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Nature shows us only the tail of the lion. But I do not doubt that the lion belongs to it even 
though he cannot at once reveal himself because of his enormous size. 

                                                                                                                                Albert Einstein 
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1. SHORT SUMMARY 
 

Nano-based drug delivery systems (DDS) have attracted great interest recently 

due to the superior targeting or/and biobarriers-crossing abilities over 

conventional DDS. Better knowledge regarding cellular uptake behavior of 

nanoparticles that might be highly relevant to their cytotoxicity and 

physiological functions is essential. Current work in this aspect was restricted 

mainly due to lack of rational technique for imaging and quantification. 

Therefore, our aim is to pursuit a preferable approach to image and quantify the 

cellular uptake process of nanoparticles. 

 

In this thesis, gold nanoparticles (AuNPs) were used as model particles. 

Multiphoton laser scanning microscopy was applied for exploring the cellular 

uptake process of AuNPs in A549 cells. The study on the multiphoton absorption 

induced luminescence (MAIL) of gold revealed the ongoing of the luminescence 

along with second harmonic generation (SHG) contributing to the final optical 

signal of AuNPs. By exploiting the MAIL of gold, an approach enabling 

simultaneous visualization and quantification of AuNPs at cellular scale was 

established. Experimental results in 24 h demonstrated uptake degree rising 

with the increase of particles size, whereas the uptake velocity showed an 

opposite trend. 

Above results will greatly expand our previous understanding on the cellular 

uptake mechanism of AuNPs and will be a steady step into further exploration 

on the interaction of nanoparticles with cells. 
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2. KURZZUSAMMENFASSUNG 
 

Drug-Delivery Systeme auf nm-Ebene haben auf Grund ihrer 

außergewöhnlichen Interaktion mit biologischen Barrieren in den letzten Jahren 

an Bedeutung gewonnen. Ein besseres Verständnis der Wechselwirkung 

zwischen Biosystemen und Nanopartikeln, insbesondere das 

Aufnahmeverhalten in Zellen ist unabdingbar. Zudem sind diese Daten relevant 

für die Zytotoxizität und die physiologische Funktion. Gegenwärtig existiert 

keine passende Abbildungs- und Quantifizierungsmöglichkeit auf nm-Ebene. 

Daher war Ziel dieser Arbeit einen gut nutzbaren Ansatz zum Abbilden und 

Quantifizieren der partikulären, zellulären Aufnahme zu entwickeln. 

In dieser Arbeit wurden Goldnanopartikel (AuNP) als Modellpartikel eingesetzt. 

Mit Multiphoton Laser Raster Mikroskopie wurde die Aufnahme von 

unterschiedlich großen AuNP in A549 Zellen untersucht. Dabei wurde mit 

Multiphotonen Absorptions-induzierter Emission (MAIL) eine systematische 

Studie durchgeführt, die belegt, dass das Signal der AuNP sich aus einem Beitrag 

der „second harmonic generation“ (SHG) und der Lumineszenz zum optischen 

Gesamtsignal zusammensetzt. Mithilfe der plasmonischen Eigenschaften, war es 

möglich zu quantifizieren und gleichzeitig zu visualisieren. Experimente über 

einen 24-Stunden Zeitraum zeigten, dass größere Partikel zu einer besseren 

Aufnahmeeffizienz führen, während für die Aufnahmerate kleine Größen 

bevorzugt sind. Dies macht das Potenzial der Methode und der vielfältigen 

Einsatzmöglichkeiten von AuNP als Transportsysteme für Wirkstoffe deutlich. 
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3. GENERAL INTRODUCTION 

3.1. NANOPARTICLES FOR DRUG DELIVERY  

Since the 1950s, when biopharmaceutics and pharmacokinetics were developed, 

to pursue advanced drug delivery systems (DDS), for retarded and controlled 

release of drugs has been a major focus of attention for pharmaceutical 

scientists.1 Later on, with the rapid progress of biomedical science, drug 

targeting to specific organs and tissues has also become one of the critical 

endeavors in the pharmaceutical field. Nowadays, the strategy of DDS has been 

regarded far more beyond a fairly simple approach to deliver therapeutic agents 

into the body with consistency and uniformity, but rather a powerful tool to 

improve the pharmacological and therapeutic properties of the “free” drugs by 

means of ameliorating some of their intrinsic properties such as solubility, in 

vivo stability, pharmacokinetics (PK), and biodistribution (BD).2  Particularly in 

recent years, a great deal of novel biologically active substances with high 

molecular weight have been emerging continuously, including vaccines, plasmid 

DNA, and RNAi etc., most of which are still suffering from their inherent 

drawbacks such as low membrane penetration ability, low selectivity of 

targeting aimed organelles or/and tissues, sensitivity to physiological 

environments and so on. Thus, to develop a desired DDS to overcome those 

drawbacks is imperative. 

Nanoparticle-based drug carriers, being a kind of “small” DDS have attracted 

considerable attention from pharmaceutical scientists in the last decades. For 

example, the first submicronic lipid vesicle so-called liposome was reported in 

1960s,3-4 followed by an increasing series of tiny drug carriers with size scale in 

nanometer range. These novel carriers were termed as “nanocarriers” or 

“nanoparticles”, possessing many crucial advantages over conventional DDS.1, 5  

For instance, by virtue of their tiny dimensions (1-1000 nm, defined for 

pharmaceutical purpose),1 nanocarriers own excellent cell or tissue penetration 

ability rather than traditional DDS in large scale. Further, within this dimension 

some types of particles such as quantum dots and gold nanoparticles display 

unique optical properties, leading to multiple applications of these nanoparticles 

with respect to not only drug delivery but also imaging and labeling.6  As a result 
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of their small sizes, nanoparticles have far higher surface to mass/volume ratio 

relative to that of bulk materials, which enables them to adsorb, bind and carry 

plenty of therapeutic compounds, thus leading to high carrier capacity of drugs. 

Besides, capability of incorporation of both hydrophilic and hydrophobic 

substances, and feasibility of variable routes of administration, ranging from 

oral administration, inhalation, to transdermal and injection are also two main 

advantages of nanoparticles as drug carriers. In addition, nanoparticles can be 

modified to allow controlled (sustained) drug release from the matrix for 

various therapeutic purposes. Overall, these properties enable nanoparticles 

being a promising tool with considerable potential to be developed as efficient, 

safe, and elegant pharmaceutical carrier system to fulfill those expectations 

mentioned above. 

3.1.1. PRINCIPAL TYPES OF NANOCARRIERS FOR DRUG DELIVERY  

Nowadays, substances applied for the preparation of nanoparticles for drug 

delivery applications can be generally classified into two types:  inorganic 

materials and organic materials. To be more specific, organic particles can be 

further defined into three species: lipid-based nanoparticles,7-8 polymer-based 

nanoparticles,9 and biological nanoparticles.10-13 Similarly, inorganic 

nanoparticles also have two types: metal-based nanoparticles14-19 and 

semiconductor nanoparticles.20 In recent years, a new technology of preparing 

hybrid nanoparticles which comprises organic and inorganic parts has been 

emerging increasingly in order to achieve a multi-functional purpose. 21-23  But 

each part of this complex component still owns its original structures and 

functions similar to the pure organic or inorganic nanoparticles. Table 3.1 

presents some typical types of chemical materials and possibilities for the 

preparation of nanoscale structures used as pharmaceutical delivery systems. 
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Table 3.1 Overview of the types of nanoparticles and their application in pharmaceutical 

sciences 

Particle class Materials Application Ref 

Metal based 

 

Semiconductor 

based 

 

Lipid based 

 

Polymer based 

 

 

 

Biological 

materials 

 

Gold 

Ag 

 

Silica 

ZnO 

Magnetic iron oxide 

TiO2 

 

Phosphatidylcholines 

 

Poly(D,L-lactic-co-

glycolic)acid(PLGA) 

 

Polycarolactone 

 

Albumin 

Chitosan 

Gelatin 

Alginates 

Drug/gene delivery, imaging 

Antimicrobial, sensing 

 

Drug delivery                                       

Drug/gene delivery, imaging 

Drug delivery 

Drug delivery    

                                         

Drug delivery 

 

Drug/gene delivery 

 

 

Drug/gene delivery 

 

Drug delivery 

Drug delivery 

Drug/gene delivery 

Drug/gene delivery 

                  18, 24-27 

                  28-30 

                    

                  31-32 

                  33-36 

                  37-39 

                  40                 

                     

                  8 

 

                  41 

 

                    

                  42-43 

                  

                  11-13, 44 

                  45-46 

                  47-48 

                  49-51 

 

3.1.2. STRATEGIES IN DESIGNING NANOPARTICLES FOR APPROPRIATE SAFETY 

AND EFFICIENCY 

Safety and efficiency are two crucial concerns in terms of nanoparticles used as 

drug carrier systems. The primary aims for designing nanocarriers for 

pharmaceutical applications can be summarized as following: 

 Efficient and specific drug delivery and targeting, 

 Suitable/tunable drug release rate at the target site, 

 Reduction in toxicity and side effects from not only the drug but also the 

nanoparticles themselves 

To realize all these aims is extremely attractive but not an easy task. Because the 

drug delivery efficiency and biological safety are mainly determined by a series 

of complex factors such as the intrinsic properties of the nanomaterials, 

biophysicochemical interactions at the nano-bio interface and the fate of the 

nanocarriers after penetration into the cells/organelles or tissues. The 

knowledge of those factors is basic prerequisite for the design of novel 

nanocarriers and is not fully understood so far. Actually, none of the existing 
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nanocarriers could achieve all the aspects mentioned above to the full extent. 

Thanks to the rapid progress in nanotechnology and some related techniques, 

for instance polymer-chemistry and single particle probing techniques, more 

and more parameters of the particles had been revealed influencing the delivery 

efficiency and safety with certain probability by theoretical simulation or 

practical experiments. Until now, enormous endeavor in design of nanocarriers 

with appropriate safety and efficiency had been tried, and in general they can be 

classified into three types: surface coating, size controlling and shape tailoring, 

because these three parameters dramatically impact the nanoparticles’ cellular 

uptake behaviors that mainly determine the safety and efficiency of 

nanoparticles.  

 

3.2. CELLULAR UPTAKE OF NANOPARTICLES 

To make use of nanoparticles’ potential for drug delivery applications, their 

cellular uptake behavior must be addressed because most commonly used drugs, 

for instance certain antimicrobial and antitumor drugs have to pass through the 

cell membrane before acting their functions on the subcellular sites. A series of 

interactions occurred at the interfaces between nanoparticles and certain 

biomaterials such as proteins, cells and DNA were found playing a great role in 

dominating the cellular uptake behavior of nanoparticles. Thus during the last 

decade, there has been an increasing interest in these biophysicochemical 

interactions at the nano-bio interface and will be described in detail later. 

 

3.2.1. FACTORS INFLUENCING INTERACTIONS OF NANO-BIO INTERFACE 

Typically, the ‘nano-bio interface’ is defined as the interface between 

nanomaterial surfaces and the surfaces of biological components such as cell 

membranes, organelles membranes, phospholipids, proteins and biological 

fluids. Numerous dynamic physicochemical interactions, kinetics and 

thermodynamic exchanges occur at this interface, leading to unprecedented 

types of complex reactions that can hardly be fully predicted by theoretical 

manners so far. However, investigation in the interactions at the nano-bio 

interface has been the most attractive aspect of nanotechnology in recent years. 

This knowledge is essential for us to deeply understand the cellular uptake 
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process of nanoparticles and to design suitable nanocarriers for the aims of drug 

delivery. An assembly of conceptual factors influencing interactions of nano-bio 

interface is summarized in Table 3.2 

Table 3.2 Main biophysicochemical influences on the interface between nanomaterials and 

biological systems. Adopted from 52 

 Sources of factors                                     Factor contents 

 Nanoparticles Size, shape and surface area; Surface charge, energy, roughness 

and porosity; Valence and conductance states; Functional groups; 

Ligands; Crystallinity and defects; Hydrophobicity and 

hydrophilicity 

 Suspending media Water molecules; Acids and bases; Salts and multivalent ions; 

Natural organic matter (proteins, lipids); Surfactants; Polymers; 

Polyelectrolytes 

 Solid-liquid interface Surface hydration and dehydration; Ion adsorption and charge 

neutralization; Electrical double-layer formation, zeta potential, 

isoelectric point; Sorption of steric molecules and toxins; 

Electrostatic, steric and electrosteric interactions; Aggregation, 

dispersion and dissolution; Hydrophilic and hydrophobic 

interactions 

 Nano-bio interface Membrane interactions: specific and nonspecific forces; Receptor-

ligand binding interactions; Membrane wrapping: resistive and 

promotive forces; Biomolecule interactions (lipids, proteins, DNA) 

leading to structural and functional effects; Free energy transfer to 

biomolecules; Oxidant injury to biomolecules; Mitochondrial and 

lysosomal damage, decrease in ATP 

 
 
As shown in Table 3.2, numerous characteristics of nanomaterials and biological 

systems have been demonstrated affecting the biophysicochemical interaction 

at the nano-bio interface and as well further governing the cellular uptake 

process of nanoparticles. However, an accurate quantitative relationship 

between all those parameters and the cellular uptake behavior of nanoparticles 
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is still unclear because of the difficulties to simultaneously manage so many 

variations in one experiment. In addition, the interaction between each 

individual parameter also requires special consideration in most of the cases. 

Therefore, firstly to investigate the effect of individual parameters on 

nanoparticles cellular uptake behavior and then collect all the assembled 

knowledge together could be an advisable strategy for this exploration. 

 

3.2.2. PHAGOCYTIC PATHWAYS OF NANOPARTICLES AND RELEVANT 

INFLUENCING FACTORS 

The internalization pathway along with the intracellular fate of the nanocarrier 

is highly correlated with the drug release behavior in cells and further impact 

therapeutic effects of the drugs. Therefore, the knowledge with respect to the 

cell entry mechanism of nanoparticles and their relevant influencing factors is a 

critical issue. According to the characteristics of the particles and the properties 

of the cells, there are several types of mechanisms on the internalization 

pathway of nanoparticles. In general, they can be classified in two types: 

phagocytic and endocytic pathways. The latter can be further divided into four 

species in detail: clathrin-mediated endocytosis (CME), caveolae-mediated 

endocytosis (CvME), macropinocytosis and other clathrin and caveolae 

independent endocytosis.53 

Phagocytic pathway 

Phagocytosis plays a great role in the uptake of nanoparticles in mammalian 

cells and it is mainly achieved by macrophages, monocytes, neutrophils and 

dendritic cells.54 Other types of cells e.g. fibroblasts, epithelial and endothelial 

cells may also display some phagocytic activity but only to a low extent. 

Typically a full phagocytosis process of nanoparticle entry into cells consists of 

the following three steps: 1) firstly, nanoparticles are recognized by 

opsonization in the bio-medium or blood stream, making them 2) being apt to 

adhere to the macrophages and afterwards 3) ingested by macrophage cells. 
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Relevant nanoparticles characteristics affecting phagacytosis 

 Size 

 Surface properties 

 Shape and rigidity 

Particles size is one of the most important characteristics governing the 

phagocytosis. In general, the minimum size of a particle that can undergo 

phagocytosis is considered to be 500nm.54 However, the experimental data from 

various groups often disagree with this conclusion.   Some reports show that the 

optimum size of particles for phagocytosis is highly dependent on the particle 

material. For instance, polystyrene particles with sizes ranging from 250nm to 

3µm have the optimal phagocytosis rate,55 whereas particles smaller than 250 

nm are less efficiently internalized. However, nanoparticles prepared from other 

polymers e.g. human serum albumin,56 cellulose57 and 

poly(methylmetacrylate)56 display superior uptake efficiency with size ranging 

from 200nm to several microns.  The reason for this disparity is still unclear and 

need to be further explored as well as the optimal size for other types of 

nanoparticles. 

The surface properties of nanoparticles also play a critical role in phagocytosis 

by means of interacting not only with the macrophage membrane but also with 

opsonins. There are evidences suggesting that particles with many charges 

(either negatively or positively charged) and hydrophobic surface are apt to 

adsorb onto the opsonins rather than those particles possessing hydrophilic or 

non-ionic surfaces.58-59 Such properties provide an effective strategy to resist or 

promote phagocytosis of nanocarriers to adapt different therapeutic aims. For 

example, PEGylated nanocarriers display decreased reticuloendothelial systems 

(RES) uptake and a prolonged circulation half-life compared to their non-

PEGylated counterparts after intravenous administration, resulting in a long 

time release of drugs.60 On the contrary, nanocarriers coupled with some 

specific macrophage receptors, such as mouse monoclonal antibody 

dramatically enhances the phagocytosis, leading to specific targeting of drugs.61 

Overall, surface functionalization provides us a powerful tool to achieve 

enhancement or decrease of the phagocytosis of nanoparticles.  
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Modification of particles’ shape and rigidity gives us another option to control 

phagocytosis of nanoparticles. But still no clear relationship between these two 

factors and phagocytosis has been reported. 

3.2.3. NON-PHAGOCYTIC PATHWAYS OF NANOPARTICLES AND RELEVANT 

INFLUENCING FACTORS 

Being different from phagocytosis only restricted to special types of cells, non-

phagocytic pathways also called endocytosis, occur in all cells with the following 

four mechanisms: clathrin-mediated endocytosis (CME), caveolae-mediated 

endocytosis (CvME), macropinocytosis and other clathrin and caveolae 

independent endocytosis. Therefore non-phagocytic pathways have been 

regarded as the main dominant pathways for internalization of nanocarriers 

whatever the cell types and particle species. 

Clathrin-mediated endocytosis (CME) 

Clathrin is a type of cytosolic coat protein enriched in some regions of the cell 

membrane. Once exogenous particles attach to this region clathrin will be 

activated and form a basket-like vesicle to coat invading particles and trap them 

into the cell. This process is called clathrin-mediated endocytosis (CME).62 CME 

occurs in all mammalian cells and exerts a number of crucial effects particularly 

in nutrient uptake/exchange and intracellular communication. Previously it was 

believed that there was only one type of CME existing: receptor–mediated CME, 

but later on an alternative receptor-independent CME was also found. The 

common feature for these two modes can be described that both of them occur 

only in the membrane region where abundant clathrin is present and the 

destination for these endocytosed nanomaterials are the lysosomes, a place 

where nanoparticles undergo degradation. This property offers another strategy 

for aims of drug targeting or controlled release of drugs by tailoring the 

nanocarrier being prone to enter into cells through CME and afterwards 

releasing drugs in lysosomes. But this approach can only be applied to those 

drugs which can resist degradation by lysosomal enzymes and low pH level. 

Caveolae-mediated endocytosis (CvME) 

CvME is another kind of endocytic pathway indentified recently.63  This process 

often occurs on the membrane surfaces of endothelial cells, smooth muscle cells 

and fibroblasts that process abundant caveolin, a dimeric protein. In case 
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particles contact with cell surface, caveolin is stimulated to form flask-shaped 

membrane invagination with sizes ranging from 50nm to 100nm,62, 64-65 and 

twining the particles into cells. Unlike CME, there are no enzymes in caveolae 

invagination thus the particles as well as the loaded drugs can avoid enzymatic 

degradation. This is a great advantage for delivering drugs that are highly 

sensitive to enzymes such as peptides, proteins, nucleic acids, etc. Notably, the 

uptake velocity of CvME is much slower than that of CME. 

Macropinocytosis 

As another type of clathrin-independent endocytosis, macropinocytosis occurs 

in many cells including macrophages.66 This process owns a mechanism similar 

to that of phagocytosis but offering even bigger endocytic vesicles with sizes 

over 1µm,62 thus can be in principle used to deliver bigger sized drug 

nanocarriers. 

Other endocytosis pathways 

Some other clathrin and caveolae independent endocytosis pathways have also 

been reported recently,64 but this field is still in a very early stage and the 

knowledge is limited. 

 
Relevant nanoparticles characteristics affecting endocytosis 

 Size 

 Surface charge and decoration 

 Shape  

Enormous studies have demonstrated particles size, surface properties and 

shape being crucial parameters governing endocytosis of nanocarriers. However, 

unlike phagocytosis, it is very difficult to describe a clear theoretical relationship 

between these properties and each type of endocytic pathway mentioned above 

because in most of the cases several types of endocytic mechanisms take place 

simultaneously, greatly disturbing observation of this aspect. Therefore, even 

several thousand publications have focused on the cellular uptake of 

nanoparticles, some basic questions such as the effect of particle size, shape and 

surface charge and composition on nanoparticles penetration in cells are not yet 

settled.67-81 
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3.3. TECHNOLOGIES FOR IMAGING ENGULFMENT OF NANOPARTICLES INTO 

CELLS/ORGANELLES SO FAR 

In purpose to improve the design of a nanoplatform suitable for drug delivery, 

using advanced imaging techniques to explore various types of cellular uptake 

pathways with respect to their mechanisms and corresponding influencing 

factors is a must. Several imaging techniques had been applied including 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

fluorescence microscopy and surface-enhanced Raman scattering microscopy 

(SERS) to aid to our understanding of the cellular uptake and intracellular fate of 

nanoparticles. 

SEM and TEM are two widely used imaging approaches in nanotechnology due 

to their high resolution performance. For instance, the limit of the resolution of 

TEM may reach 1 nm or even smaller. Previously, these two approaches were 

considered to be used only for detecting electron-dense particles e.g. metallic 

nanoparticles rather than those ‘soft’ particles with low electron density. With 

quick development in this field, however, advanced TEM instruments such as 

cryomicroscopy emerged these years enabling TEM to visualize both ‘hard’ and 

‘soft’ particles.52  Further, recently very high resolution (resolution limit: 0.1nm, 

size of atom) aberration-corrected TEM instruments have been developed to 

image detailed atomic structures of nanoparticles. However, requirement of 

vacuum measurement conditions and incapability to distinguish stained cell 

compartments or nanoparticles being two main drawbacks limit wide 

applications of TEM in study of nano-bio interaction. 

Fluorescently labeled nanoparticles along with corresponding optical 

fluorescence microscopy, for instance confocal microscopy have been 

successfully used to study cellular uptake behavior of various types of 

nanoparticles but also exhibit several problems induced by labeling approach 

e.g. instability of labeled agents, photobleaching from laser irradiation etc. 

Nevertheless, even with several disadvantages, fluorescence confocal 

microscopy along with its derivative instruments e.g. multiphoton laser 

scanning microscopy (MP-LSM) is still an irreplaceable tool for noninvasive 

visualization of live cell uptake of nanaoparticles in real time.  
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Many other promising technologies have also been increasingly used to image 

nano-bio interaction, for example atomic force microscopy (AFM) and SERS. In 

general, it is very hard to judge the best one among all these techniques because 

each has its own advantages and shortcomings.  Although bioscience community 

desires to develop an optimum and standard imaging approach to accomplish all 

measurements for nano-bio interaction, there is still a long way to go. 

3.4. CURRENT PROBLEMS 

As mentioned above, to understand the knowledge of cellular uptake behavior 

for various types of nanoparticles as well as their relevant impact factors is a 

crucial prerequisite for a rational design of nanoparticles-based DDS. However, 

some basic questions such as the effect of particles size, shape, or surface 

chemistry on nanoparticle uptake in cells have not been answered as a result of 

that many factors are not independent to each other. On the contrary, in most 

cases they are linked together and act simultaneously to influence the uptake 

process, thus greatly increasing the difficulty for scientists to judge the impact 

from each factor. Furthermore, although enormous effects focused on cellular 

uptake of nanoparticles in terms of entry pathway as well as intracellular fate of 

particles have been reported in recent years, few of these data can be compared 

directly due to discrepancy of experimental conditions applied by different 

research groups including various imaging and/or quantification methods, 

concentration units of particles etc.. In most cases, these data had to be 

normalized to a unified and suitable condition for evaluation and comparison, 

costing much energy but often leading to confusing conclusions. Therefore, 

developing a standard and unified approach enabling simultaneous visualization 

and quantification for cellular uptake extent of nanoparticles is necessary. 

3.5. AIMS OF THE THESIS 

This thesis aims to improve our understanding on the relationship between 

nanoparticles size and their cellular uptake behavior. Gold nanoparticles (AuNPs) 

are used as a model system in this aspect due to their unique optical properties, 

flexible size tunability, excellent biocompatibility and wide application in 

biomedical field.82-83  Based on multiphoton absorption induced luminescence 

(MAIL) of AuNPs, we established a combined ‘multiphoton imaging-UV/Vis 
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spectroscopic analysis’ method for quantitative visualization and evaluation on 

the cellular uptake process of AuNPs.  This approach is expected to be developed 

as a standard tool for investigating nano-bio interactions not only for AuNPs but 

also for other fluorescently labeled nanoparticles.  Overall, the aims of this thesis 

may be summarized as: 

1. Investigation on the MAIL properties of AuNPs 

2. Visualization and discrimination of AuNPs in complex physical and 

biological environments based on MAIL technique 

3. Quantitative visualization and evaluation of size effect on cellular uptake 

of spherical AuNPs by using multiphoton imaging-UV/Vis spectroscopic 

analysis 

3.5.1. MULTIPHOTON ABSORPTION INDUCED LUMINESCENCE (MAIL) OF 

DIFFERENT SIZED GOLD NANOPARTICLES (AUNPS)  

In this work we mainly focused on the MAIL properties in terms of emission 

intensity and spectral profiles for various sized AuNPs (10-80 nm) under 

different excitation conditions.  The MAIL of AuNPs was demonstrated to be a 

two photon absorption process and the pure MAIL luminescence displayed a 

fingerprint-like profile being independent of the irradiation conditions. This 

property makes MAIL a potential tool for imaging and discrimination of AuNPs 

in cellular uptake experiment. 

3.5.2. AUNPS DISCRIMINATION BASED ON MAIL TECHNIQUE 

We investigated optical properties of AuNPs after exposure to complex physical 

(with presence of ZnO particles) and biological environments (A549 cells and 

human skin) respectively. By virtue of the fingerprint-like MAIL signal, AuNPs 

can be easily visualized and discriminated from their counterparts (ZnO 

particles) and other biological tissues, proving MAIL a promising imaging tool 

for probing AuNPs in cells. 

3.5.3. CELLULAR UPTAKE OF AUNPS WITH VARIOUS SIZES 

This section addresses the cellular uptake of AuNPs with various sizes (15, 30, 

50 and 80 nm) exposed to human alveolar epithelial cells (A549 cells). By 

exploiting of the unique MAIL profiles of AuNPs, we developed a ‘multiphoton 

imaging-UV/Vis spectroscopic analysis’ method for studying the size effect on 
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cellular uptake of AuNPs. This method allowed us to simultaneously visualize 

and quantify the cellular uptake extent of AuNPs, thus particles’ uptake 

efficiency, dynamic and velocity can be obtained.  Based on this information, the 

size effect on nanoparticles cellular uptake behavior can be elucidated. 
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4. MULTIPHOTON ABSORPTION INDUCED LUMINESCENCE 

OF DIFFERENT SIZED AUNPS 

Abstract: Multiphoton absorption induced luminescence (MAIL), as a nonlinear 

optical feature of noble metallic nanoparticles has shown great advantages in 

the in situ detection of gold nanoparticles (AuNPs). Selection of excitation 

wavelengths to yield high efficient MAIL signal from different sized AuNPs is of 

great significance, but a systematical study of this aspect is still lacking so far. In 

this chapter, the optimum excitation wavelengths for visualization and 

discrimination of AuNPs are determined through a systematic investigation into 

the emission properties of AuNPs in a wide size range (10-80 nm) under 

multiphoton excitation with various excitation wavelengths between 710 nm 

and 920 nm. The emission intensity from individual particles showed excitation 

wavelength dependence and the superior signal to noise (S/N) ratios are 

obtained at excitation between 780 nm and 840 nm in wavelength. By using two 

generations of multiphoton microscopy (LSM-510 and LSM-710), the MAIL is 

confirmed a two photon absorption induced signal, along with second harmonic 

generation (SHG), being responsible for the visualization of AuNPs. Pure MAIL 

emission spectra are observed unambiguously at 900 nm excitation excluding 

the interference from SHG.  

4.1. INTRODUCTION 

With the rapid advances of modern nanoscience and nanotechnology, colloidal 

gold nanoparticles (AuNPs), the earliest nanomaterials used in mankind 

history,84 have attracted special attention once again in physics, chemistry, 

biology and medicine as imaging, sensing and single particle tracking agents. 

The widespread use of AuNPs is due to their ease of synthesis with desired size 

and shape, unique optical properties and outstanding biocompatibility.6, 85-86 

These favorable physical and chemical features along with the special property 

of gold surface on which facile conjugation to different functional ligands can be 

achieved, make AuNPs interesting carriers for drug and gene delivery.14-19, 22, 87-

88 The rapidly growing applications of AuNPs in biomedical area, as a 

consequence, leads to high expectations of an ideal imaging technique 
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completing a convenient, characteristic, non-invasive and real time detection of 

gold-based nanocarriers embedded  e.g. into living cells or tissue. 

However, none of the existing imaging techniques fulfill all the aspects 

mentioned above to full extent. Many microscopy systems currently used have 

their own drawbacks.89-91 Transmission electron microscopy (TEM) is most 

widely used in detecting gold, giving high resolution reaching a minimum of 1-2 

nm, by means of which particles morphology could be visualized accurately. But 

requirement of a vacuum condition and invasive pretreatment of the samples 

prior to measurement restricts its application in living systems. To overcome 

this shortcoming, a number of established or developing imaging techniques 

such as second or third harmonic generation (SHG, THG), light scattering 

analysis and surface plasmon enhanced luminescence,92-95 were introduced for 

detecting AuNPs by exploiting the localized surface plasmon resonance 

(LSPR),96 a kind of charge density oscillation confined to metallic nanoparticles 

under the excitation of incident light with a matching frequency that highly 

dependent on particles’ size, shape and surface property. Lippitz et al.90 

reported third-harmonic generation from AuNPs, but clear signals can only be 

observed from particles in the range of 40-150 nm diameter. Asahi and co-

workers91 recorded the scattering spectra of single gold nanoparticles 

interacting with living mouse fibroblasts by using a confocal Rayleigh light 

scattering microspectroscopy based on dark field microscopy. But low signal to 

noise ratio and lack of ability for deep tissue imaging, as an inevitable 

shortcoming of dark field microscopy, limits its full potential in this field.  

Multiphoton absorption induced luminescence (MAIL), a nonlinear optical 

feature displayed by metallic nanoparticles upon multiphoton excitation, has 

been applied in imaging AuNPs in recent years. The MAIL from noble metals was 

firstly observed in 1969 by Mooradian.97 In this article, MAIL was described as a 

process involving sequential absorption of photons and emission from the 

recombination of electrons in the sp-band and holes in the d-band. Following the 

pioneering works of Mooradian, a steady growth of knowledge in the field of 

MAIL from noble metals including gold was seen in the last forty years 

particularly in the first decade of this century.85, 98-100 This technique uses 
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excitation wavelengths in the infrared, taking advantage of lower energy of 

longer wavelengths, leading to reduced overall photobleaching and 

phototoxicity to samples and increased tissue penetration. This makes MAIL a 

superior alternative to other microscopy techniques in detecting gold 

nanoparticles in thick samples and living cells. However, the studies in this area 

are still in a preliminary and empirical state because some factors which 

determine the MAIL profiles of AuNPs are not yet well defined: the relationship 

between excitation wavelength and emission properties of particles, including 

spectral features and emission strength. Further, a number of complex but 

crucial questions are open: Are there any correlations between the particle size 

and emission intensity? Which excitation wavelength is prone to induce the 

highest MAIL signal from particles? Do these emission spectra display 

characteristic features improving their value as imaging probes? In addition, 

although the MAIL of noble metallic nanoparticles has been a well-known 

concept to all, the question how to characterize and identify these MAIL spectra, 

particularly with the presence of a number of interfering factors arising from 

complex physical or biological background is still lacking. 

In this section, we systematically investigated the emission profiles of different 

sized AuNPs (10-80 nm) under femtosecond laser irradiation with tunable 

wavelengths ranging from 710 nm to 920 nm. The MAIL emission spectra of 

AuNPs were confirmed and characterized by comprehensive use of two 

generations of multiphoton laser scanning microscopy systems (MP-LSM-510 

and MP-LSM-710). The impact of SHG on the presence of MAIL obtained by 

those two types of microscopy setups was also discussed. MAIL spectra of 

AuNPs exhibit fingerprint-like features, with good tolerance to complex physical 

and biological environments. These findings will hopefully facilitate the use of in 

situ imaging of AuNPs by exploiting their MAIL profiles, and benefit to further 

applications of AuNPs in the biomedical field. 

4.2. EXPERIMENTAL MATERIALS AND METHODS 

4.2.1. MULTIPHOTON SPECTROMETER SYSTEM 

Figure 4.1101 shows a schematic illustration of the  multiphoton laser scanning 

microscope and spectrometer system used in this study. This system consists of 
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three main components: 1) a conventional confocal microscopy (LSM-510 or 

LSM-710, Carl Zeiss, Jena, Germany), equipped with 2) a spectral detector 

(META, Carl Zeiss, Jena, Germany), and 3) a pulsed infrared laser (Chameleon XR, 

Coherent, Germany) for multiphoton excitation. The excitation source is a 

Ti:sapphire laser that produces sub-100-fs pulses at a repetition rate of 76MHz 

with tunable wavelength (specified by Coherent). The excitation light generated 

from the laser source is reflected by a dichroic mirror to a water immersion 

objective lens (Carl Zeiss: 63×; 1.3 NA) and focused on the sample which is set 

on a XY motorized microscope stage. The emission signal is collected by the 

same objective and passed through the dichroic mirror along the emission path, 

then directed to a detection system where the CLSM image as well as 

corresponding emission spectra after passing a dispersing element can be 

obtained. 

      

Figure 4.1. Schematic of the basic elements of a multiphoton LSM and spectrometer system 
(Adopted from 101)  

4.2.2. AUNPS PREPARATION 

Colloidal AuNPs were prepared following the method described for the first time 

by Turkevich et al. in 1951 and refined by Frens in 1972.102-103  This method is 

typically used to produce monodisperse spherical gold nanoparticles of around 

13-20 nm in diameter. In brief, 10 mg of tetrachloroaurate (HAuCl4 ·3H2O, 
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Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was dissolved in 50 mL of 

ultrapure deionized water and heated to the boiling point. Then, one mL of 22.4 

mg/mL aqueous solution of sodium citrate (Na3C6H5O7·2H2O, Sigma-Aldrich) 

was introduced under vigorous stirring to reduce the Au3+ to Au0. The solution 

was kept boiling for 10 minutes with sustained stirring. The resulting AuNPs 

were spherical with an average diameter of 18 nm. These particles were then 

used as gold seeds to synthesize larger AuNPs.  

Because some portion of particles with unsatisfactory morphology were 

produced when AuNPs over 20 nm in size were synthesized by Turkevich 

method, a seeding growth method by Brown et al. was introduced to prepare 

larger AuNPs.104 1 mL of 18 nm AuNPs solution was diluted by ultrapure 

deionized water to a volume of 20 mL as gold seeds. Then, 2.1 mL of a freshly 

prepared aqueous solution of tetrachloroaurate (0.1%) was introduced while 

stirring. After 1 min, 0.358 µL hydroxylamine (NH2OH, 50%, solution in water, 

Sigma-Aldrich) was quickly added to reduce the Au3+. Stirring continued for 10 

minutes after the color turned reddish brown. Particles prepared by this method 

were spherical with an average diameter of 28 nm. The water used in all 

experiments was prepared in a Millipore Milli-Q purification system (resistivity 

higher than 18.0 MΩ cm-1). 

Considering some non-spherical and poly-disperse particles produced as by-

products on the second or third growth step, we purchased AuNPs with size of 

80 nm, 50 nm and 10 nm from Ted Pella Inc (Redding, California, USA). AuNPs 

described above are all stabilized by citric ligands which lead to identical surface 

properties.  

4.2.3. CHARACTERIZATION OF AUNPS BY TEM 

TEM measurements of the AuNPs as well as other reference particles were 

performed on a JEOL model JEM 2010 instrument (JEOL GmbH, Eching, Germany) 

operated at an accelerating voltage of 120 kV. Samples for TEM analysis were 

prepared by placing 12 µL of nanoparticle solution on carbon-coated 400 mesh 

copper grid (S160-4, Plano GmbH, Wetzlar, Germany). The average particle 

diameters were obtained by measuring about 50 particles using ImageJ in an 

arbitrarily chosen area. 
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4.2.4. SET-UP TO MEASURE INDIVIDUAL AUNPS 

In order to image single particles, arabic gum (Caelo, Germany) as a gel forming 

agent keeping particles immobilized and separated from each other, was 

introduced to prevent gold colloids aggregating on glass slides once exposed to 

air. 100 µL AuNPs was mixed with the same volume of 10% arabic gum aqueous 

solution under mild agitation prior to imaging. With the high viscosity of the 

strong gel matrix, individual particles could be fixed and distributed uniformLy 

in the gum (Figure 4.2). In this condition, the risk of measuring aggregated 

particles can be decreased to a great extent. This set-up allows us to perform 

measurements over hours.  

   

 

 

 

 

 

 

Figure  4.2.  Schematic of AuNPs on a glass slide with (top panel)  and    without (bottom panel)  
the presence of arabic gum.  

 

4.2.5. SINGLE NANOPARTICLE TRACKING (SPT) AND VERIFICATION BY POINT 

SPREAD FUNCTION (PSF) 

AuNPs well dispersed in arabic gum were deposited dropwise on a cover slip 

and irradiated by a Ti:sapphire laser using a sequence of excitation wavelengths 

from 710-920 nm with an interval of 20 nm in 3-dimensional scanning mode. A 

series of such measurements were performed on different sized AuNPs. The 

other measurement conditions including laser power (0.485 mW), zoom (2), 
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gain (700) and offset (0.1) were kept identical to obtain comparable data. The 

output emission intensity from each single particle was recorded manually. The 

intensity of the peripheral area of AuNPs was also recorded by the same manner, 

thus the S/N ratio of particles under various excitation wavelengths can be 

determined. Images were acquired at a resolution of 512× 512 pixels and 

analyzed and edited by using the Zeiss Confocal LSM Image software, as well as 

ImageJ (http://rsb.info.nih.gov/ij/download.htmL). 

A good hint for measuring individual AuNPs can be achieved by measuring the 

full width at half maximum (FWHM) for each spot. By taking advantage of the 

point spread functions (PSF) single gold nanoparticles can be properly verified 

with a high probability. FWHM of each spot can be compared to airy pattern 

radius of multiphoton laser scanning microscope (see Figure 4.3a). 

The data of PSF measurement could be fitted to a Gaussian function by using 

Sigmaplot, version 12 (Systat Software GmbH, Germany) as follows: 

2
5.0

exp*)(







 


 

µx

axf
              (4.1)   

Where, 

:a height of the curve’s peak 

: position of the peak 

: standard deviation. 

For each function, FWHM was calculated using the following equation: 

2ln22FWHM .                    (4.2) 

Typically lateral and axial resolution can be determined by measuring the 

FWHM of the central peak of PSF in the XY and Z directions. Based on Rayleigh 

criterion, individual AuNPs can be judged by comparing practically determined 

FWHM to theoretical lateral resolution calculated as follows: 
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NA
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                                       (4.3)
 

Where,  is the maximum light wavelength emitted from the particles and NA is 

the numerical aperture of the objective.  

    

Figure 4.3.  (a) Schematic of airy pattern radius and FWHM (full width at half maximum) of sub-
resolution AuNPs described by PSF (point spread function). (b) Emission image of 
50 nm AuNPs under excitation wavelength of 800 nm. Each bright spot represents 
PSF from a gold particles or cluster. By drawing an arrow cross the center of the 
spot, corresponding intensity distribution as a function of X axis can be presented 
by which FWHM could be calculated. 

4.2.6. SPECTRUM ACQUISITION 

With applying lambda mode (spectral analysis mode), emitted or scattered light 

from single particle was divided into a series of continuous wavelength bands as 

narrow as 10 nm over a broad wavelength range from 370 nm to 710 nm before 

they reached an array of separate detectors (see Figure 4.1), where the intensity 

of each band was measured simultaneously. By taking the signal intensity as a 

function of the wavelength band, the emission spectrum was acquired.  

4.3. RESULTS AND DISCUSSIONS 

4.3.1. AUNPS MORPHOLOGY 

Representative transmission electron microscopy images (Figure 4.4) illustrate 

that AuNPs have a round shape and are monodisperse; quantitative analysis of 

particles size revealed average diameters of 10, 18, 28, 50 and 80nm 

respectively with standard deviation below 10%.  

a b 
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Figure 4.4.  Representative transmission electron micrographs of different sized spherical 
AuNPs with diameters of (a-e)10, 18, 28, 50  and 80 nm at 50,000× magnification.  

4.3.2. SINGLE AUNPS TRACKING 

By inputting relevant parameters into Equation 4.3 (NA=1.2,  =550nm), the 

theoretical lateral optical resolution limit was calculated as 320 nm. Five 

representative bright spots within approximately same intensity range in the 

LSM images (shown in Figure 4.3b) were arbitrarily chosen for calculation of 

FWHM (see Table 4.1). Approximate equivalence between practically calculated 

FWHM and theoretical airy pattern radius indicates these AuNPs, which possess 

same intensity could be judged as individual with the highest probability. 

Table 4.1. Comparison of practically calculated FWHM of five representative single AuNPs to 

theoretical airy pattern radius. 

No. FWHM(nm) Airy pattern radius(nm) 

1 327.5           

                   320.8 
2 359.6 

3 326.8 

4 332.3 

5 374.4 
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4.3.3. EMISSION INTENSITY DEPENDENCE ON EXCITATION WAVELENGTH 

To understand how excitation wavelength and size effects influence the MAIL 

efficiency of AuNPs, we irradiated different sized AuNPs homogenously 

distributed in a gel and measured the emission intensity from individual 

particles along with their corresponding signal to noise ratio (S/N ratio) as a 

function of excitation wavelength, respectively. MAIL images for each sized 

particles were acquired by scanning the samples along the x, y and z directions. 

Figure 4.5 (a,b) shows representative three-dimensional MAIL images of 50 nm 

AuNPs. Particles were detectable in slices at all levels, suggesting their good 

dispersion in the solution of arabic gum. The panel images for AuNPs with other 

sizes were acquired and presented in Figure 4.6 a-e.  

 

 

 

 

 

 

Figure 4.5.   Two z-stacks as examples (a, b) for a 3-D MAIL images of 50 nm AuNPs dispersed in 
arabic gum at ex=800 nm. Each white spot represents a single gold nanoparticle or 
possible gold aggregate. 
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Figure 4.6.  Multiphoton-LSM images of 10, 18, 28, 50 and 80 nm AuNP (a-e) dispersed in arabic 
gum under 800 nm excitation (laser power: 0.97 mW) display innumerable spots 
within the same intensity range, indicating contributions from single gold 
nanoparticles (e.g., spots 1 and 2). Some brighter spots which had stronger 
intensity in the images are assumed to be aggregates of AuNPs (such as 3 and 4). 

In Figure 4.7a, the emission intensity of different sized AuNPs is plotted as a 

function of the excitation wavelength, showing two distinct trends. For larger 

particles (50 nm, 80 nm),   a fast drop in emission intensity is observed from a 

maximum at 710nm towards longer wavelengths. On the contrary, AuNPs with 

diameter below 50 nm display moderate signal intensity remaining nearly 

constant in spite of the variation of excitation wavelengths. Since the final 

‘emission signals’ of samples are assemble of the emitted and scattered light 

simultaneously collected by detectors. The difference could be interpreted in 

terms of the impact of the light scattering process on the emission strength of 

AuNPs. The detected signal is dominated by two factors: From one hand, the 

light scattering intensity reduces drastically with the decrease of particle size. 

The minimum size of which particle is able to scatter light with intensities 

significantly higher than other emitted signals is roughly 50 nm91 what is 

reflected also in our data. Due to the contribution from scattered light, AuNPs in 

size larger or equal to 50 nm display an optical signal with much higher 

intensity than those from smaller particles (10, 18 and 28 nm). The dependence 
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of the emission intensity on the excitation wavelength for 80 nm and 50 nm 

AuNPs are depicted in inset of Figure 4.7a respectively. Logarithmic plots of the 

emission intensity versus excitation wavelengths for 80 nm AuNPs reveals a 

slope of -3.86, well coinciding with Rayleigh’s scattering law that the light 

scattering intensity is inversely proportional to the fourth power of the incident 

wavelength.105 The slope of -2.22 for 50 nm AuNPs, however, could be 

interpreted in terms of a mixture of emitted luminescent light with scattered 

light, which is still less pronounced relative to 80 nm particles. In contrast, for 

AuNPs with sizes below 50 nm, their signal intensities are constant with less 

fluctuation regardless of the change of excitation wavelengths, indicating only 

slight scattering effect on small sized particles. 

We also found some interfering signal coming from the matrix or substrates 

which exhibited intense signal as long as short excitation wavelengths (710-760 

nm) were used. This holds especially true for the cover slips and glass slides. 

This phenomenon greatly obstructs our observation of the pure emission signal 

from AuNPs. To rule out this interference, S/N ratio a parameter indicating 

emission efficiency of AuNPs was investigated. In Figure.4.7b, a series of S/N 

ratio-ex profiles for different sized AuNPs under femtosecond laser irradiation 

with wavelength between 710 nm and 920 nm are shown. AuNPs with 80 nm 

and 50 nm diameters exhibit similar profiles: S/N ratio rises from 4 at 710 nm 

until it reaches the highest value of 10 at 800 nm and then steadily goes down to 

6 at 920 nm. This phenomenon can be explained by the fact that both the 

scattering effect and signal from the background reduce drastically with the 

increase of the excitation wavelengths from 710 nm to 800 nm. But the latter 

declines faster than the former, enhancing S/N ratio to a maximum at 800 nm, 

after which the background signal reaches a constant level whereas the 

scattering continues to decline, thus, reducing the S/N ratio again. Similar but 

less pronounced trends were also observed from the AuNPs with size below 50 

nm, due to only slight scattering effects exerted on these particles. S/N ratio 

climbs from 4 at 710 nm to a maximum around 7 at 800 nm, and then declines 

again. This dependence of S/N ratio on the excitation wavelength can be 

assigned to different types of optical phenomenon to be responsible for the 

formation of total signals of AuNPs during the femtosecond laser irradiation and 
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will be further investigated and confirmed by spectral analysis in the next 

section of this study.             

             

           

Figure 4.7   (a) Emission intensity-ex
 
and (b) corresponding S/N ratio-ex profiles for different 

sized individual AuNPs (10, 18, 28, 50 and 80 nm). Every spot in curves represents 
a mean value recorded from fifteen individual particles. Inset: logarithmic plots of 
the emission intensity versus excitation wavelengths for 80 nm and 50 nm AuNPs 
along with the appropriate lines of best fit. 
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4.3.4. SPECTRAL CHARACTERISTICS OF AUNPS 

To explore in more detail the factors causing disparity in emission efficiency of 

AuNPs at different excitation conditions, the characteristics of the emission 

spectra from AuNPs under various excitation wavelengths were analyzed and 

displayed in Figure 4.8 a,b respectively.  

In Figure 4.8a four representative emission spectra of individual AuNPs with a 

diameter of 18 nm were obtained under multiphton excitation with a series of 

wavelengths from 780 nm to 840 nm, due to good S/N ratio. Some common 

features are observed from these curves. Each spectrum approximately presents 

a V-shaped curve including a spectrally broad and huge tail with a width of 

roughly 150 nm (550-700 nm), as well as a maximum emission peak red shifting 

with the increase of excitation wavelength. In Figure 4.8c the measured 

positions of the maximum emission peak are shown as a function of the 

excitation wavelength changing from 780 nm to 880 nm. Obviously, the 

maximum peak position always locates at ex/2, indicating a correlation to a 

second harmonic generation (SHG). SHG is a nonlinear light scattering process 

typically generated from certain type of crystals or metallic nanoparticles 

excited with high laser intensity. This finding is also consistent with Butet’s 

study, in which SHG from 150 nm diameter AuNPs dispersed in gelatin was 

reported.92 In addition to the emission maximum of SHG, another typical 

characteristic observed in each emission line is a huge spectral tail ranging from 

550 nm to 700 nm. These spectral tails display similar shapes with high 

intensity, making them easily distinguished from ordinary spectral peaks but 

their origins are still unclear and need further investigation. AuNPs with other 

sizes displayed similar shaped emission spectra under same excitation 

conditions. 

To study if the same emission features can also be produced from AuNPs under 

different irradiation conditions, excitation at wavelengths from 860 nm to 910 

nm was employed. As shown in Figure 4.8b, drastic variation of the spectrum 

shape is seen when for example ex=880 nm is employed. Differing from those V-

shaped spectra presented in Figure 4.8a, a mountain-like broad peak is found 

spreading from 500 nm to 650 nm, in addition to a maximum peak at 440 nm 
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induced by SHG. By continuously tuning the excitation wavelength to 900 nm 

and 910nm, those typical spectral tails found in Figure 4.8a are replaced by this 

mountain-shaped emission curves covering the full visible wavelength region 

from 450-650 nm. Their corresponding SHG induced maximum peaks (450 nm 

and 455 nm, respectively) are observed as well but less strong, making them 

hard to be distinguished from other ordinary peaks.  

For the first time, we report excitation wavelength dependent emission profiles 

of AuNPs under femtosecond laser irradiation. Considering the characteristic of 

MAIL which is mainly described by the electronic density of AuNPs and is not 

expected to vary with the shift of excitation wavelength, this dependence can be 

explained as a number of multiple excitation mechanisms, for instance SHG and 

MAIL altogether being responsible for the formation of the emission signals of 

AuNPs. Different excitation processes dominate in different excitation 

wavelength region, leading to variations of the emission spectrum. The profile of 

each emission spectrum is an appropriate indicator with respect to its 

corresponding dominant excitation process which can be verified by analyzing 

the relationship between excitation power and emission intensity from the 

following equation:106-107  

                                               nPI                                                 (4.4) 

Where I is the integrated intensity of the emission signal, P is the laser power 

exerted on the sample and n is the photon number and can be experimentally 

calculated. With this principle the photon absorption process of AuNPs excited 

at different wavelengths band can be determined. 

The emission intensity as a function of excitation power at 800 nm and 900 nm, 

respectively, as represented from the two observed behaviors, was studied. As is 

shown in Figure 4.8d, the logarithmic plots of the emission intensity versus laser 

power for 18 nm AuNPs has a slope near 2 (1.9802) at 900 nm excitation, 

indicating that excitation process is a two-photon absorption process. In 

contrast, the slope for 800 nm is close to 1 (1.1081), demonstrating a one-

photon process in this case. These results show that the emission spectrum 

obtained at irradiation of 900 nm can be assigned to a two-photon absorption 
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induced luminescence (TAIL), differing from those obtained at 800 nm 

dominated by one photon excitation processes. These results have never been 

reported previously and still lack of some theoretical supports so far. However, 

we can interpret this phenomenon as a combination of MAIL and light scattering 

under femtosecond laser irradiation. These two processes may interfere with 

each other in most of the case, and the pure TAIL signal can only be clearly 

observed under irradiation at longer wavelengths range (880-910 nm) because 

of less pronounced light scattering at these conditions.  

To further confirm the MAIL emission spectra of AuNPs, meanwhile to eliminate 

the interference from various types of light scattering effects, LSM-710, a new 

generation of multiphoton laser scanning microscope system was applied. This 

system is equipped with identical main components comparable to LSM-510, in 

addition to a novel QUASAR detector (quiet spectral array) with increased 

sensitivity and suppression on background noise, making it a powerful tool in 

trapping weak fluorescence or luminescence signals. Considering the intense 

SHG peak which might influence our observation on the MAIL spectra, we only 

recorded the emission light in range from 421 nm to 712 nm to avoid the 

interference from SHG. In Figure 4.9a a series of emission spectra of 18 nm 

AuNPs under excitation wavelengths from 780 nm to 840 nm are recorded. The 

emission curves acquired upon excitation of 800-840 nm exhibit typical 

mountain-shaped TAIL spectra with a maximum in around 500-600 nm. The 

absence of the big spectral tails as observed previously, indicates the 

independence of the TAIL profile on the excitation wavelengths as assumed. 

Notably, the emission spectrum obtained under 780 nm exhibits little similarity 

to those mountain-shaped curves but to be rather similar to the one recorded by 

LSM-510 at the same excitation wavelength, indicating the interference from 

SHG or other light scattering signals can hardly be completely eliminated even 

for LSM-710, particularly under irradiation with short wavelengths (710-780 

nm). In Figure 4.9b, two emission curves acquired separately by LSM-510 and 

LSM-710 are compared under same excitation condition (900 nm). As expected, 

the MAIL spectrum maintains its profile regardless of the change of excitation 

wavelength and the type of microscope used, strongly proving the stability of 

MAIL as an intrinsic property of AuNPs. 
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Figure 4.8.  Emission spectra of individual AuNPs (18 nm) acquired by LSM-510 under various 
excitation wavelength of (a) 780-840 nm, (b) 860-910 nm. (c) Position of the 
emission maximum vs excitation wavelength. (d) Typical logarithmic plots of 
emission intensity vs excitation power for 18 nm AuNP at 800 nm and 900 nm 
excitation respectively. 
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Figure 4.9.  (a) Emission spectra of individual AuNPs (18 nm) acquired by LSM-710 under 
various excitation wavelengths from 780-840 nm. (b) Comparison of emission 
spectra acquired by LSM-510 and LSM-710 respectively at excitation wavelength 
of 900 nm. 

 

4.4. CONCLUSIONS 

Based on these results, one question raised at the beginning of this paper can be 

answered reasonably: It is MAIL combining with light scattering signals 

including SHG that contributes to the final emission profile of AuNPs. Under a 

broad excitation wavelength range (710-860 nm) the light scattering induced 

a 

b 
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signals show strong intensity overwhelming that from MAIL, thus greatly 

obstruct our observation of the MAIL. The light scattering signals show 

excitation wavelength dependence and gradually decrease with the growth of 

excitation wavelength from 710 nm until 900 nm, at which the pure MAIL 

spectrum of AuNPs can be easily detected without other disturbance. These 

conclusions were strongly supported by the emission spectra obtained and 

verified by using two generations of multiphoton laser scanning microscopes. 

The interference from the multiple scattering lights on MAIL of AuNPs was 

observed by use of either LSM-510 or LSM-710. Although the latter provides a 

relatively superior capability to detect and distinguish the real MAIL, the 

interference still has to be taken into account, especially in case of excitation on 

particles with short laser wavelengths. 
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5. AUNPS DISCRIMINATION BASED ON MAIL TECHNIQUE 

Abstract: This chapter focuses on the visualization and discrimination of AuNPs 

exposed to complex physical (with presence of other semiconductor 

nanoparticles) or/and biological surrounding environments (living cell, human 

skin) by exploiting of the intrinsic MAIL profiles of gold. 900 nm excitation 

wavelength was applied for this purpose. In this case, fingerprint-like emission 

spectra were observed from AuNPs differing from ZnO and magnetic 

nanoparticles as well as cell organelles and skin structures, revealing a 

promising prospect of MAIL for identification of AuNPs in terms of in vitro 

cellular study. 

5.1. INTRODUCTION 

As described in chapter 4, AuNPs emit specific MAIL signals under femtosecond 

laser irradiation. These MAIL signals exhibit a potential power for AuNPs’ 

labeling, offering superior advantages over conventional extrinsic radiotracers 

or fluorescence labels being apt to label instability, altered physicochemical 

properties and photobleaching from laser exposure. However, due to less 

understanding in terms of the presence of MAIL profiles of AuNPs upon various 

excitation wavelengths, the MAIL has not been tapped to its full potential in this 

aspect. In this section, 18 nm AuNPs in contact with complex physical (ZnO and 

magnetic nanoparticles) or/and biological environment (A549 cells and human 

skin) were imaged under femtosecond laser irradiation with an optimum 

wavelength of 900 nm, at which the specific spectra of gold can be distinguished 

from other species of particles as well as cells or tissues. 

5.2. EXPERIMENTAL MATERIALS AND METHODS 

5.2.1. NANOPARTICLES PREPARATION AND TEM CHARACTERIZATION 

AuNPs were synthesized using Turkevich method as described in chapter 4. ZnO 

NPs (BASF, Germany) and Fe3O4 NPs (Chemicell, Berlin, Germany) were 

purchased as reference particles. All the particles were characterized by TEM 

(JEOL GmbH, Eching, Germany). The methodology of TEM measurement was 

according to 4.2.3. 
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5.2.2. CELL CULTURE AND STAINING 

Human alveolar basal epithelial cells (A549 cells, CCL-185; ATCC, Manassas, 

VA,USA) were cultivated in 24-well plates (PAA Laboratories GmbH, Pasching, 

Austria) with a density of 2×104 cells per well in RPMI1640 high glucose 

medium supplemented with 10%  heat inactivated fetal bovine serum without 

phenol red (PAA Laboratories GmbH, Pasching, Austria) at 37℃ under 5% CO2 

atmosphere. Cells were washed three times with fresh culture medium when 

they reached approximately 50% confluence and then co-incubated with a gold 

colloidal solution diluted in fresh cell culture medium. After 6 hours incubation, 

cells were washed again with cell culture medium to remove loosely cell 

associated particles. Then the cell culture plate was set to microscopy for 

measurement at a condition of 37℃ under 5% CO2 atmosphere offered by a 

heating chamber connected with the microscopy system. Both labeled and 

unlabeled A549 cells associated with AuNPs were imaged respectively in this 

study. The staining procedure can be described as following: 10 min prior to 

microscopic analysis, A549 cells were again washed with PBS followed by 

application of Vybrant DiI (Invitrogen, Eugene, OR, USA) to bind to the cell 

membrane  for 10 minutes at 37℃. DiI is one of the lipophilic carbocyanine 

analogs with ex=549 nm and em=565 nm. It has weak fluorescence in water but 

high and stable fluorescence when incorporated into membranes, making it a 

suitable tool for cell membrane labeling. Afterwards cells plate was immediately 

sent to microscopy stage for a real time investigation. 

5.2.3. SKIN TREATMENT 

Human skin was obtained from female patients, who had undergone abdominal 

plastic surgery after approval of the ethic committee of Saarland, Germany 

(Ärztekammer des Saarlands, Dec.2008). The skin was cut into pieces and 

punched to 8mm in diameter after removal of the subcutaneous fatty tissue. 

Afterwards 1 mL of AuNPs solution with concentration of 100 µg/mL was 

dispersed on the top of skin surface and incubated for 1 h. 
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5.2.4. IN VITRO MAIL IMAGING 

All samples prepared above were imaged by LSM-510 multiphoton laser 

scanning microspectroscopy (Carl Zeiss, Jena, Germany). The microscope set up 

and the measurement methodology was described in chapter 4. 

5.3. RESULTS AND DISCUSSIONS 

5.3.1. NANOPARTICLES MORPHOLOGY 

Representative transmission electron microscopy images (Figure 5.1) illustrate 

that AuNPs have a round shape and are monodisperse. Quantitative analysis of 

particles size reveals average diameters of 18nm, with standard deviation below 

10%. Fe3O4 NPs and ZnO NPs are displayed with diameters being equivalent to their 

spherical counterparts of 50 and 100 nm respectively. 

    

Figure 5.1.  Representative transmission electron micrographs of (a) spherical AuNPs with 
diameters of 18 nm, (b) Fe3O4 NPs and (c) ZnO NPs at 50,000× magnification. The 
irregularly shaped Fe3O4 NPs and ZnO NPs were estimated to have an equal 
volume to that of a sphere 50 nm and 100 nm in diameter respectively.  

5.3.2. FINGERPRINT RECOGNITION OF AUNPS BASED ON MAIL 

To verify the potential of MAIL for fingerprint recognition of AuNPs, a 

comparison of the emission profile between gold and two other kinds of 

semiconductor nanoparticles (ZnO and Fe3O4) was performed. These two 

species of particles were selected here because of their wide application in 

bioscience.33-34, 37-38  

Figure 5.2 displays a series of emission spectra recorded from AuNPs, ZnO and 

Fe3O4 irradiated at 800 nm (Figure 5.2a) and 900 nm (Figure 5.2b) respectively. 

Obviously, in Figure 5.2a, no signal was observed from Fe3O4, indicating that the 

electrons in Fe3O4 were unable to be excited by multi-photon laser. Differing 

20 nm20 nm

a

20 nm20 nm

b

20 nm20 nm

c
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from Fe3O4 however, ZnO nanoparticles, a well-known SHG-producing 

nanomaterials,108 present typical and strong SHG signal similar to gold. These 

spectra can be interpreted in such a way that under excitation of 800 nm, SHG 

dominates the emission properties of gold and ZnO nanoparticles rather than 

MAIL, thus causing unanimous spectra for both of them. In other words, due to 

less specificity in emission spectrum, gold and ZnO particles can be visualized 

but can hardly be discriminated from each other at 800 nm excitation.  

Figure 5.2b gives emission spectra for those three types of nanoparticles by 

using the same microscopy setup at = 900 nm. Clearly, the signal from Fe3O4 

nanoparticles are nearly at the baseline, whereas the emission characteristic of 

gold and ZnO now differs significantly from each other. The mountain-shaped 

emission spectrum from AuNPs is present as expected, that has been shown to 

be real MAIL. In contrast, for ZnO nanoparticles however, no remarkable 

spectral feature is found except for one intense peak at 450 nm as a result of 

SHG, implying the absence of MAIL from ZnO nanoparticles at this condition. 

This result shows the ability to discriminate AuNPs in a complex physical 

environment, from other nanoparticle species.    

 

                  

(a) 
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Figure 5.2. Emission spectra of individual gold, ZnO, and Fe3O4 nanoparticles acquired at (a) 
800 nm, (b) 900 nm excitation wavelengths. 

5.3.3. DISCRIMINATION OF AUNPS IN MIXED PARTICLES  

To support this potential of MAIL for AuNPs discrimination, a mixture of gold 

and ZnO nanoparticles was imaged under multiphoton excitation at 900 nm. A 

conventional MAIL image (Figure 5.3a) along with its corresponding image in 

lambda mode (Figure 5.3b) recorded on the same sample section is shown.  

As seen from Figure 5.3a, each red spot representing mixed particles expresses 

strong MAIL and/or SHG signals. These multiple signals can be exclusively 

assigned to their origin by taking advantage of balancing the images by their 

spectrum. In Figure 5.3b, signals being responsible for the visibility of gold or 

ZnO are easily identified due to the unique MAIL and SHG features. Blue color 

signals can be considered generated from ZnO nanoparticles supported by its 

corresponding emission spectrum, a typical SHG spectrum shown in Figure 5.3c. 

Spots with red color, on the contrary, are originating from the broad, gold –

typical MAIL emission.  

Notice the spectrum shape does not precisely match that from pure AuNPs 

observed previously. The spectrum is narrowed by around 150 nm and the 

intensity maximum is red-shifted by 100 nm to 650 nm. This difference is 

assumed as a result of the electron interaction between gold and ZnO closely 

located influencing the polarization state of electrons on the gold surface, thus 

leading to MAIL spectrum change. Nevertheless, the spectrum of gold still keeps 

(b) 
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its overall fingerprint-like characteristic and can be easily discriminated from 

the emission curve of ZnO, indicating great potential for characterization or 

identification of AuNPs in a complex physical environment.  

   

 

                     

Figure 5.3. Multiphoton spectral images of a gold and ZnO nanoparticles mixture 
in (a) false color and (b) true color representation. And (c) the 
corresponding emission spectra of gold and ZnO at 900nm 
excitation. 

5.3.4. DISCRIMINATION OF AUNPS IN LIVING CELLS  

In order to determine the impact of complex biological environment on the 

MAIL profile of AuNPs, unlabeled and DiI labeled living A549 cells coincubated 

with 18 nm AuNPs were imaged.  

(c) 

(a) (b) 
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The measurement is performed in a multi-track mode consisting of two tracks: 

one is ‘cell track’ involving a transmittance mode to image unlabeled cells and a 

fluorescence channel for DiI labeled cells (ex=543 nm) with a set of BP 560-615 

nm filters to collect the emission signals from cell membrane; the other is ‘gold 

track’ for imaging AuNPs at ex=900 nm along with a KP 660 nm filter to track 

gold.  

As is shown in Figure 5.4 a-f, bright MAIL signals represented as red spots are 

emitted from AuNPs embedded in cells without interference from the presence 

of cells and cell organelles. No signal crosstalking is found between labeled cells 

and AuNPs illustrated by their corresponding emission spectra in Figure 5.4 g. 

Spectral analysis presents the typical MAIL spectrum from AuNPs differing from 

those of unlabeled and labeled cells, revealing that the bio-environmental 

influence on the MAIL profiles of gold can be neglected. These results prove 

good efficiency and stability of the fingerprint-like MAIL spectra of AuNPs under 

complex bio-environments. The cells endured the illumination for several hours 

with their original morphologies and grew to 90% confluency over night after 

measurement, showing tolerability under this measurement condition. From 

these results we can conclude MAIL as a feasible probe for imaging AuNPs in 

living cells. 

  

  

(a) (b) (c) 
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Figure 5.4. Multitracking images of 18 nm AuNPs incubated with (a-c) unlabeled and (d-f) 
labeled A549 cells, (g) along with the corresponding emission spectra of AuNPs and 
cell membrane at 900 nm excitation. Transmittance channel (grey scale, 543 nm 
excitation), fluorescence channel (green scale, 543 nm excitation), MAIL channel 
(red scale, 900 nm excitation), and color overlay images are provided. Green 
denotes the cell contour (DiI label for plasma membrane), while red indicates 
AuNPs.  

5.3.5. DISCRIMINATION OF AUNPS IN SKIN  

To further evaluate the stability and sensitivity of MAIL from AuNPs in contact 

with thick and dense tissue, which is apt to produce strong autofluorescence 

under visible light excitation causing interference on the presence of signal from 

particles, human skin is introduced here to imitate a difficult environment and 

treated with AuNPs for evaluation. Figure 5.5a-c presents a series of multi-track 

images of a piece of human skin following exposure to 18 nm AuNPs 30 min, 

consisting of a multiphoton image at 900 nm excitation for tracking AuNPs, a 

conventional fluorescence image excited at 543 nm for detecting skin, as well as 

a overlay of them. As evidenced by the MAIL image, AuNPs can be observed 

associated with dermal layer which is indicated by its autofluorescence 

generated at 543 nm excitation, under which no gold signal presents. Back to the 

‘gold track’, however, only bright MAIL signals from AuNPs are displayed 

without the presence of autofluorescence signal from skin, because the MAIL 

efficiency of AuNPs is far higher than the autofluorescence from skin excited in 

this case confirmed by the MAIL image and corresponding emission spectra 

shown in Figure 5.5d. Spectra analysis gives a typical MAIL spectrum of AuNPs 

(g) 
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with intense intensity and an autofluorescence spectrum of skin with intensity 

closing to background level, suggesting high stability and sensitively of MAIL 

from AuNPs deep into skin. These findings enable us to confirm the potential of 

MAIL for imaging applications of gold based nanocarriers in percutaneous drug 

delivery field. 

   

    

Figure 5.5. Multitracking images of 18 nm AuNPs incubated with human skin (a,b,c) and (d) 
corresponding emission spectra of AuNPs and skin at 900 nm excitation 
respectively. A skin channel (grey scale, 543 nm excitation), a gold channel (red 
scale, 900 nm excitation) and color overlay images are provided. All images are 
from the same field of a view. 

5.4. CONCLUSIONS 

In conclusion, the optimum excitation wavelength for discrimination of AuNPs is 

900 nm, upon which fingerprint-like MAIL spectrum can be easily detected 

without interference from SHG. This emission spectrum shows high stability and 

specificity, enabling us to use this feature as a fingerprint to identify and 

discriminate AuNPs in complex physical or biological environments, for instance 

(a) (b) 

(c) 
(d) 
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living cells and/or other particles. Thus, a standard protocol for in situ 

visualization and discrimination of AuNPs in complex surrounding physical and 

physiological environments can be established. We describe this process as the 

following two steps: (i) samples is illuminated by laser using optimum 

wavelengths ranging from 780 nm to 840 nm, within which clear emission 

signals of particles with superior S/N ratio can be obtained. For the aims of 

identify and discriminate AuNPs from other coincubated particles or biotissue, 

(ii) excitation wavelength is further shifted to 900 nm under which the 

fingerprint-like MAIL spectrum can be detected as a self labeling probe. These 

advantages of MAIL technique over other imaging approach with respect to 

safety, efficiency, specificity and deep tissue penetration capability will be useful 

for in situ visualization and discrimination of those AuNPs-based drug/gene 

nanocarriers in biomedical or pharmaceutical fields.109-111 
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6. CELLULAR UPTAKE OF DIFFERENT SIZED AUNPS 

Abstract: With wide applications of nanoscale materials in biomedical field, the 

impact of nanoparticle size on its cellular uptake efficiency, dynamics and 

mechanism has attracted numerous interests but the knowledge in this aspect is 

still a matter of controversy. In this study a combined “multiphoton imaging-

UV/Vis spectroscopic analysis” method was applied for the first time for 

quantitative visualization and evaluation on the cellular uptake process of 

different sized (15, 30, 50, and 80 nm) AuNPs. This technique enables 

quantitative analysis of the size effect on cellular uptake behavior of AuNPs from 

a stack of 3D multiphoton laser scanning microscopy (MP-LSM) images 

meanwhile provides a capability for differentiating AuNPs present in external 

and internal subcellular components (cell membrane and cytoplasm) 

respectively, giving detailed information for better elucidating the cellular 

uptake mechanisms and dynamics. The data shows the internalization extent of 

AuNPs is highly dependent on particles sizes and incubation time. Due to the 

sedimentation effect, 50 and 80 nm AuNPs are taken up by cells far more than 

15 and 30 nm particles after exposure to cells for 24 h. However, the latter’s 

uptake velocities are significant faster than the former before 10 h, indicating a 

disparity in uptake kinetics for different sized AuNPs. The finding from this 

study will improve our understanding in the cellular uptake mechanisms of 

different sized nanoparticles and have great implications in developing AuNPs-

based drug carriers with various sizes for different purposes. 

6.1. INTRODUCTION 

Recent progress in the biomedical applications of nanotechnology has 

demonstrated that the intracellular uptake efficiency or kinetics of nanoparticles 

is greatly affected by many factors, including some intrinsic properties of 

particles itself, such as size,67, 78, 112-115 shape,71, 80, 112, 116 surface coating,67, 73, 115 

sedimentation68 and aggregation69 effect as well as some features from the side 

of biological systems, for instance cell species,81 cell cycle period77 etc. Among all 

of these factors, particle size has been proved as one of the most predominant 

features affecting cellular uptake mechanism, kinetics and other bio-reactivity in 
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vivo or in vitro proved by numerous groups in nanotechnology society during 

last few decades.71, 78, 117 

Despite remarkable advances made in this field, however, a critical debate in 

respect of the optimum particle size for internalization into cells with the 

maximum efficiency is still open. The data reported previously always conflicts 

due to lack of a unified and standard approach to image and quantify particles in 

the cellular uptake process so far. Further, the experimental conditions 

including particle materials, surface stabilizers, exposure time, cell living status 

and cell species often alter among different research groups, leading to 

inconsistent results. Any novel findings for a certain type of nanoparitcles, 

announced breakthrough in this aspect by one research group however, might 

be irrelevant for another group even if the experimental conditions altered 

merely. Therefore, although it has been reported by several groups that particle 

with dimension at certain nanoscale or scale range, for instance diameter of 50 

nm or below 120 nm was once regarded as the maximum size (size range) for 

nanoparticles internalization, 52, 78, 112 these studies still suffer from variation of 

the experimental conditions and lack of quantitative analysis, making these 

conclusions conflict to each other.  

In this paper, a systematical investigation of size effect on the cellular uptake of 

nanoparticles was performed. Gold nanoparticles (AuNPs), a kind of noble metal 

nanoparticles with wide applications in biomedical, clinical and pharmaceutical 

field,16-17, 19, 24, 82-83, 118 was applied as a model system since their size, shape and 

surface features can be easily manipulated with designer’s anticipation.119-120 

Furthermore, unlike other conventional nanoparticles that need conjugation 

with extrinsic labeling agents which often suffer from dissociation or loss of 

activity with time, AuNPs possess unique intrinsic multiphoton absorption 

induced luminescence (MAIL), which can be distinguished from cell organelles 

based on the specific MAIL spectra, making AuNPs good alternatives for in vitro 

or in vivo  cellular uptake studies.25-26, 121  

The main parameters of nanoparticles as well as the features of  the bio-systems 

exposed to particles, including particles materials, shape, coating ligands, 

concentration unit and cell types and numbers were all unified for the purpose 
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of eliminating interference from the variation of experimental conditions at the 

most extent. By virtue of the unique optical properties of gold, a novel semi-

quantitative approach was presented in this chapter based on the use of 

multiphoton laser scanning microscopy (MP-LSM) and UV/Vis spectroscopy for 

evaluation of the cellular uptake process of AuNPs. The AuNPs applied in this 

study were spherical with sizes below the resolution limit of the optical 

microscopy, ranging from 15 to 80 nm. This approach allows simultaneous 

acquisition of in situ images as well as quantitative data with respect to the 

amount of AuNPs uptaken by cells. In addition, it also provides a capability to 

distinguish particles entry into cells with those only adsorbed on cell membrane 

from 3D MP-LSM images, giving details in terms of the uptake process that 

cannot be achieved by other quantitative techniques applied at present, e.g. ICP-

MS, ICP-AES. As revealed by the quantitative data, cellular uptake of AuNPs is 

size and time dependent process. Larger AuNPs (80 and 50 nm) can penetrate 

into cells in larger amount than the smaller ones (30 and 15 nm) in 24 h with 

relatively slower uptake velocity than the latter. Sedimentation of particles as a 

crucial relevant factor in this process cannot be ignored.  

6.2. MATERIALS AND METHODS 

6.2.1. NANOPARTICLE PREPARATION AND CHARACTERIZATION BY TEM 

Colloidal AuNPs with diameter of 15 nm were prepared by Turkevich method 

which is typically used to produce monodisperse spherical gold nanoparticles 

with size of around 13-20 nm.103 Briefly, 10 mg of tetrachloroaurate 

(HAuCl4 ·3H2O, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was 

dissolved in 50 mL of ultrapure deionized water and heated to the boiling point. 

Then, one mL of a 37.34 mg/mL aqueous solution of sodium citrate 

(Na3C6H5O7·2H2O, Sigma-Aldrich) was introduced under vigorous stirring to 

reduce the Au3+ to Au0. The solution was kept boiling for 10 minutes with 

constant stirring. The resulting AuNPs were spherical with an average diameter 

of 15 nm. These particles were later on used as gold seeds for synthesis of larger 

AuNPs.  

Because of a part of particles with unsatisfactory morphology produced in the 

synthesis process for AuNPs larger than 20 nm by Turkevich method, a seeding 
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growth method demonstrated by Brown et al. was introduced here to prepare 

30 nm AuNPs104. 1 mL of 15 nm AuNPs solution (2.9×1012NPs/mL) was diluted 

with ultrapure deionized water to a volume of 40 mL as gold seeds. Then, 1.77 

mL of a freshly prepared 1 mg/mL aqueous solution of tetrachloroaurate was 

introduced while stirring. After 1 min, 0.306 µL hydroxylamine (NH2OH, 50%, 

solution in water, Sigma-Aldrich) was quickly added to reduce the Au3+. Stirring 

continued for 10 minutes after the color turned reddish brown. Particles 

prepared by this method were spherical with an average diameter of 30nm. The 

water used in all experiments was prepared in a Millipore Milli-Q purification 

system (resistivity higher than 18.0 MΩ cm-1). Because some non-spherical and 

polydisperse particles produced as by-products on the second or third growth 

step, we purchased two batch of citric ligands coated AuNPs with size of 50nm 

and 80nm respectively, from Ted Pella Inc (Redding, California, USA).  

The gold core morphology and mean diameters of the four kinds of AuNPs were 

determined by TEM as described in chapter 4. 

6.2.2. NANOPARTICLE QUANTIFICATION BY UV/VIS SPECTROSCOPY 

UV/Vis spectroscopy was carried out to determine AuNP concentration. 

Absorption spectra of AuNPs were recorded using a PerkinElmen diode array 

UV/Vis spectrophotometer (PerkinElmer, Lambda35, Netherlands). The spectra 

were collected using quartz cuvettes with 1 cm optical path length. The precise 

concentration (number concentration) of each batch of gold nanodispersion can 

be obtained by the following equation:122 
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where N is the number concentration of AuNPs in nps/mL (number of 

particles/mL), A450 is the absorption at 450 nm, and d is the diameter of AuNPs. 

6.2.3. CELL CULTURE CONDITIONS 

Human alveolar basal epithelial cells (A549 cells, CCL-185; ATCC, Manassas, 

VA,USA) were cultured in a 75 cm2 flask in RPMI1640 high glucose medium 
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supplemented with 10%  heat inactivated fetal bovine serum without phenol 

red (PAA Laboratories GmbH, Pasching, Austria) at 37℃ under 5% CO2. 

Medium was changed every second day and subculture of the cells was 

performed when 80% confluence was reached. 

6.2.4. NANOPARTICLE UPTAKE 

Evaluation of the cellular uptake extent of various sized AuNPs was performed 

by multiphoton laser scanning microscopy techniques to detect the intrinsic 

MAIL signal from gold particles entrapped by cells. 

A549 cells were seeded into a 24-well plate (PAA Laboratories GmbH, Pasching, 

Austria) with density of 2×104 cells per well and grown until 90% confluence. 

Prior to exposure to gold particles, medium at each cell culture well was 

aspirated. Cells were washed with fresh medium three times before 0.5 mL of 

gold suspension in RPMI solution plus 10% serum without phenol red was 

added. All samples were then incubated at 37℃ under 5% CO2 for 24 h. The 

number concentration for different size AuNPs were all equalized to a value of 

7.5×1010 particles/mL which was feasible for both small and large particles. 

At 24 h, gold suspension incubated with cells was removed from each well. Cells 

were washed three times with PBS to remove excess AuNPs, fixed with 1% 

formalin and then washed an additional three times with PBS. Afterwards, 0.5 

mL of a 1% Vybrant DiI cell-labeling solution (Invitrogen, Eugene, OR, USA), a 

lipophilic membrane dye, was added to each well and incubated for 5 minutes at 

room temperature. Following DiI incubation, cells were washed three times with 

PBS and imersed in 0.5 mL PBS solution for visualization by multiphoton laser 

scanning microscopy.  

6.2.5. CELLULAR UPTAKE DYNAMIC OF AUNPS 

Experiments for exploring the cellular uptake dynamic of AuNPs were carried 

out by combining MP-LSM and UV/Vis spectroscopy. 

A549 cells were seeded into a 24-well plate with density of 2×104 cells per well 

and grown until 90% confluence. Immediately before co-incubation with AuNPs, 

medium at each cell culture well was aspirated. Cells were washed with fresh 

medium three times and afterwards the medium was aspirated again. 0.5 mL of 
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gold suspension in RPMI solution plus 10% serum without phenol red with 

concentration of 5.8×1011, 1.36×1011, 3.0×1010, 4.4×109particles per mL for 15, 

30, 50 and 80 nm respectively, was added into each well and incubated with 

cells at 37℃ under 5% CO2 for defined time intervals: 1, 2, 4, 6, 8, 10, 12 and 24 

hours. The number concentration of each sized AuNPs was precisely set in a 

suitable range in which the UV/Vis absorption of gold colloid shows good linear 

relationship as a function of the particles concentration. Several positive 

controls (no cell presence) as well as a negative control (no particles presence) 

were set as reference groups incubated in the same condition. 

At each time point (1, 2, 4, 6, 8, 10, 12 and 24 h), the supernatant colloid AuNPs 

were collected from each well. Then the cells were gently washed twice using 

200 µL fresh cell culture medium to get rid of excess AuNPs. Afterwards, the 

supernatant together with the washing medium was transferred into a clean 

cuvette for UV/Vis measurement. The cells were further washed with PBS once 

and fixed with 1% formalin and then washed an additional three times with PBS. 

Afterwards, 0.5 mL of a 1% DiI solution was added for each well and incubated 

for 10 minutes at room temperature. Following DiI incubation, cells were 

washed three times with PBS and immersed in 0.5 mL PBS solution for imaging 

by multiphoton laser scanning microscopy.  

6.2.6. CONFOCAL IMAGING AND PSF DETERMINATION 

The samples prepared above were visualized by an inverted 

confocal/multiphoton laser scanning microscopy (Zeiss LSM510 META system, 

Carl Zeiss, Jena, Germany) adapted with a pulsed infrared laser (λ=705-980 nm, 

Chameleon XR, Coherent, Germany) for multiphoton excitation. Samples were 

excited with 778 nm (red), 543 nm (green) laser lines. Images were captured 

with a 63×/1.2 NA water immersion objective lens in multi-tracking mode at an 

acquisition resolution of 512×512. Z-stacks of the cell samples were acquired at 

0.8 µm intervals. Image stacks were analyzed using ImageJ software 

(http://rsb.info.nih.gov/ij/download.htmL) at a per pixel basis. 

Quantification of the number of AuNPs entrapped by cells throughout each 

image stack was carried out using the ‘analyze particles’ function of the ImageJ 

software package, which permits visualization of either spherical or irregular 

http://rsb.info.nih.gov/ij/download.html


                                                                     CHAPTER 6. Cellular uptake of different sized AuNPs 

51 
 

shaped objects throughout an image stack or a set of stacks and designates a 

spatial position along x, y and z directions together with the intensity of the spot 

it represents. Prior to intensity and spot area measurements, only the tracks of 

AuNPs were selected. The threshold was optimized to a proper value of 25 in 

which the background signals were eliminated completely and only AuNPs can 

be visualized. A summary of the number of the objects as well as total area of the 

optical spots was provided by the software afterwards. 

Colocalization of AuNPs in cell membrane was evaluated by analyzing a set of 

multi-channel image stacks on a per cell level. Particles colocalized in the cell 

membrane (green color area) and cytoplasm was analyzed respectively. Thus 

the proportion of particles in the cell membrane for each cell can be determined.  

The resolving power of MP-LSM used in this study can be theoretically 

calculated by the following equations based on Rayleigh criterion:123 

NA
rxy

7.0


                      (6.2)
 

2
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NA

n
rz




                     (6.3)                    
 

where, λ is the wavelength of the emitted light, NA is numerical aperture of the 

objective lens and n is the refractive index of the medium. The value of rxy and rz 

here can be calculated by using proper values for equations 6.2 and 6.3, thus the 

lateral (rxy) and axial (rz) resolution of the current microscope can be 

determined.  

6.3. RESULTS AND DISCUSSION 

6.3.1. AUNPS MORPHOLOGY 

Representative TEM images (Figure 6.1a-d) illustrate that those four kinds of 

AuNPs are all of spherical shape and monodisperse. The average diameter of the 

gold core with a standard deviation as well as the zeta potential for each type of 

gold colloid is shown at the first two columns of Tab. 6.1.  

Unlike bulk gold, gold nanospheres have distinctive optical properties. These 

features are determined by the interaction of conduction band electrons in the 
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surface atoms of AuNPs with the electric field vector of the incident light in a 

certain range of frequency. The incident light can induce the so-called localized 

surface plasmon resonance (LSPR), which occurs in the visible and near-infrared 

region, depending on size and shape of AuNPs. Only when the excitation 

wavelength is optimal to satisfy the LSPR, a distinct extinction is observed from 

the particles. Thus for a certain sized AuNPs, a characteristic absorption 

spectrum that has a distinct maximum absorption peak can be observed, shifting 

from 518 to 547 nm in wavelength with the increase of particles size from 15 to 

80 nm (Figure 6.1e). These features can be characterized conveniently by 

UV/Vis spectroscopy and further exploited to measure their individual 

concentrations in solution by use of equation 6.1. The main parameters of their 

UV/Vis absorption spectra (λmax and Amax) and corresponding concentrations are 

shown in the last three columns of Table 6.1. 

                   

                   

                         

 

 

(a) (b) 

(c) (d) 
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Figure 6.1.    (a-d) Representative transmission electron micrographs of spherical AuNPs with 
diameters of 15, 30, 50 and 80 nm with their corresponding (e) normalized 
UV/Vis absorption spectra.  

Table 6.1. Selected AuNPs characteristics 

Size rang 

(nm) 

Size of gold 

core (nm)a 

Zeta potential 

(mV) 

λmax (nm)          Amax Conc.(number 

of NPs/mL)b 

15 15.59±0.77 -28.8 518 1.7418 2.9×1012 

30 31.43±1.34 -28.5 526 0.5354 1.01×1011 

50 51.98±2.58 -26.4 530 1.2207 4.5×1010 

80 82.29±3.12 -39.1 547 1.16 1.1×1010 

Note: a Average diameter of gold core and standard deviation of each sized AuNPs are 
determined by TEM measurement. b Concentration of AuNPs are calculated by equation 6.1. 

6.3.2. SINGLE PARTICLE TRACKING OF SUBRESOLUTION AUNPS AND 

THRESHOLD SETTING 

Due to the resolution limitation of optical techniques, a sub-resolution object 

exhibits an ‘optical size’ in the image instead of its real physical size. This 

phenomenon can be described by the point spread function (PSF). The 

theoretical PSF of current MP-LSM can be obtained by inputting relevant 

parameters into equation 6.2 and 6.3. The lateral and axial resolutions were 

calculated to be 320nm and 1020nm respectively. Because AuNPs used in this 

study (15-80 nm) are all in sizes below the optical limit, their real physical size 

cannot be resolved by the microscope. However, from diffraction theory, we 

know a single subresolution particle in a MP-LSM is presented like a particle 

with radius of around 320nm. Based on this principle, an optical spot of the 

image with an area of 0.322 µm2 (0.32 µm×0.32 µm×3.14) can be regarded as 

(e) 
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the minimum resolvable ‘spot unit’ representing one or more sub-resolution 

AuNP  not exceeding its spot size.  

Since there is still very high possibility for one spot unit containing a number of 

AuNPs, investigation on the signal intensity distribution of different sized AuNPs 

is necessary. For instance, theoretically one spot unit might contain 15, 50 or 80 

nm AuNPs with a total number from at least 1 to at most 1819, 163 or 64 

respectively illustrated as Figure 6.2a. Obviously, with the growth of particles 

number assembled in one spot, the contribution to the image intensity increases 

as well.  

The principal idea for the studies is based on the assumption that one spot unit 

which contains only one single AuNPs would emit minimum luminescent/SHG 

signal with intensity at a low threshold level, whereas the spot containing 

maximum number of particles emits light with intensity up to the highest 

threshold. Through this principle, the number of monodisperse AuNPs 

entrapped by cells can be estimated by counting the number of AuNPs with 

emission intensity within a proper threshold regime extracted from a series of 

3D image stacks. 

Under certain excitation conditions, the signals of small particles (15 nm, 30 nm) 

can be distinguished from background at the threshold of an intensity value of 

25 above which the noise signals are completely subtracted. Thus, the value of 

25 is set as a lower threshold for particle tracking. As a result of the fact that the 

multiphoton laser power is pulse energy fluctuating periodically with 

approximately ±4% variance (Figure 6.2b), the emission light induced under 

such laser excitation, even from same AuNPs would fluctuate within a certain 

range as well, instead of keeping a constant value. These intensity value ranges 

should allow us to identify single particle based on the emission intensity. Our 

study (Figure 4.7a) shows that the emission intensity of single AuNPs (15 nm, 30 

nm) excited at 780 nm under the same laser power fluctuates slightly with ±10 

intensity units. Thus the threshold range for screening individual AuNPs with 

smaller sizes (15 nm, 30 nm) was set from 25 to 34. Likewise, the threshold 

range for larger particles (50 nm, 80 nm) was set from 25 to 44 because their 

emission intensities were 1.8 times higher than the smaller ones. 
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When it is known that the luminescence comes from a unit spot, the emission 

with intensity in the lowest threshold level (25-34) is estimated generated from 

a single AuNPs with size of 15 nm or 30 nm. Similarly, the correspondence 

threshold range for individual AuNPs with larger sizes (50 nm, 80 nm) is set as 

25-44. Based on the same principle, the emission signals with intensities over 

those lowest levels are estimated from agglomerated AuNPs. Figure 6.2c,d 

shows the intensity distribution in each threshold regime of unit spot extracted 

from image stacks of various AuNPs (15, 30, 50 and 80 nm) exposed to A549 

cells for 24 h. The data demonstrates that on average over 50% of the optical 

unit spots distribute in the lowest threshold range; far more than the spots in 

other threshold regions, indicating that the majority numbers of AuNPs still 

maintain a non-agglomerated state. On the other hand, the super bright unit 

spots (in threshold 235-255) which are estimated containing the maximum 

numbers of single particles accounts for very small proportion only from 0.1%-

1.5%. This proves that the population of agglomerated AuNPs plays negligible 

role affecting the statistics on the number of AuNPs entrapped by cells. Hence, 

the cellular uptake extent of AuNPs can be evaluated quantitatively by analyzing 

the number of non-agglomerated AuNPs only, which are assumed emitting light 

with intensity in the lowest threshold range. This finding will greatly reduce the 

complexity and cost of calculation work on the evaluation process associated 

with vast known or unknown influencing factors. 

         

 

 

(a) 

(b) 
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Figure 6.2.  (a) Schematic illustration of an optical unit spot representing various sized AuNPs 
with different numbers. (b) A mean slope curve of the laser power as a function of 
lens transmittance. The SD value for each spot is roughly ±4%, and intensity 
distribution in each threshold regime of AuNPs with size of (c) 15nm, 30nm, (d) 
50nm and 80nm.  

 

6.3.3. AUNPS CONCENTRATION UNIT SETTING 

Considering some of the conflicting results caused by the use of different 

particle concentration unit among different research groups, selecting a suitable 

concentration unit of particles is a crucial issue. The most common used 

concentration unit is mass concentration, which is on an equal mass-dose of raw 

materials basis. Concerning the fact that it is the individual particles that deliver 

the drugs or bimolecular into the target site of cells and acts its function, being 

aware of particle number is more meaningful than only knowing the mass dose 

of raw materials prior to nanoparticles. Therefore, instead of mass 

concentration, number concentration was applied in our study as a standard 

concentration unit of AuNPs. The doses of AuNPs with different sizes were 

normalized to the equivalent particles number before exposure to cells. The 

difference between those two kinds of concentration unit is illustrated by Figure 

6.3a,b. 

 

 

 

 

(c) (d) 
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Figure 6.3.   Schematic representation of the equivalent amount of various sized AuNPs engulfed 
by a cell based on mass concentration unit (a) and number concentration unit (b) 
respectively. 

6.3.4. CELLULAR UPTAKE OF AUNPS 

Spherical AuNPs at four representative sizes (15, 30, 50 and 80 nm) were 

applied in this study. The other relevant parameters including surface stabilizer, 

particle concentration, cell numbers and incubation time etc. were all set 

identical as mentioned previously in the method section, to avoid interference 

from a variation of the experimental conditions.  

The cellular uptake process was monitored using MP-LSM. By counting the 

number of non-agglomerated particles internalized into cells from a 3D stack of 

MP-LSM images, cellular uptake extent of different sized AuNPs can be 

determined.  

Figure 6.4a-d shows four representative panels derived from a z-series of MP-

LSM images, illustrating AuNPs with various sizes are all able to gain 

intracellular access into A549 cells after 24 h exposure. AuNPs are detectable in 

slices at all levels from the 3-D images, suggesting their internalization in cells 

not only loosely adsorbed on the outer surface of cell membrane.  

In Figure 6.4e, a bar graph concerning the number of monodisperse AuNPs 

in/on cells per optical stack versus diameter of AuNPs shows cellular uptake is 

AuNPs 

Cell 

Cell 

AuNPs 

AuNPs 
AuNPs 

AuNPs 

AuNPs 

Nucleus 

Nucleus 
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heavily dependent on the size of particles. Because it is difficult to precisely 

count the number of irregular shaped cells, we used the unit of AuNPs per 

optical stack instead of the number of particles per cell. This method allows 

standardization of measurements.  

The uptake efficiency increases greatly with the growth of particle size and the 

maximum uptake occurs at a particle size of 80nm. There could be two reasons 

for this phenomenon. On one hand, considering the biological factors, we 

assume larger particles might enter cells via receptor-mediated endocytosis 

more efficiently than smaller ones. Besides, some non-biological factors also are 

also crucial and cannot be ignored. For instance, the difference in sedimentation 

rate between small (15, 30 nm) and larger (50, 80 nm) particles had to be taken 

into account. Because in a typical in vitro cellular uptake experiment, the 

nanoparticles are always assumed to be well dispersed in the cell culture 

medium and the concentration of particles at the cell surface is assumed to be 

constant. However, virtually, some larger and heavier particles can sediment 

more quickly than those smaller ones and therefore causing the dose of 

nanoparticles on the cell surface to vary, thus dramatically influencing the 

uptake extent. But those assumptions need to be further verified by uptake 

dynamic study described in the following.   
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Figure 6.4. (a-d) CLSM and MP-LSM images of AuNPs with sizes of 15, 30, 50, 80 nm 
respectively, after incubation of A549 cells for 24 h.  Green color represents cell 
membrane stained with DiI and red color spots represent AuNPs. Laser wavelength 
for excitation of AuNPs is optimized to λem=778 nm. The number concentration of 
various sized AuNPs exposure to A549 cells was set to 7.5×1010particles/mL. (e) 
The bar graph depicts the amount of non-agglomerated AuNPs per optical stack vs 
nanoparticles size.  

6.3.5. KINETICS OF PARTICLE ENTRY 

We conducted the studies of cellular uptake kinetics by incubating A549 cells 

with various sized AuNPs for different period of time. The studies were achieved 

using two different approaches: 1) we count the number of non-agglomerated 

(a) (b) 

(c) (d) 

(e) 
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AuNPs in cells through MP-LSM image analysis; in the meantime 2) we also 

measure the content of AuNPs maintained in cell culture medium by UV/Vis 

method. MP-LSM image analysis reveals that the uptake kinetics of AuNPs 

greatly differs with the variation of particle size. As shown in Figure 6.5a-d, the 

first sign of all sized AuNPs trapped by cells are observed at 1 h, but after that 

they exhibit different uptake degrees.  

For AuNPs with size of 15 nm, the uptake slowly climbs up in the first 6 h, then 

significantly jumps to a high level at 8 h, after which the rate steadily increases 

until reaches the maximum value at 24 h. For AuNPS with size of 30 nm and 50 

nm, similar trends are shown: the uptake extent increases slowly in the first 12 

h before getting to the maximum point at 24 h. Differing with them, however, 80 

nm AuNPs displays a nearly constant uptake degree during most of the exposure 

time from 1 h to 10 h. A significant increase of uptake is seen arising from 12 h 

to the maximum degree at 24 h which is far higher than those at other time 

points. This disparity in uptake kinetics for different sized AuNPs has never 

been reported previously and will be further explored later in this study. 

   

  

Figure 6.5.  Quantitative evaluation of cellular uptake extent of AuNPs with sizes of (a)15 nm, 
(b)30 nm, (c)50 nm and (d)80 nm in different time point by MP-LSM analysis. 

(a) (b) 

(c) (d) 
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By exploiting the unique optical properties of AuNPs, UV/Vis spectroscopy as a 

macroscopic quantitative approach was applied here to verify whether the data 

obtained from MP-LSM image analysis can imply the real uptake extent of 

AuNPs in cells.  

Based on the Beer–Lambert law, the concentration of AuNPs has a linear 

correlation with the absorbance of their localized surface plasmon resonance 

(LSPR) peak (Figure 6.6a-d).124 Through this way, the concentration of AuNPs in 

cell culture medium can be directly obtained. Thus the number of AuNPs taken 

up by cells per well at each time point can be determined by subtracting the gold 

amount in the medium from the total gold dose applied.  

The initial concentration for each type of AuNPs was obtained by equation 6.1. 

Figure 6.7a-d shows the UV/Vis spectra of the different sized AuNPs dispersed 

in a culture medium, before and after 1 and 24 h incubation of the cells 

respectively. It is clearly to see the maximum peak intensities of AuNPs decrease 

over time, indicating uptake of AuNPs by cells. Because the range of the best-fit 

linear correlation between the concentration of AuNPs and the absorption of 

LSPR peak differs with the change of particle size, it is hard to keep an identical 

initial concentration for all kinds of AuNPs. Thus, different initial concentrations 

for these four kinds of AuNPs were applied shown in the notation of Figure 6.7. 

Due to this reason, the investigation on the uptake percentage relative to the 

total amount of particles, instead of on its absolute value for each kind of AuNPs 

is more meaningful.  
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Figure 6.6.  Calibration curves for the four types of AuNPs. (a) 15 nm AuNPs; (b) 30 nm AuNPs; 
(c) 50 nm AuNPs; and (d) 80 nm AuNPs. The calibration curves were obtained in 
the cell culture medium after 24 h of incubation at 37℃ and 5% CO2. N=3 for each 
point. The deviation was less than 1% from average values. For all the plots, the 
calibration curves were obtained with R2>0.99. 

      

       

Figure 6.7.  UV/Vis spectra of different sized AuNPs. The concentrations of particles (based on 
particle number) before incubation with the cells are: (a) 5.8×1011 particles/mL (15 
nm AuNPs); (b) 1.36×1011 particles/mL (30 nm AuNPs); (c) 3.0×1010 particles/mL 
(50 nm AuNPs); (d) 4.4×109 particles/mL (80 nm AuNPs). After 24 h incubation 
with cells, the maximum peak intensities of AuNPs decreased relative to those of 
before incubation, indicating uptake of AuNPs by cells during incubation. 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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Figure 6.8 a-d summarizes the percentage of cellular uptake per well for 

different types of AuNPs at each time point measured by UV/Vis analysis. 

Significantly, the uptake percentages increase over time for all types of AuNPs, 

illustrating it is a time dependent process. Further, the uptake extent was also 

found sensitive to particle size. As the AuNPs becomes larger, their uptake 

processes slow down greatly. This result is consistent with previous data 

acquired by using MP-LSM image analysis method, confirming these two 

methods are highly correlated to each other and both of them can imply the in 

vitro cellular uptake results of AuNPs.  

From these uptake graphs, there is one point being worth emphasizing that 

during most of the incubation time (0-12 h) the uptake extent of larger sized 

AuNPs (50, 80 nm) is far less than that of small ones, however, after a long time 

incubation (24 h) their uptake extent still reaches a high level being equivalent 

to that of smaller particles. To explain these different uptake behaviors for 

various sized AuNPs we depict a whole uptake process as following three steps: 

1) AuNPs are transported from any arbitrary zone of the suspending medium to 

the contact zone (Figure 6.9) and 2) adsorbed on the surface of cell membrane, 

then 3) penetrate into cells through protein-mediated or any other receptor-

mediated pathway.  

Obviously the uptake only occurs after AuNPs are transported to contact zone. 

Therefore, the concentration of particles in contact zone can be assumed as a 

critical factor for cellular uptake process.  

As shown in Figure 6.9, AuNPs can be transported to contact zone through 

diffusion and sedimentation. Considering the sedimentation effect is caused by 

gravitational forces that highly depend on particles mass which are proportional 

to the cube of particles radius, it is imperative to investigate the sedimentation 

effect for different sized AuNPs.  

Figure 6.10 gives a comparison of sedimentation effect for four types of gold 

dispersion over a period of 48 h, exhibiting a clear disparity in sedimentation 

effect for these particles. For AuNPs with size of 15 and 30 nm, their 

concentrations keep nearly constant relative to the initial concentration even 

after 48 h. In contrast, for particles with sizes of 50 and 80 nm, significant 
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declining trends of particle concentration are seen particularly after a long 

period, for instance, 24 h and 48 h. We note that after 24 h incubation almost 7% 

and 12% of gold concentration lose due to sedimentation effect for 50 and 80 

nm AuNPs respectively, revealing that it is sedimentation that contributes to the 

high penetration extent for bigger sized AuNPs at 24 h. This result also very well 

explains the abnormal uptake rate of these two types of AuNPs at 24 h observed 

previously in Figure 6.5 and Figure 6.8. 

   

   

Figure 6.8.   Quantification of the uptake percentage of AuNPs into cells relative to the total 
amount of particles applied per well at different time point by UV/Vis analysis. 
The initial gold amounts applied per cell growth well are: (a) 2.9×1011 particles 
(15 nm AuNPs); (b) 6.8×1010 particles (30 nm AuNPs); (c) 1.5×1010 particles (50 
nm AuNPs) and (d) 2.2×109 particles (80 nm AuNPs). A549 cells were incubated 
with different sized AuNPs at 37°C with defined concentration mentioned above 
and at each time point the suspension medium were collected and analyzed for 
gold concentration by UV/Vis. 

(a) (b) 

(c) (d) 
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Figure 6.9.   Representation of the cellular uptake process of colloidal gold. The uptake extent is 
determined by particles concentration in contact zone which highly depends on the 
sedimentation and diffusion velocity of AuNPs. 

 

                               

Figure 6.10.  Sedimentation effects of 15, 30, 50 and 80 nm AuNPs at a series of time points 
from 0 h to 48 h in cell grow medium. 

6.3.6. CELL MEMBRANE PENETRATION ABILITY OF AUNPS  

It is well known that the cell membrane is the major barrier for cells protecting 

against foreign invaders also preventing the entry of particles. Hence, 

investigating the membrane crossing ability for different sized particles might 

be helpful for explaining their difference in cellular uptake kinetics. AuNPs with 

sizes of 15 and 80 nm were selected in this study because of their significant 
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difference in uptake dynamics. Particles were visualized and quantified by MP-

LSM analysis at a single cell level.  

Figure 6.11a shows a panel of typical 3-D MP-LSM images in orthogonal mode, 

exhibiting a view of the distribution of 80 nm AuNPs in one cell following 24 h 

incubation. The cross section image (left bottom) along with its two 

corresponding longitudinal section images (left top and right bottom) was 

displayed. Due to the cell membrane staining, AuNPs embedded in cell 

membrane (marked with blue arrows) and cytoplasm (marked with white 

arrows) can be easily differentiated, enabling us to precisely quantify the 

number of AuNPs localized in them separately.  

Figure 6.11b shows the proportions of the particles (15, 80 nm) localized in cell 

membrane relative to in entire cells that change in the period of incubation time. 

15 nm AuNPs exhibits a moderate declining trend from 40% at 1 h down to 22% 

at 24 h. In contrast, 80 nm AuNPs also display a declining trend but with a steep 

slope. The majority of particles (70-80%) are observed localized in the cell 

membrane instead of in the cytoplasm in the first 6 h. Even after 12 h, AuNPs 

still undergo the block from this barrier confirmed by the appearance of around 

40% particles in the membrane. After 24 h, however, their proportions are 

found deeply reduced to 16% even below the level of 15 nm particles.  

These observations can be explained with two aspects: 1) small particles (15 nm) 

own preferable membrane crossing ability relative to their 80 nm counterparts, 

for this reason we found far higher portion of 80 nm AuNPs locked in cell 

membrane than 15 nm ones in the first 12 h of exposure; however 2) with the 

incubation time going on, more and more 80 nm AuNPs sediment, leading to 

higher dose of these particles presented in the ‘contact zone’ over the cell 

membrane (Figure 6.9) and therefore dramatically increasing their uptake 

degree. This explanation are well confirmed by their high uptake percentages at 

24 h expressed in Figure 6.5, Figure 6.8 and further supported by the 

sedimentation data in Figure 6.10. These results also give a clear answer to our 

assumption in respect of the uptake efficiency for different sized AuNPs 

mentioned in last section, that it is sedimentation effect rather than any other 

factors that lead the highest uptake extent for bigger sized AuNPs (50, 80 nm). 
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However, within a short period of exposure small particles show advantages in 

uptake efficiency over their big sized counterparts.  To our knowledge, these 

results have never been reported previously and will contribute to advance 

understanding of the cellular uptake mechanism of nanoparticles with different 

sizes. 

    

Figure 6.11.  (a) A stack of representative 3D images of 80 nm AuNPs embedded into one A549 
cell after 24 h incubation. A cross section view (left bottom) and its two 
corresponding longitudinal section views (left top and right bottom) are displayed. 
(b) A comparison of the proportion of particles localized in cell membrane relative 
to the total cell during different period of incubation time. 

6.4. CONCLUSIONS 

In conclusion, for the first time, a combined MP-LSM image-UV/Vis 

spectroscopic analysis method was applied in this paper for systematically 

investigating the size effect on cellular uptake process of AuNPs. Our study 

demonstrated different cellular uptake degrees and kinetics for a series of 

AuNPs with different sizes.  

50 and 80 nm AuNPs sediment faster than the smaller ones (15 and 30 nm), 

dramatically increasing the number of particles gathered in the ‘contact zone’ 

after 24 h exposure of A549 cells, thus leading to their uptake extent with higher 

levels than the latter. However, in a short period of incubation time within 

which the sedimentation effect is negligible (10 h), small particles exhibit 

superior penetration ability over their bigger sized counterparts.  

Our data reveals that size effect plays a great role in the cellular uptake behavior 

of nanoparticles and the penetration kinetics decline dramatically with the 

(a) 

(b) 
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increase of particle size. The internalization of various sized AuNPs was found 

continuously increasing over time with specific rates which were highly 

dependent on particles’ sizes. And no saturation of uptake was found during 24 

h demonstrating an additional uptake potential of AuNPs in A549 cells. 

Moreover, the data also suggest the sedimentation of particles and incubation 

time are two crucial and high relevant factors that need to be taken into account 

as one plan to conduct a cellular uptake experiment of nanoparticles with 

various sizes, particularly with those large and heavy particles. Considering all 

studies on this aspect so far, still have been performed with an empirical 

incubation time by arbitrary setting without considering the sedimentation 

effect, our study might give important inspiration and guidance to those who 

plan future studies to avoid erroneous and misleading results.  

Overall, our studies are expected to help researchers/scientists for a better 

understanding of the mechanism and kinetics behind the cellular uptake process 

of different sized particles, allowing pharmaceutical scientists to optimize more 

efficient drug or gene nanocarriers by tuning their size for diagnostic and 

therapeutic applications. 
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7. SUMMARY  

Cellular uptake behavior of nanoparticles along with their relevant influencing 

factors has been of great interest for design of nanoparticles-based DDS. With all 

the knowledge so far collected on this aspect, however, there are still no definite 

answers in terms of the effect of many crucial physic-chemical properties of 

particles including size, shape, surface materials and charge etc, on the cellular 

uptake sequence of particles due to extensive variations in the experimental 

conditions. A unified approach for imaging and quantification is still lacking.  

In this study we focused on the detection of the entry of nanoparticles (with 

particular emphasis on gold) into A549 cells. We studied the effect of particles 

size on the cellular uptake efficiency and dynamics in A549 cells, using AuNPs 

with defined size range (15-80 nm) through a combined “multiphoton imaging-

UV/Vis spectroscopic analysis” method for simultaneous imaging and 

quantification. 

In the first section of this thesis we have systematically investigated the MAIL 

properties of AuNPs in a wide range of sizes (10-80 nm). The MAIL of gold was 

verified to be a two photon absorption induced process. For short wavelengths 

the signal is a combination of luminescence and SHG, being responsible for the 

ease of visualization of AuNPs. By taking advantage of this intrinsic optical 

property, AuNPs in a wide size range (10-80 nm) can be clearly visualized 

without need for additional fluorophores. The highest emission S/N ratio can be 

obtained under excitation with wavelengths between 780 nm and 840 nm. 

Remarkable light scattering signals involving SHG were induced from AuNPs 

under multiphoton excitation in a broad wavelength range (710-860 nm) with 

intensities overwhelming the MAIL. The optimum excitation wavelength for 

discrimination of AuNPs is 900 nm, upon which fingerprint-like MAIL spectrum 

can be easily detected without interference from SHG. This emission spectrum 

shows high stability and specificity, in spite of the variation of excitation 

wavelengths and the type of microscope used. 

As the second section of this work, the MAIL profiles of AuNPs exposed to 

complex physical (with presence of other semiconductor nanoparticles) or/and 
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biological surrounding environments (living cell, human skin) were studied. The 

fingerprint-like MAIL spectrum of AuNPs allows easy visualization and 

discrimination of gold in contact with complex background, making MAIL a 

powerful intrinsic luminescent probe for imaging and identifying single AuNPs 

in cellular compartments and organelles.  

In the third section of this thesis a comprehensive quantitative study on the 

cellular uptake sequence of different sized AuNPs (15-80 nm) in A549 cells were 

performed by using a combined “multiphoton imaging-UV/Vis spectroscopic 

analysis” method, which allows simultaneous visualization and quantification of 

the entry of particles into cells. 80 nm and 50 nm AuNPs were found to be taken 

up by cells far more than 30 nm and 15 nm particles after exposure to cells for 

24 h. However, the latter’s uptake velocity was significant faster than the former 

in 10 h, before which the sedimentation effect of bigger sized AuNPs occurs 

slightly. This sedimentation effect of particles over time can be precisely 

evaluated by UV/Vis spectroscopic analysis. Further, this technique provides a 

capability for differentiating AuNPs colocalized in external or/and internal 

subcellular components e.g. cell membrane and cytoplasm respectively. Data 

exhibits higher cell membrane crossing rate of 15 nm AuNPs rather than 80 nm 

AuNPs in 12 h. These results reveal that when investigating the cellular uptake 

capability of nanoparticles in a large range of sizes, sedimentation effect of those 

larger and heavier particles has to be taken into account in any cases.  

In summary, we have systemically studied the cellular uptake process of various 

sized AuNPs in A549 cells. Based on the unique MAIL properties of colloidal gold 

and corresponding LSPR, a novel “multiphoton imaging-UV/Vis spectroscopic 

analysis” approach was developed. This technique permits the wide-field 

visualization of single nanoparticles in cellular compartments through PSF 

analysis, as well as quantification on the number of AuNPs colocalized in 

different cell organelles, thereby providing precise and reliable quantitative 

information in terms of the number of particles uptaken by cells at a high 

throughput level.  From a practical point of view, moderate measurement 

conditions which do less harm to samples and short data acquisition time 

making this technique a remarkable alternative over those currently used 
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approach for imaging or quantification of gold e.g. TEM and ICP-AES. By owning 

these advantages this method is hopefully to be developed as a standard 

imaging and quantification approach utilized in cellular uptake study to address 

many aspects of the impacts on the cellular uptake of either luminescent 

metallic nanoparticles or other fluorescent nanoparticles. 
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ABBREVIATIONS 

AFM                             atomic force microscopy 

ATP                              adenosine triphosphate 

AuNPs                         gold nanoparticles 

BD                                biodistribution 

CME                             clathrin-mediated endocytosis 

CvME                           caveolae-mediated endocytosis 

DDS                             drug delivery system 

DNA                            deoxyribonucleic acid 

FWHM                        full width of half maximum 

LSPR                            localized surface Plasmon resonance 

MAIL                           multiphoton absorption induced luminescence 

MP-LSM                     multiphoton laser scanning microscopy 

NA                                numerical aperture 

NPs                                nanoparticles 

PEG                             polyethylene glycol 

PK                                pharmacokinetics 

PLGA                           poly(D,L-lactic-co-glycolic acid)  

PSF                              point spread function 

RES                              reticuloendothelial system 

SEM                             scanning electron microscopy 

SERS                            surface-enhanced Raman scattering microscopy 

SHG                              second harmaonic generation 

SPT                              single particle tracking 

S/N                              signal to noise ratio 

TAIL                            two photon absorption induced luminescence  
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TEM                             transmission electron microscopy 

THG                             third harmonic generation 

UV/Vis                        Ultraviolet-visible spectroscopy 

λex                                excitation wavelength 

λem                               emission wavelength 

ZnO NPs                     Zinc oxide nanoparticles 
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