confocal microscope showed no redistri

bution of fluorophores from the walls to the centre of the capsule. This allowed 

to determine that an immobile fraction of FITC-conjugated dextrans were either 

adhering to the inside part of the microcapsules wall or most probably were inser

ted within the walls where they stayed prisoners during the encapsulation of the 

dextrans. Indeed, to achieve the encapsulation the polyelectrolytes need to reach 

their glass transition temperature and allow the dextrans to enter the microcapsules 

cavities before being returned to their initial state when some of the dextrans could 

be kept captive within the polyelectrolyte multilayer assembly. 

Recently, Dan Nieves and Raphael Levy were able to establish conclusively the 

opening of similar capsules with DyLight405-conjugated dextrans in their cavities 

with a power of 7.9mW using the frequency doubled Nd:YLF laser (523nm) of the 

photothermal set up. Nevertheless, this power is typically not bearable by the cells 

and a different wavelength would be needed for microcapsule opening within cells if 

such a power is necessary. 

6.3 Microcapsule targeted opening: a realistic 

objective? 

6.3.1 Nanoparticles distribution within a microcapsule 

The illumination of polyelectrolyte microcapsules shell with a focused CW BeNe 

laser has shown the potential to provoke some damage on the shell with a power of 

10.7 m W. However, the response of the capsules to the illumination was not boolean, 

as some capsules appeared damaged while others were only displaying a change 

of their shape and some others did not show any visible change (by bright field 

microscopy) . 
Increasing the power used to damage the microcapsule would quite certainly 

provide more efficiency in the damaging process, but this was not possible with the 

set up that was available in Liverpool. Additionally, limiting the illumination power 

in the view of providing a microcapsule cargo release within cells would be beneficial, 

as it could limit the potential harm to the cells. 

A more efficient way of inducing the damage to the capsule shell could thus be 

explored using the same laser power as previously (10.7mW). Indeed, if the damage 

process is directly linked to the heating provided locally by the illumination through 

nanoparticles adsorbed to the capsules walls, then targeting areas of the capsules re

taining a higher density of nanoparticles could contribute to a more efficient damage 

of the shell. 
To test that hypothesis a microcapsule adhering to the glass coverslip of a dish 

filled with de ionised ultra-pure water was imaged by photothermal microscopy, to 
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establish a map of the local relative density of nanoparticles within the shell and 

identify the places where the density was the highest. In order not to damage the 

microcapsule during the acquisition of the photothermal images, the power of the 

probe beam was reduced to a value of 0.86 m W (output of the objective), which is 

less than a fourth of the smaller intensity examined during the microcapsule opening 

assay (3.6 m W), and that led to a single capsule damage out of attempts on fifteen 

of them. 
Photothermal images of the microcapsule were acquired at different altitudes 

(z=O, 1, 2, 4 Jim), where the origin of the altitude was defined at the capsule lar

ger diameter in the direction perpendicular to the glass coverslip (Fig. 6.4A), as 

evaluated by focusing in bright field microscpoy. 

The photothermal images presented in Fig. 6.4B were acquired with a 10 ms 

integration time per pixel, as for all images in this manuscript, but here the width 

of a pixel was only about 50 nm. It generated a significant misalignment between 

even and odd scanning lines,h which needed to be corrected to allow a meaningful 

display of the images. A software modification was therefore applied to the images 

to partially compensate the misalignment caused by a synchronisation issue during 

the process of image acquisition. 

The images are displayed with four different contrasts ranges to better estimate 

the relative density of nanoparticles between different areas of the microcapsule. 

The photothermal intensity appear unevenly distributed along the perimeter of the 

microcapsule, showing a high nanoparticles density in some areas alongside weaker 

ones, which are still witnessing high content of nanoparticles as can attest the display 

of the smaller contrast range [0,5000]. 

The comparison of the images of the microcapsule at different altitudes also 

allows an estimation of the relative altitude between different areas of the microcap

sule wall. For example, the photothermal intensity of the area b pointed by a white 

arrow in Fig. 6.4B is increasing between the altitude z=O Jim and z=1 Jim and then 

decreasing between z=1 Jim and z=2 Jim, which tends to suggest that this cluster of 

aggregated nanoparticles is located at the top of the capsule. Similarly, the photo

thermal intensity of area a pointed by a grey arrow in Fig. 6.4B is decreasing with 

the altitude, which enables to state that the area b is positioned above the area a, 

and is probably located at the bottom of the capsule, towards the glass coverslip. 

Additionally, the apparent diameter of the microcapsule does not decrease when 

the images are acquired at higher altitudes (z=l, 2 Jim) than the origin, as it should 

happen if the volume of detection was possessing a very sharp vertical resolution. 

Instead the intensity of most areas decreases, to exception of the ones that are 

getting more in focus when the altitude is increased (as area b), to fade significantly 

hthis is due to a synchronisation issue during the image acquisition and has been solved since 
then 

162 



A 

B 

.--. o 
o 
o 
o 
~ 

o 
'--'"' 

.--. 
o 
o 
o 
o 
N 
o 
'--'"' 

.--. o 
o 
o 
o 
~ -
2.. 

.--. o 
o 
o 
L.{') 

o 
'--'"' 

6. Active de livery of gold n anoparticlcs 

.......... ..... ....... .. ... .. 4 11m 

z o ).lm z 1 ).lm z = 2 ).lm z = 4 ).lm 

Fig. 6.4 - Photothermal images of a polymer m icrocapsule . 
(A ) Schematic of a polymer microcap ' ule as seen from a plane perpendicula r to t it e glass 
slide. The origin of the altitude (z=o) of the frame of reference for photothermal Illicros('opy 
imaging was chosen at the larger diameter of the capsule. Phototh rm al images W('ft' Lhl' ll 
acquired at the altitude of 0, 1, 2 and 4 J-I.m. (B ) A polymer microcapsule adsorlJC'd 011 t hl' 
glass coverslip of an ultra-pure water fill.ed Iwak.i dish wa') imaged by photothcl'Ill [l l miC'l'o
scopy at the alt itude of 0, 1, 2 and 41tlll (ullages £rolll left to right). DirkI' ' li t (,Ollt rusts (fro lll 
top to bottom) are presented for each altitude to appraise the different I'nn O'e of ill tC'llsi t it's 
that are appeaJ'illg on the images. Area a and b are located respect ively at t.he boLtolll nlld 
the top of t he microcapsule. The scale bar represents 2 11.m. 
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at the altitude of 4 pm, as predictable from a theoretical ellipsoid-shaped (prolate 

spheroid) detection volume 24
• 

Markedly, the photothermal signal measured at the altitude of 2 pm present a 

diminished intensity at the microcapsule perimeter, but is still significantly visible. 

Likewise, a photothermal signal is still present at the altitude of 4 pm, which is about 

2.5 pm above the microcapsule with the approximation that the,..... 3 pm microcap

sule can be represented as a sphere lying intact on the glass coverslip. These two 

observations suggest that the volume of detection could be spread close to a value 

of 5 pm along the z-axis direction. 

6.3.2 Targeted microcapsule shell damage 

Based on the photothermal images of the microcapsule acquired and presented in the 

previous section (Fig. 6.4B), three areas of the capsule where identified for targeted 

illumination: area 2, a nanoparticles dense domain, and area 1 and 3, which were 

presenting weaker local quantities of nanoparticles. These areas are presented in 

Fig. 6.5A-B, respectively through the photothermal image of the microcapsule and 

its bright field image, both acquired at the altitude of z=O /Lm. 

The targeted illumination began with area 1, expecting a not conclusive effect 

of the illumination on the microcapsule damage due to a local weaker density of 

nanoparticles. The result of two successive 100 IDS illuminations with a CW HeNe 

laser at the power of 10.7 m W (separated by a few second) on area 1 did not show 

any modification of the shell, as can be seen on Fig. 6.5C (first row of bright field 

images). The illumination was therefore further moved to the nanoparticles dense 

area 2, where four successive illuminations did not prove either to damage the shell 

or to modify visibly its shape (Fig. 6.5C, second row). Then, the laser was moved to 

the third area, a nanoparticles weak zone surrounded by two domains with higher 

nanoparticle density, where the microcapsule finally appeared as damaged after the 

fourth illumination. 
A photothermal image was then acquired at the altitude z=l J,lm. The images of 

the microcapsule acquired before the illumination needed to be modified to allow a 

easier understanding of their content, as a misalignment of odd and even scanning 

lines, consecutive to a synchronisation issue during the acquisition, was leaving them 

distorted. This was also appearing on the image acquired after the illumination 

(Fig. 6.6A). However, after applying the same correction as before (Fig. 6.4B), which 

consisted in sliding odd and even lines two pixels apart from one another, the image 

was still partially distorted (Fig. 6.6B). To improve the representation of the mi

crocapsule, a frequency filter was applied to the photothermal image to remove the 

high frequency noises introduced by the scanning line misalignment. Briefly, the FFT 
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~ 
A = 633 nm 
1=10.7mW 

~t = 100 ms 

Fig . 6 .5 - M icrocapsule wall d a maging p rocess after successive CW IleN e l"seT" 
illuminat ion (10.7 mW). The capsule imaged by photothermal microscopy ill Fig. Ci .·113 
was exposed to a series of 100 ms laser ill uminations (633 11m, 10.7 mW) in LhrC'C' diffe rellt 
a reas of the capsule wall at z=O pm (as defined in Fig. 6.t1A). ArC'a 2 was nitnopa rl iC\(' c\(, Il S('. 

whereas 1 and 3 exhibited a less dense nanopart icle load ing. (A - B ) The areas of the C'a p~ lI k 
wall that \\'ere exposed to la er illuminations (z=O 11m ) are highlighted by whil(' rillgs 0 11 

images acquired before illumination: (A ) a photothermal image of the caps ll le, (D) it bright, 
field image of the capsule. (C ) Bright field images of the cap ule before (kfL images) and 
after the successive laser illuminations (number of illumination increasC's t.owards I \t (' right,) 
in t he three areas indicated in (A) and (B) . The capsule wall remained Ill icroscopicn lly 
unimpaired until the fourth illumination in area 3. The scale bars represC' Il L 2 1m!. 
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Fig. 6 .6 - Filte ring of a microcapsule distorted phototherma l image. Tht' IlI i
crocapsule imaged by photothermal microscopy in Fig. 6.1B wa,.; c1a.mnged a.fter a se ri es o f 
100 ms illumination with a focused CW ReNe laser (Fig. 6.5) . A phototli ' rlllni illl nge of eli e 
same microcapsule was acquired at t he altitude of z= llim after t il, dall1agc Wi1.~ provokt'd 
to its polYJllcr shell. .\1ouiflcations of t hc illtagC wcrc pc rfo rlllcd l'ither by ali [.!, IIIII l' II L or 
incorrect ly interlaced sca.nning lines or with the help of a frequency filt er (se(' Sect. 11 .,1.5 
for details) to remove the high frequency noise , a nd a llow a visually eas icr IIIHlersLn lldill )!; If 
the image. (A ) Unmodified image. (B ) Image a ft er a lignment of even and odd lill t's (:2 px) . 
(C) Frequency filtered image smoothing features smaller or equnl to 1 pixe ls. (D ) 1~·('q \l l' II ( · 'y 

filtered image smoothing features smaller or equa l to 2 pixels. The scale bar r<' pn'Sl' II\.s ~ l/Ill. 
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bandpass filteri of the ImageJ software was used to discard the short wavelengths 

comprising the misalignment noise in the photothermal image (high frequencies), 

leaving the low frequency unaffected. A one pixel cut-off was first tried, as shown 

in Fig. 6.6C, and was giving similar results to the previous technique of line "re

interlacing". A cut-off of two pixels gave better results with a clear photothermal 

image (Fig. 6.6D). Additionally, if one compares the original image (Fig. 6.6A) 

to the frequency filtered one (Fig. 6.6D), which are both displayed with the same 

contrast range [0,10000], low intensity areas as the ones pointed by the red arrows 

in Fig. 6.6A and D and high density of nanoparticles domains (white arrows) are in 

good agreement in the two images. 
The same frequency filtering process was therefore applied to images acquired 

before and after the series of illuminations on the microcapsule shell at the altitude 

z=l j1m. The resulting filtered images are presented in Fig. 6.7, where they are 

displayed in different contrast to allow a comparison in the whole range of intensities. 

The red marks representing the areas exposed to the laser illuminations have sizes 

of 0.5--D.7 j1m, which means that they are assuredly larger than the real size of the 

laser beam that was irradiating these zones. The first area to be exposed (area 1) 

exhibits a minor change of its local nanoparticle density after illumination. Area 2, 

which was illuminated after area 1, displays a more pronounced change in photother

mal intensity and an area between the two aforementioned domains saw two high 

density of nanoparticles domains appearing after the illuminations (white arrows in 

Fig. 6.7). Similarly to the first area, area 3 does not uncover a major change of 

the local nanoparticle distribution. However, some domains near to this zone have 

had changed intensities, while as a result of the damage to the microcapsule, some 

domains have moved or disappeared, as for example the one pointed by the grey 

arrow in Fig. 6.7. 
Although this example of a microcapsule damage cannot be considered as rep

resenting the general microcapsule damaging process, it clearly show that targeting 

a high density of nanoparticles for an illumination induced damage is not necessarily 

a factor for success. Provoking a damage to the shell in these conditions is therefore 

not ascertainably directly related to the quantity of heat produced locally, but could 

also be correlated to a local weakness of the polymer shell, possibly through areas 

presenting defects. This could be investigated further if such microcapsules were to 

be used as delivery containers. 

Materials and methods available in Appendix B.4 

ilmageJ FFT bandpass filter is a gaussian filtering process in the Fourier space removing the 
high (smoothing) and low (shading correction) spatial frequencies in the original image 
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[0,10000] [0 ,15000] 

F ig. 6 .7 - Changes of nanopart icIe density distribut ion a fter m icrocap s u le d a m 
age . The microcapsule displayed in Figs. 6.4 and 6.5 was imaged by photot hermal mi
croscopy before and after the wall damaging process had occurred. Photothenn Fl l im Flges 
(z= ll1m) of t he capsule before (top) and after (bottom) the 10.7 mW laser illuminat ions are 
d ispl ayed wi th diffe rent contrasts to allow a comparison of the dist ribution of nanopa.rticlC's 
density a nd appraise their change . The white arrows show domains where the nalloparticks 
densit\· increase upon laser illumination of the capsule, when the grey one points town.rel s a 
nanop"article dense a rea that has disappeared (or moved) after illumination. The scale bar 

represents 2/Hn. 
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Chapter 7 

Conclusions 

he intracellular delivery of gold nanoparticles in mammalian cells has 

been studied in this manuscript. Firstly the non-specific internalisa

tion of peptide-capped gold nanoparticles was examined in Chapter 3 

using a combination of confocal fluorescence microscopy, transmis

sion electron microscopy and photothermal microscopy. This fruitful 

gathering of techniques allowed to demonstrate that the amount of gold nanopar

ticles internalised by the cells was increasing over time to saturate after f'o.J 2.5-3h. 

The uptake of the nanoparticles was shown to increase in a linear manner with 

the nanoparticle concentration after an endosomal mediated internalisation, which 

subsequently induced a degradation of the peptide self-assembled monolayer by the 

endosomal protease cathepsin L. The monolayer degradation could be prevented 

by inhibiting the enzyme to significantly reduce the degradation, but cathepsin L 

was demonstrated to have a broad cleavage potential and therefore to be likely to 

jeopardise numerous future nanoparticle functionalisation strategies if its effect was 

overlooked during bioconjugates design. Finally, the influence of the non-specific 

interactions was probed by changing the surface chemistry of the nanoparticles. 

The incorporation of increasing proportions of poly( ethylene glycol) end groups in 

the nanoparticles monolayer, known to limit the non-specific interaction, showed to 

reduce increasingly the amount of nanoparticle internalisation. 

Chapter 4 proposed an overview of methods dedicated to facilitate the delivery 

of the nanoparticles in the cytosol by two different strategies aiming to avoid the 

endosomal entrapment. First an approach of endosome disruption was undertaken 

by using the endosome breaking drug chloroquine to help delivering the nanoparti

des to the cytosol. Used in combination with a cathepsin L inhibition, chloroquine 

demonstrated to further protect the nanoparticle monolayer from proteolytic degrad

ation, but the interaction of the nanoparticle with the endosome membrane debris 

hampered significantly their cytosolic dispersion. Then the nanoparticle functional

isation with addition of the cell-penetrating peptide Tat and the endosome disrupting 
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fusion peptide HA2 in the content of a PEG containing monolayer was examined 

in a similar goal of endosomal escape. Tat and HA2 both showed to increase the 

uptake of the gold nanoparticles, but no joint effect was observed. Surprisingly, 

the nanoparticles did not prove to have escaped the endosomes, maybe because of 

their lack of interaction with the endosome membrane preventing HA2 to disrupt 

the membrane. And eventually a pore mediated entry was examined with the use 

of the membrane pore forming toxin streptolysin 0 combined with a variation of 

the monolayer non-specific properties regulated by the introduction of a proportion 

of poly(ethylene glycol) in the monolayer. No cytosolic nanoparticles could be ob

served using this method, but an increase of the uptake was observed in presence 

of the toxin for nanoparticles bearing the PEG terminated molecules. Interestingly, 

the effect was more important when the non-specific interactions were not too much 

reduced, with a proportion of 10 % of PEG terminated ligands in the monolayer, 

suggesting that an interaction with the cell membrane was necessary to promote the 

internalisation. 
In Chapter 5, a series of more than ten articles on "stripy nanoparticles" and 

their supposed extraordinary properties such as entering the cell to go in the cytosol 

without membrane disruption was critically reviewed. The evidences were revisited 

using Fast Fourier Transform analysis of the published STM images to demonstrate 

that the presence of the stripes observed on alkane thiol functionalised nanoparticles 

by the authors was the result of an imaging artifact. In a second part the interac

tion of different mixed MUS/OT functionalised gold nanoparticles with cells was 

examined and showed that these nanoparticles display a clear endocytosis mediated 

internalisation. 
Finally, Chapter 6 was dedicated to a more active photophysically mediated 

approach of nanoparticle delivery. The opening of polymer microcapsules upon laser 

illumination was first studied, to try to find parameters allowing the damage of the 

capsule shell in order to later use them in a capsule mediated delivery of nanoparti

des in the cell cytosol. The damage of some microcapsules upon 100 ms illuminations 

with a 633 nm laser at a power over 10 m W was observed, but an attempt to target 

specific nanoparticles dense areas of a capsule using a nanoparticle density map 

provided by photothermal images of the capsule did not give conclusive results. 

However, photothermal microscopy proved to give insights into the distribution of 

nanoparticles within the microcapsules and could be used to characterise the nano

particle density in the cavity of the microcapsule while they remain in solution. 
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Appendix A 

Photothermal Microscope 

A.I Microscope components 

Table and microscope 

• Table: Linos 

• }'Iicroscope: Axiovert 200, Zeiss (Germany) 

• }.Iotorised stage system 

_ Stage: H117~lX4 ProScan stage, Prior Scientific Instruments Ltd (UK) 

_ Controller: H30XYE ProScan controller, Prior Scientific Instruments Ltd 

(UK) 

• Sample holder, home built 

Illumination systems 

• Lasers: 

- Heating beam: Nd:YLF Ventus 523, Laser Quantum (UK) 

- Probe beam: HeNe JDSU 1100, JDS Uniphase Corporation (USA) 

• ~lodulation system: 

- Acousto-optic system: 

* Acousto-optics modulator: AOM-I060 model 532 C-L-V, Isomet Cor

poration (USA) 

* Power supply: EL301 power supply, TTi 

- ~lodulation (function generator): 33220A, 20MHz wave generator, Agi

lent (USA) 
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• Bright field and fluorescence illumination: X-Cite Series 120, EXFO (USA) 

• Fluorescence filter sets, Zeiss (Germany): 

- 38HE: 

* Excitation: BP 470/40 

* Dichroic: FT 495 

* Emission: BP 525/50 

- 43HE: 

* Excitation: BP 550/25 

* Dichroic: FT 570 

* Emission: BP 605/70 

• Shutter system: 

Optics 

- Loan shutter system: 

* Stand alone shutter: HF202, Prior Scientific Instruments Ltd (UK) 

* Controller: H30XYZ2, Prior Scientific Instruments Ltd (UK) 

- Current shutter system: 

* Shutter: SH05 Beam Shutter, Thorlabs (USA) 

* Controller: TSCOOI T-cube shutter controller, Thorlabs (USA) 

• Objectives: 

- Achroplan 50x/0.g NA, Zeiss (Germany) 

- Achroplan 40x/0.8 NA, Zeiss (Germany) 

• Translation Z (top objective): 

- Motor: Z812, Thorlabs (USA) 

- Controller: apt dc servo controller TDCOOl, Thorlabs (USA) 

• Cold mirror, Thorlabs (USA) 

Detection 

• Cameras: 

- ImageI1f, Hamamatsu (Japan) 

- Thorlabs DC 31O-C, Thorlabs (USA) 

• Photodiode: 10 MHz adjustable photoreceiver model 2051, New Focus (USA) 

• Lock-in amplifier: 7280 DSP, Signal recovery (USA) 
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Acquisition 

Acquisition card: NI PCIe-6259, National Instrument (USA) 

Scanning 

• Piezoelectric device: P-563.3CD, Physik Instrumente (Germany) 

• Piezoelectric device controller: E71D.3CD, Physik Instrumente (Germany) 

• PCIe-GPIB card (piezo controller - computer): NI PCle-GPIB, National 

Instrument (USA) 

Incubation system 

• Incubator XL-3, Peacon (USA) 

• Heating unit, Zeiss (Germany) 

• Temperature control tempcontrol 37-2 digital, Zeiss (Germany) 

• CO2 control, Zeiss (Germany) 
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Appendix B 

Material and methods 

B .1 Non-specific delivery of gold nanoparticles 

B.1.l Materials 

Tissue culture medium was from Gibco Life Technologies (Carlsbad, Ca); fetal calf 

serum (FCS) from Harlan Seralab (UK); pharmacological inhibitor Z-FF-fmk from 

Calbiochem (E:'ID Biosciences, Germany). Gold nanoparticles used in Sect. 3.1 and 

3.2 were from BBInternational (Cardiff, UK). Gold nanoparticles used in Sect. 3.3 

were synthesised as mentioned in Sect. B.1.3. Peptides used in Sect. 3.1 and 3.2 

were from Anaspec (San Jose, CA) and PPR Ltd. (Fare ham , UK). Purified human 

cathepsin L and purified bovine thrombin were from Sigma (St. Louis, MO). The 

peptides CALNN and CCALNN-PEG (CCALNN-(EG)6-ol) used in Sect. 3.3 were 

purchased from Peptides Proteins Research Ltd (UK). The PEG-NHS-ester used in 

Sect. 3.3.1 was from Prochimia and daunorubicin was from Sigma Aldrich. The 16 % 
paraformaldehyde solution was from Agar Scientific (UK) and the 25 % glutaralde

hyde solution from TAAB (UK). Centrifugation filters for nanoparticle purification 

and sterilisation were bought from VWR and PALL. 35mm glass cover slip dish were 

from Iwaki (Japan) and 35 x lOmm cell culture dish from Corning (USA). 96-well 

and 384-well plates were from Corning (USA), and 96-well and 384-well filter plates 

were from Millipore (USA). Ni-NTA beads were from Invitrogen (USA). 

B.1.2 Peptide stock solutions 

Stock solutions (2 IIL\I) of CALNN and of CCALNN-PEG (CCALNN-(EG)6-ol) 

were prepared by dissolving the peptides in concentrated phosphate buffer saline 

(lOx PBS: 1.6M NaCl, 30mM KCl, 80mM N~HP04' lOmM KH2P04). The stock 

solutions of the peptides CALNNGGGALVPRGSGTAK (5-carboxyfluorescein)-NH2 

(CALNN-th-fam), CCALNNGGGALVPRGSGTAK (5 - carboxyfluorescein)-NH2 

(CCALNN-th-fam) were prepared by dissolving them in dimethyl sulfoxide. The 
resulting solutions were kept as aliquots at -80°C. 
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B.1.3 Gold nanoparticle synthesis 

The method was adapted from Slot et al. 1 

B. Material and methods 

Briefly, 395 mL of deionised water and 5 mL of 1 % w Iv HAuC14 is heated to 60°C 

then a 100mL solution of 20mL 1 % w/v Na3citrate, 6mL 1 % w/v tannic acid, 

6 mL 0.2 M KC03 and 68 mL of de ionised water is added and left to stir at 60°C to 

complete the reaction. 

B.1.4 Formation of peptide self-assembled monolayers 

A peptide solution was prepared by mixing the peptide stock solutions in the ap

propriate volume ratio. The peptide solution was mixed in a 1:1 ratio with lOx 

PBS (1.6M NaCI, 30mM KCl, 80mM Na2HP04 , lOmM KH2P04). A suspension 

of 10 nm diameter gold nanoparticles (BBlnternational, Cardiff, UK) for Sect. 3.1 

and 3.2 or 5nm gold nanoparticles (synthesis Sect. B.1.3) for Sect. 3.3 was added 

in a 9:1 volume ratio giving a 100 IlM final concentration of peptide. The solution 

was briefly agitated before addition of Tween-20 to a final concentration of 0.05 % 
(v/v). The solutions were left overnight at room temperature, in the dark to avoid 

photo bleaching of the fluorophores when necessary. 

B.1.5 Nanoparticles purification procedure 

B.1.S.1 10 nrn nanoparticles 

The nanoparticle solutions were centrifuged (16000 g, 60 min), and the pellet was 

resuspended in 1 mL of phosphate buffer saline (PBS: 160 mM NaCl, 3 mM KCl, 8 

m~1 Na2HP04' 1 mM KH2P04 ) with 0.05 % Tween-20 before a second centrifugation 

step (16000 g, 60 min). This washing step was repeated three times with PBS only, 

before resuspension in PBS at a final nanoparticle concentration of 60 nM. Successful 

formation of the monolayer is immediately visible because of the increased colloidal 

stability and of a small red shift of the plasmon band. 2 The repeated centrifugation 

procedure ensures that the concentration of excess free peptide is in the picomolar 

range. 

B.1.S.2 S nrn nanoparticles 

The nanoparticles solutions were centrifuged at 21000 rpm for 2 h. The supernatant 

was then discarded, the nanoparticles pellet resuspended in a 1 xPBS and eluted 

through a Sephadex G-25 column. The particles were sterilised by filtration using 

0.22 pm centrifugation filters. 
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B.1.6 Cell culture and nanoparticles incubation 

B.1.6.1 Nanoparticles internalisation and SAM degradation 

HeLa cells were grown in Dulbecco's modified Eagle medium (DMEM) supplemented 

with 10% FCS (v/v) and 1 % non-essential amino acids (v/v), at 37°C, 5% CO2, 

Cells (between passages 8 to 20) were plated at 105 cells/mL in 35 mm Iwaki dishes. 

For all experiments, nanoparticles were incubated directly into the complete medium 

(containing 10 % FCS) for indicated times at the stated final concentration. 

B.1.6.2 Effect of PEG in the monolayer 

Cells (between passages 8 to 20) were detached from the cell culture dish with 

trypsin, pelleted and washed three times by centrifugation (3000 rpm, 3 min) in 

serum-free medium in 1.5 mL eppendorf tubes, removing carefully all the medium 

each time. 4.105 cells were resuspended in 400 JiL of serum-free MEM. Gold na

noparticles at the appropriate concentrations were added to 200 JiL of serum-free 

1IE~L This mix was added to the cells and the eppendorf tube was left to incubate 

at 37°C for 10 min. 1 mL of serum containing MEM (10 % FCS) was added and the 

tube returned to incubate at 37°C for 20 min. The nanoparticles were removed by 

centrifugation (3 min, 3000 rpm) and the discarded medium was replaced by fresh 

medium. The cells were then seeded on an Iwaki dish and left for 4 h to attach to 

the dish before fixation (Sect. B.1.l1.1). The cells were then imaged immediately or 

kept at 4°C with 0.05 % azide until imaging. 

B.1. 7 Confocal microscopy 

B.1.1.1 Time lapse 

Cells were plated in 35 mm glass coverslip culture dishes (Iwaki). One day after 

plating, cells were then incubated on the microscope stage at 37°e, 5 % CO2 , and 

observed by confocal microscopy using a Zeiss LSM510 with a Plan-apochromat 

63x/1.3 NA oil immersion objective. Excitation of fluorescein was performed using 

an argon ion laser at 488 nm. Emitted light was detected through a 505-550 nm 

bandpass filter from a 545 nm dichroic mirror. Data capture was carried out with 

LS~1510 version 3 software (Zeiss, Germany). For time-lapse experiments, mean 

fluorescence intensity was extracted and the fluorescence intensity relative to starting 

fluorescence was determined for each cell using LSM510 software. These experiments 

were performed at least three times, and each time, eight different fields which each 

contain'" 5-10 cells were analysed. 
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B.1.1.2 Statistical analysis 

For fluorescence intensity quantification, 10 images containing each '" 20 cells were 

taken for each condition. Number of fluorescent vesicles was then counted for each 

field as well as mean fluorescence intensity for each individual cell using kinetic 

tracking analysis software (2002 Kinetic Imaging, Ltd.). Statistical significance was 

determined by one-way ANOVA followed by a Bonferroni multiple comparison test. 

Difference was considered as significant at p<O.01. All of these experiments were 

performed at least three times. 

B.1.8 In vitro fluorescence assay 

For thrombin cleavage, each reaction (100 J.LL) was performed in PBS with 0.3M 

NaCl (pH 7.4), with 6n~1 of 98 % CALNN - 2 % CALNN-th-fam nanoparticles and 

50 mU of purified thrombin. Fluorescence was measured using a BMG labtech PO

LARstar fluorimeter (Offenburg, Germany) and Corning (Corning Inc., NY) black 

NBS plates. 

B.1.9 In vitro ligand exchange assay 

Nanoparticles capped with five different mixed monolayer of CALNN:CCALNN 

(composition ratios 1:5, 1:2,1:1,2:1 and 5:1) and homogenous monolayers of CALNN 

and CCALN~ were prepared in a 96-well plate. Peptides solutions were mixed to

gether and added to the gold nanoparticles solution and incubated for 24 h for the 

monolayer to form. Excess unbound pep tides were removed by repeated centrifuga

tion and resuspension in water in a 96-well filter plate. The purified peptide-capped 

nanoparticles were transferred to a 384-well plate and incubated with free CALNN

Histag peptides at three concentrations (1.2, 2.4, 3.6 J.LM and a control at 0 nM) for 

12 h. After incubation, the mix was transferred to a 384-well filter plate loaded with 

a gel of Ni-NTA beads, which was centrifuged above a normal 384-well plate. As 

the Ni-XTA has a strong affinity for Histag, the nanoparticles that have undergone 

ligand exchange with CALNN-Histag for one or more of their ligands will be im

mobilised on the Ni-NTA beads while the others will be eluted to the empty plate. 

The absorbance at 522 nm was taken for the eluted nanoparticles to compare the 

nanoparticles that undergone ligand exchange with those which did not. 

B.1.10 TEM 

Cells were plated at 2.105 cells/mL in a 35 mm Petri dish. One day after plating, 

cells were incubated for 3 h with nanoparticles at a 6 nM final concentration. After 

one PBS wash, cells were fLxed with 4 % paraformaldehyde and 2 % glutaraldehyde 

in 0.1 M phosphate buffer solution, osmicated, and processed for epoxy resin em

bedding. Then, 70 nm sections were cut with a LKB ultramichrotome and stained 
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with 5 % aqueous uranyl acetate and 2 % lead citrate before viewing in a FEI Tecnai 
Spirit transmission electron microscope. 

B.1.11 Photothermal microscopy 

B.!.l!.l Cell fixation for photothermal microscopy 

The fixative used was 4 % paraformaldehyde in phosphate buffer. The samples were 

washed twice with PBS (37°C) and fixed with fixative (37 °C) for 20 minutes. The 

fi..xative was then removed and the sample washed again with PBS twice, each time 

for at least 5 minutes. The samples were then imaged immediately or kept at 4°C 

with 0.05 % azide until imaging. 

B.!.l!.2 Photothermal imaging 

The technique was described in details in Chapter 2, and particularly the imaging 

parameter were described in Sect. 2.2.3. 

B.!.l1.3 Image analysis: whole field method with threshold 

The method consists in drawing a region of interest (ROI) around the cells in an im

age and measuring the photothermal intensity of that region above a threshold. The 

analysis was processed using the software AQ~1 Advance 6.0.2.23 (Kinetic Imaging 

Ltd, UK). The bright field and photothermal images, both encoded in a 16-bit TIFF 

file format, were joined in a TIFF image file composed of two image planes (bright 

field, photothermal). A single region of interest (ROI) was drawn on the bright field 

image around all the cells that were appearing as whole in that field of view using the 

free hand polygon image tool of the AQ~I Advance software, leaving the areas which 

did not include cells outside of it as much as possible. A few regions were drawn on 

the image using the ellipse tool of AQ~1 Advance in areas where no cells were present 

and the mean photothermal intensity of these regions was used to produce a mean 

photothermal background intensity. The mean photothermal intensity of the ROI 

including all the whole cells was measured by setting up a threshold corresponding 

to 1.5 times the mean background photothermal intensity of the field of view, to 

yield a mean photothermal intensity of the ROJ. This procedure was repeated for 

each of the images acquired for a given condition and for each condition. For each 

condition, the mean photothermal intensities of the fields were averaged to produce 

a mean photothermal intensity and a standard error, representing respectively a 

measure of the mean nanoparticle uptake per cell for the given condition and its 

accuracy. 
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B.1.11.4 Image analysis: single cell method 

The method consists in drawing a region of interest (ROI) around each of the cells 

present in an image and measuring the photothermal intensity of these regions once a 

mean background value is subtracted. The analysis was processed using the software 

AQM Advance 6.0.2.23 (Kinetic Imaging Ltd, UK). The bright field and photother

mal images, both encoded in a 16-bit TIFF file format, were joined in a TIFF image 

file composed of two image planes (bright field, photothermal). A region of interest 

was drawn around each of the cells that were appearing as whole in that field of 

view using the bright field image and the free hand polygon image tool of the AQM 

Advance software. A few regions were drawn on the image using the ellipse tool 

of AQ~ Advance in areas where no cells were present and the mean photothermal 

intensity of these regions was used to produce a mean photothermal background 

intensity. The mean photothermal intensity of each of the ROIs including the cells 

was measured after subtraction of the average photothermal background intensity 

of the field of view, to yield a mean photothermal intensity for each whole cell. This 

procedure was repeated for each of the images acquired for a given condition and 

for each condition. For each condition, the mean single cell photothermal intensities 

were then averaged to produce a mean photothermal intensity and a standard error, 

representing respectively a measure of the mean nanoparticle uptake per cell for the 

given condition and its accuracy. 

B.1.12 Bright field microscopy 

The bright field images (16-bit resolution, 512 x 512 pixels maximum frame size) 

were acquired with an ImageEM ultra high sensitivity cooled EMCCD camera 

(Hamamatsu, Japan), fasten on the bottom port of an Axiovert 200 microscope 

(Zeiss, Germany) using the HCImage 1.1.1.0 image acquisition software (Hama

matsu, Japan). The images were acquired with a 122 ms time exposure, at the 

minimum camera gain (G=1) and minimum digital sensitivity gain (G=l). 

The transmitted light illumination system was home built. It was composed 

of a X-Cite Series 120 (EXFO UK, UK) illuminator collimated through a EXFO 

microscope adaptor attached above the microscope as excitation source, an addi

tional collimating lens (Thorlabs, USA), an Achroplan 40x/O.8NA water dipping 

long working distance (2.5 mm) objective (Zeiss, Germany) to shed the light on the 

glass coverslip on which the sample was adhering and an Achroplan 50x/0.9NA oil 

objective below the dish to collect the transmitted light. 

B.1.13 Wide field fluorescence microscopy 

The wide field fluorescence images were acquired on the same microscope as the 

bright field and photothermal images, using the same illumination system, camera 
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and acquisition software (details in Sect. B.2.1O). The right excitation and emission 

wavelengths required for the fluorescence acquisition were provided by the addition 

of a band-pass BP 550/25 excitation filter (Zeiss, Germany), appropriate for the 

fam fiuorophore, located between the collimation lens and the objective, and the 

combination of a FT 570 dichroic mirror (Zeiss, Germany) and a band-pass BP 605/ 

70 emission filter (Zeiss, Germany) situated on the light path between the objective 

used for light collection and the camera. The images were acquired with a 622 ms 

time exposure, at the minimum camera gain (G=I) and a digital sensitivity gain 

at the value of 255, at a 3/Lm altitude (missingcheck the altitude) above the glass 

coverslip. 

B.2 Facilitated delivery of gold nanoparticles 

B.2.1 Materials 

Tissue culture medium was from Gibco Life Technologies (Carlsbad, Ca)j fetal calf 

serum (FCS) from Harlan Seralab (UK)j pharmacological inhibitor Z-FF-fmk from 

Calbiochem (EMD Biosciences, Germany), purified human cathepsin Land chol

oroquine were from Sigma (St. Louis, MO). Gold nanoparticles (10 nm) used in 

Sect. 4.1.1 were from BBlnternational (Cardiff, UK). Gold nanoparticles (5 nm) 

used elsewhere in Chapter 4 were synthesised as mentioned in Sect. B.2.3. Peptides 

used in Sect. 4.1 were from Anaspec (San Jose, CA, USA) and PPR Ltd. (Fareham, 

UK) (CALNN-HA2: CALNNGDIMGEWGNEIFGAIAGFLG-amidej CALNN-Tat: 

CALNNAGRKKRRQRRR). The peptides CALNN and CCALNN-PEG (CCALNN

(EG)6-ol) used in Sect. 4.2 were purchased from Peptides Proteins Research Ltd 

(UK). Streptolysin 0, propidium iodide and fluorescein diacetate were from Sigma 

Aldrich. The 16 % paraformaldehyde solution was from Agar Scientific (UK) and 

the 25 % glutaraldehyde solution from TAAB (UK). Centrifugation filters for nan

oparticle purification and sterilisation were bought from VWR and PALL. 35mm 

glass cover slip dish were from Iwaki (Japan) and 35 x 10 mm cell culture dish from 

Corning (USA). 

B.2.2 Peptide stock solutions 

Stock solutions (2mM) of CALNN, of CCALNN-(EG)6-o1 and of CALNN-Tat 

were prepared by dissolving the peptides in concentrated phosphate buffer saline 

(lOx PBS: 1.6M NaCI, 30mM KCI, 80mM Na2HP04 , lOmM KH2P04 ). The solu

tions of the CALNXGGGALVPRGSGTAK (5-carboxyfiuorescein)-NH2 (CALNN

th-fam) and CALNN-HA2 peptides were prepared individually by dissolving them 

in dimethyl sulfoxide, at stock concentrations of 2 mM. The resulting solutions were 

kept as aliquots at -80 cC. 
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B.2.3 Gold nanoparticle synthesis 

The method was adapted from Slot et al. 1 

B. Material and methods 

Briefly, 395 mL of deionised water and 5 mL of 1 % w Iv HAuC14 is heated to 60°C 

then a 100 mL solution of 20 mL 1 % w Iv Na3citrate, 6 mL 1 % w Iv tannic acid, 

6 mL 0.2 ~I KC03 and 68 mL of deionised water is added and left to stir at 60°C to 

complete the reaction. 

B.2.4 Formation of peptide self-assembled monolayers 

A peptide solution was prepared by mixing the peptide stock solutions in the appro

priate volume ratio. The peptide solution was mixed in a 1:1 ratio with lOx PBS 

(1.6~I NaCl, 30mM KCI, 80mM Na2HP04' 10mM KH2P04). A suspension of 

10 nm diameter gold nanoparticles (BBlnternational, Cardiff, UK) or 5 nm gold na

noparticles (synthesis Sect. B.2.3) was added in a 9:1 volume ratio giving a 100 J.lM 

final concentration of peptide. The solution was briefly agitated before addition of 

Tween-20 to a final concentration of 0.05 % (v/v). The solutions were left overnight 

at room temperature, in the dark to avoid photo bleaching of the fluorophores when 

necessary. 

B.2.5 Nanoparticles purification procedure 

B.2.5.1 10 nrn nanoparticles 

The nanoparticle solutions were centrifuged (16000 g, 60 min), and the pellet was 

resuspended in 1 mL of phosphate buffer saline (PBS: 160 mM NaCl, 3 mM KCl, 8 

m~I Na2HP04' 1 mM KH2P04) with 0.05 % Tween-20 before a second centrifugation 

step (16000 g, 60 min). This washing step was repeated three times with PBS only, 

before resuspension in PBS at a final nanoparticle concentration of 60 nM. Successful 

formation of the monolayer is immediately visible because of the increased colloidal 

stability and of a small red shift of the plasmon band. 2 The repeated centrifugation 

procedure ensures that the concentration of excess free peptide is in the picomolar 

range. 

B.2.5.2 5 nrn nanoparticles 

The nanoparticles solutions were centrifuged at 21000 rpm for 2 h. The supernatant 

was then discarded, the nanoparticles pellet resuspended in a 1 xPBS and eluted 

through a Sephadex G-25 column. The particles were sterilised by filtration using 

0.22 JIm centrifugation filters. 
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B.2.6 Cell culture and nanoparticle incubation 

B.2.B.l Assisted endosomal escape 

HeLa cells were grown in Dulbecco's modified Eagle medium (DMEM) supplemen

ted with 10 % FCS (v/v) and 1 % non-essential amino acids (v Iv), at 37°C, 5 % 
CO

2
, Cells (between passages 8 to 20) were plated at 105 cells/mL in 35 mm Iwaki 

dishes. For all experiments in Sect. 4.1, nanoparticles were incubated directly into 

the complete medium (containing 10 % FCS) for indicated times at the stated final 

concentration. 

B.2.B.2 Streptolysin 0 assisted internalisation 

Cell culture 

HeLa cells were grown in MEM supplemented with 10 % FCS (v Iv) and 1 % non

essential amino acids (v/v), at 37°C, 5 % CO2 , 

Streptolysin 0 concentration optimisation 

A streptolysin 0 (SLO) concentration optimisation is required on a regular basis as 

the SLO activity decreases over time, but also if experimental parameters (temperat

ure, medium, cell line, resealing time, ... ) are to be modified. Dried streptolysin 0 

was mixed in 0.1 % bovine serum albumin with 5 mM DTT (reagents prepared in 

deionised water and filter sterilised) and kept as aliquots at -80 cC. Cells (between 

passages 8 to 20) were detached from the cell culture dish with trypsin, pelleted and 

washed three times by centrifugation (3000 rpm, 3 min) in serum-free medium in 

1.5 mL eppendorf tubes, removing carefully all the medium each time, as serum and 

trypsin could inhibit the streptolysin O. Cells (106 cells/mL) were finally suspended 

in 400 ilL of ME~I in several 2 mL eppendorf tubes (one tube per SLO concentra

tion to be tested). Solutions of 200 ilL serum-free MEM with propidium iodine (PI, 

1Ilg/mL) were added to the cells. PI is a non-membrane permeable DNA stain, 

usually used to mark the nuclei of dead cells, will assess the permeabilisation of the 

cells. Several streptolysin 0 concentration were made by mixing the streptolysin 0 

solution in 200 ilL of serum-free MEM and added to the well suspended cells (co

incubated with PI). The eppendorf tubes were then left for 10 min at 37 cC. After 

that 1 mL of serum-containing medium was added to the cells and the tubes were 

left at 37 cC for 20 min (toxin neutralisation and subsequent resealing of the cells). 

Fluorescein diacetate (FDA, 2 ng/mL) was added to the cells for resealing assessment 

and the tubes were left at 37 cC for 20 min. FDA is membrane permeable and is 

modified by est erases in live cells to yield a fluorescent green product. The medium 

was replaced by fresh serum-containing MEM and the cells were observed with a 

confocal fluorescent microscope (Zeiss LSM 510 or 710). Cells showing both green 
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and red fluorescence are live and were permeabilised and subsequently resealed. The 

SLO concentration was considered as optimal when at least 50 % of the cells were 

permeabilised while keeping a low level of cytotoxicity. 

Nanoparticles incubation in presence of streptolysin 0 

Cells (between passages 8 to 20) were detached from the cell culture dish with 

trypsin, pelleted and washed three times by centrifugation (3000 rpm, 3 min) in 

serum-free medium in 1.5 mL eppendorf tubes, removing carefully all the medium 

each time, as serum and trypsin could inhibit the streptolysin O. 4.105 cells were 

resuspended in 400 pL of serum-free MEM. Streptolysin 0 and gold nanoparticles 

at the appropriate concentrations, depending on the SLO optimisation for SLO and 

experimental conditions for the nanoparticles, were added to 200 pL of serum-free 

~1E~L This mix was added to the cells and the eppendorf tube was left to incubate at 

37°C for 10 min. After SLO incubation, 1 mL of serum containing MEM (10 % FCS) 

was added to the cells for their resealing and the tube were returned to incubate at 

37°C for 20 min. The medium was further removed (centrifugation 3min, 3000 rpm) 

to withdraw the nanoparticles and replaced by fresh serum-containing medium. The 

cells were then seeded on an Iwaki dish and left for 4 h to attach to the dish before 

fixation (Sect. B.2.9.1). The cells were then imaged immediately or kept in the Iwaki 

dish at 4°C in a PBS solution containing 0.05 % of azide until imaging. 

N anoparticles incubation in absence of streptolysin 0 

The exact same procedure as above was observed without addition of streptolysin ° 
while mixing the nanoparticles with the cells. 

B.2.1 Confocal microscopy 

B.2.1.1 Confocal imaging 

Cells were plated in 35mm glass coverslip culture dishes (Iwaki). One day after 

plating the cells were incubated on the microscope stage (37°C, 5 % CO2), and 

observed by confocal microscopy using a Zeiss LSM510 with a Plan-apochromat 

63x/1.3 NA oil immersion objective. Excitation of fluorescein was performed using 

an argon ion laser at 488 nm. Emitted light was detected through a 505-550 nm 

bandpass filter from a 545 nm dichroic mirror. Data capture was carried out with 

LS~1510 version 3 software (Zeiss, Germany). 

B.2.1.2 Statistical analysis 

For fluorescence intensity quantification, '" 9 images containing each rv 20 cells were 

taken for each condition. The mean fluorescence intensity for each individual cell was 

done using kinetic tracking analysis software (2002 Kinetic Imaging Ltd.). Statistical 
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significance was determined by one-way ANOVA followed by a Holm-Donfcrroni mul

tiple comparison test. Differences were considered as significant at p<O.Ol. These 

experiments were performed at least three times. 

B.2.8 Transmission electron microscopy 

B.2.8.1 Assisted endosomal escape 

Cells were plated at 2.105 cells/mL in a 35 mm Petri dish. One day after plating, 

cells were incubated for 3 h with nanoparticles at a 6 nM final concentration. After 

one PBS wash, cells were fixed with 4 % paraformaldehyde and 2 % glutaraldehyde 

in 0.111 phosphate buffer solution, osmicated, and processed for epoxy resin em

bedding. Then, 70 nm sections were cut with a LKB ultramichrotome and stained 

with 5 % aqueous uranyl acetate and 2 % lead citrate before viewing in a FEI Tecnai 

Spirit transmission electron microscope. 

B.2.8.2 SLO assisted delivery 

The cells were thoroughly washed with PBS buffer. Cells were then scraped from 

the culture dish, centrifuged at 5000 g for 5 min, and the supernatant removed. The 

cell pellcts were fLxed in a 0.1 M PBS solution containing 2.5 % glutaraldchyde and 

4 % paraformaldehyde for 1 h. They were then rinsed with 0.1 M PBS, embedded in 

a 2 % agarose gel, post fixed in a 4 % osmium tetroxide (caution! Extremely toxic) 

solution for 1 h, rinsed with distilled water, stained with 0.5 % uranyl acetate for 1 h, 

dehydrated in a graded series of ethanol (30, 60, 70, 90, and 100%), and embedded 

in epoxy resin. The resin was polymerised at 60°C for 48 h. Ultrathin sections (50-

70 nm) obtained with a LKB ultramicrotome were stained with 5 % aqueous uranyl 

acetate and 2 % aqueous lead citrate and imaged under a 120 kV FEI Tecnai Spirit 

TE~1. 

B.2.9 Photothermal microscopy 

B.2.9.1 Cell fixation for photothermal microscopy 

The fixative used was 4 % paraformaldehyde in phosphate buffer. The samples were 

washed twice with PBS (37°C) and fixed with fixative (37 °C) for 20 minutes. The 

fixative was then removed and the sample washed again with PBS twice, each time 

for at least 5 minutes. The samples were then imaged immediately or kept at 4°C 

with 0.05 % azide until imaging. 

B.2.9.2 Photothermal imaging 

The technique was described in details in Chapter 2, and particularly the imaging 

parameter were described in Sect. 2.2.3 
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B.2.9.3 Image analysis: whole field method with threshold 

The method consists in drawing a region of interest (ROI) around the cells in an im

age and measuring the photothermal intensity of that region above a threshold. The 

analysis was processed using the software AQ11 Advance 6.0.2.23 (Kinetic Imaging 

Ltd, UK). The bright field and photothermal images, both encoded in a 16-bit TIFF 

file format, were joined in a TIFF image file composed of two image planes (bright 

field, photothermal). A single region of interest (ROI) was drawn on the bright field 

image around all the cells that were appearing as whole in that field of view using the 

free hand polygon image tool of the AQ)'I Advance software, leaving the areas which 

did not include cells outside of it as much as possible. A few regions were drawn on 

the image using the ellipse tool of AQ)'l Advance in areas where no cells were present 

and the mean photothermal intensity of these regions was used to produce a mean 

photothermal background intensity. The mean photothermal intensity of the ROI 

including all the whole cells was measured by setting up a threshold corresponding 

to 1.5 times the mean background photothermal intensity of the field of view, to 

yield a mean photothermal intensity of the ROI. This procedure was repeated for 

each of the images acquired for a given condition and for each condition. For each 

condition, the mean photothermal intensities of the fields were weighted8 by the 

numbt:'r of cdls in that field and averaged to produce a mean photothermal intensity 

and a standard error, representing respectively a measure of the mean nanoparticle 

uptake per cell for the given condition and its accuracy. 

B.2.9.4 Image analysis: single cell method 

The method consists in drawing a region of interest (ROI) around each of the cells 

present in an image and measuring the photothermal intensity of these regions once a 

mean background value is subtracted. The analysis was processed using the software 

AQ~I Advance 6.0.2.23 (Kinetic Imaging Ltd, UK). The bright field and photother

mal images, both encoded in a 16-bit TIFF file format, were joined in a TIFF image 

file composed of two image planes (bright field, photothermal). A region of interest 

was drawn around each of the cells that were appearing as whole in that field of 

view using the bright field image and the free hand polygon image tool of the AQM 

Advance software. A few regions were drawn on the image using the ellipse tool 

of AQ~I Advance in areas where no cells were present and the mean photothermal 

intensity of these regions was used to produce a mean photothermal background 

intensity. The mean photothermal intensity of each of the ROIs including the cells 

was measured after subtraction of the average photothermal background intensity 

of the field of view, to yield a mean photothermal intensity for each whole cell. This 

procedure was repeated for each of the images acquired for a given condition and 

a;';-umber of cells in the field x l'umber of field for that condition / Total number of cells in the 
condition 
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for each condition. For each condition, the mean single cell photothermal intensities 

were then averaged to produce a mean photothermal intensity and a standard error, 

representing respectively a measure of the mean nanoparticle uptake per cell for the 

given condition and its accuracy. 

B.2.10 Bright field microscopy 

The bright field images (l6-bit resolution, 512 x 512 pixels maximum frame size) 

were acquired with an ImageEM ultra high sensitivity cooled EMCCD camera 

(Hamamatsu, Japan), fasten on the bottom port of an Axiovert 200 microscope 

(Zeiss, Germany) using the HClmage 1.1.1.0 image acquisition software (Hama

matsu, Japan). The images were acquired with a 122 ms time exposure, at the 

minimum camera gain (G=l) and minimum digital sensitivity gain (G=l). 

The transmitted light illumination system was home built. It was composed 

of a X-Cite Series 120 (EXFO UK, UK) illuminator collimated through a EXFO 

microscope adaptor attached above the microscope as excitation source, an addi

tional collimating lens (Thorlabs, USA), an Achroplan 40x/0.8NA water dipping 

long working distance (2.5 mm) objective (Zeiss, Germany) to shed the light on the 

glass coverslip on which the sample was adhering and an Achroplan 50x/0.9NA oil 

objective below the dish to collect the transmitted light. 

B.2.11 Wide field fluorescence microscopy 

The wide field fluorescence images were acquired on the same microscope as the 

bright field and photothermal images, using the same illumination system, camera 

and acquisition software (details in Sect. B.2.1O). The right excitation and emission 

wavelengths required for the fluorescence acquisition were provided by the addition 

of a band-pass BP 470/40 excitation filter (Zeiss, Germany), appropriate for the 

fam fiuorophore, located between the collimation lens and the objective, and the 

combination of aFT 495 dichroic mirror (Zeiss, Germany) and a band-pass BP 525/ 

50 emission filter (Zeiss, Germany) situated on the light path between the objective 

used for light collection and the camera. The images were acquired with a 620 ms 

time exposure, at the minimum camera gain (G=l) and a digital sensitivity gain at 

the value of 200, at a 3 J.Lm altitude above the glass coverslip. 

B.3 "Stripy" nanoparticles revisited 

B.3.1 Image processing 

The STM images were copied from the articles pdf. The red channel was used 

for the FFT analysis (shown as greyscale images in the Fig. 5.3A, Fig. 5.4 and 

Fig. 5.8). ImageJ was used for Fast Fourier Transform processing. The contrast and 
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brightness of the frequency-filtered images was automatically adjusted. There was 

no other processing or alteration of the images. 

B.3.2 Nanoparticle synthesis 

A saturated solution of NaBH4 in HPLC grade ethanol was prepared, and left stirring 

at 4°C for 30 minutes. Meanwhile 32{lmol of HAuCl4 was dissolved in 18 mL of 

HPLC grade ethanol and left to stir for 10 minutes. 32{lmol of ligand or ligand 

mixture was added to the gold salt mixture and left stirring for another 10 minutes. 

To this gold and ligand mixture 7 mL of the NaBH4 solution was slowly added drop 

wise. The solution turned from yellow, to orange, to brown and to a very dark brown. 

This mixture was left for a further two hours stirring to complete the reaction. The 

reaction was then transferred to the freezer to aid precipitation of the particles. The 

supernatant was removed, and the particles were resuspended in 10 mL of ethanol 

three times to wash away excess ligand. The absence of excess ligands was confirmed 

by N)'IR. 

B.3.3 Solubility study 

5 mg of 100 % OT-capped gold nanoparticles particles were suspended in 500 J.LL 

of THF and left undisturbed for 3 weeks. The concentration of nanoparticles 

was measured from the absorbance at 506 nm using an extinction coefficient € = 

3.64 X 106 )'1-1.cm-1 . The particles were first diluted in order to obtain a suitable 

absorbance (A506 < 2). The extinction coefficient was obtained (as Centrone et al. 3 ) 

from Liu et al. 4 

B.3.4 Cell culture and nanoparticle delivery 

HeLa cells were grown in Dulbecco's Modified Eagle Medium (DMEM) supplemen

ted with 10% FCS (v/v) and 1 % non essential amino acids (v/v), at 37°C, 5% 

CO
2

• Cells (between passages 8 to 20) were plated at 1 x 105 cellsjmL. For all 

experiments, nanoparticles (33 % MUS, 67 % MUS or 100 % MUS) were mixed with 

the complete medium (containing 10 % FCS) and added immediately to the cells. 

The cells were incubated for 3 hours (37°C, 5 % C02) with nanoparticles at a final 

concentration of 400 n)'L The cells were then washed three times with PBS, fixed 

with 4 % paraformaldehydejPBS (1 mL) for 15 minutes at room temperature, and 

then washed three times with PBS before adding purified water (2 mL). Fixed cells 

were stored at 4°C until imaged by photothermal microscopy. 

B.3.5 Photothermal microscopy 

The cells were fixed and observed by photothermal heterodyne microscopy. The ab

sorbing beam (523 nm, Nd:YLF frequency doubled laser) modulated at the frequency 
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w (w /27r = 692.5 kHz) by an acousto-optic modulator and the probe beam (632.8 nm, 

HeNe laser) were focused on the sample using a Zeiss Achroplan 50x /0.9 NA oil im

mersion objective. The beam intensities were respectively 0.44 m Wand 10.65 m W. 

The forward interfering fields were collected with a Zeiss Achroplan 40x /0.8 NA 

water dipping objective and sent onto a photodiode. The beat signal at the frequency 

w was extracted via a lock-in amplifier and integrated over 10 ms. All images were 

completed by moving the sample with a piezo-electric device (Physik Instrumente) 

over the fixed laser beams and were taken at the altitude of 1 {Lm above the glass 

coverslip surface. 

B.4 Active delivery of gold nanoparticles 

B.4.1 Capsules 

The polyelectrolyte microcapsule were used as received from the group of Prof. W. 

Parak, Philipps UniversiUit Marburg (Germany), where they were produced. Briefly, 

the microcapsule was produced using a porous CaC03 core loaded with a mixture 

of PAH and 20 om phosphine coated gold nanoparticles. They were composed of 

10 alternating layers of PSS and PAH, giving a shell composition of (PSS/PAH)5' 

with a final positively charged surface (PAH). After that the core was removed using 

EDTA, leaving gold nanoparticles encapsulated in a (PSS/PAHh shell. 

For all experiments, the microcapsules were left to adsorb on the glass coverslip 

of an Iwaki dish filled with deionised ultrapure water for f"V 30 min. 

B.4.2 Laser irradiation 

To induce a damage to the shell of a microcapsule, single 100 ms illuminations were 

administered using a CW HeNe laser focused through a 50x/0.9 NA Achroplan Zeiss 

(Germany) objective on the wall of the microcapsule at a power of either 3.6 m W 

or 1O.7mW, as measured by a powermeter (Thorlbas, USA) at the output of the 

objective. The focus in the direction perpendicular to the glass substrate was set, 

using bright field imaging (see Sect. B.4.3), to the larger diameter of the capsule. 

Bright field imaging was used to determine the location where the illumination 

should be delivered. The sample was moved at the desired position using a combin

ation of the microscope motorised stage (Prior Scientific Instruments Ltd, UK) for 

coarse movements and the piezo-electric stage (Physik Instrumente, Germany) for 

fine movements. The precise timing of the illumination was provided via the open

ing a HF202 Prior beam shutter (Prior Scientific Instruments Ltd, UK) for 100 ms 

through a computer assisted communication provided to its H30XYZ2 controller 

(Prior Scientific Instruments Ltd, UK). 
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B.4.3 Bright field imaging 

The transmitted light illumination system was home built. It was composed of aX

Cite Series 120 (EXFO UK, UK) illuminator collimated through a EXFO microscope 

adaptor attached above the microscope as excitation source, an additional collim

ating lens (Thorlabs, USA), an Achroplan 40x/0.8 NA water dipping long working 

distance (2.5 mm) objective (Zeiss, Germany) to shed the light on the glass cover

slip on which the microcapsules were adhering and an Achroplan 50x/0.9NA oil 

objective below the dish to collect the transmitted light and send it to the camera. 

The bright field images (colour 24-bit resolution) were acquired with a DC 310-C 

Thorlabs CCD camera (Thorlabs, USA), fasten on the side port of an Axiovert 200 

microscope (Zeiss, Germany) using the Thorsight image/movie acquisition software 

(Thorlabs, USA). 

B.4.4 Photothermal imaging 

The absorbing beam (523 nm, Nd:YLF frequency doubled laser) modulated at the 

frequency w (w/2rr = 692.5 kHz) by an acousto-optic modulator and the probe beam 

(632.8nm, HeNe laser) were focused on the sample using a Zeiss Achroplan 50x/ 

0.9 NA oil immersion objective. The beam intensities were respectively 0.44 mW 

and 0.86 m W. The forward interfering fields were collected with a Zeiss Achroplau 

40 x /0.8 NA water dipping objective and sent onto a photodiode. The beat signal at 

the frequency w was extracted via a lock-in amplifier and integrated over 10 IllS. All 

images were completed by moving the sample with a piezo-electric device (Physik In

strumente) over the fixed laser beams and were taken at the altitude indicated. The 

images were acquired with a size of 128 x 128 pixels, with a pixels size of fV 48.4 nm. 

B.4.5 Image treatments 

The bright field images were extracted from the avi file format movies using the 

software ImageJ 1.44i (NIH, USA) and saved in a TIFF file format. 

Some of the photothermal images of a microcapsule (Sect. 6.3.2) were filtered 

using the FFT bandpass filter of ImageJ, setting up the upper limit to 256 pixels 

and the lower one to 1 or 2 pixels (as indicated in the text). 
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