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Preface 

“Look deep into nature, and then you will understand everything better”, said the 

famous ScientistAlbert Einstein.The imaging of live cells and the processes within 

can give invaluable information about the fate of drugs and biomolecules. It can also 

shed light on the cell’s response to foreign molecules. This module aims to provide 

new insights into applications of nanoparticles to monitor live cells in real time. 

This lecture provides information on the reasons for live cell monitoring and the 

different types of nanoparticles that can be used for the same. It also gives an insight 

into intracellular mobility of molecules that can be followed using nanoparticles. 

1 Why is it important to study live cell dynamics? 
The biological system is a dynamic network of molecules whose synthesis, 

transformation and degradation are tightly regulated by a multitude of signalling 

pathways activated by external and internal stimuli. The variation in the permeability 

characteristics of the cell membrane, binding of a molecule to specific targets 

andtransport of molecules into various compartments inside a cell or between cells, 

can result in generation of a signal or response to a stimulus which in turn can alter 

the function of the cell. It is therefore important to understand the role of a particular 

stimulus on the transport of molecules and its impact on the cell function. This can be 

made possible by tracking a particle of interest through the cellular compartments 

with a high degree of spatial (location in the three-dimensional coordinates) and 

temporal (position with respect to time) resolution.  

How can we observe these dynamic motions in a biological system? Electron 

microscopy techniques offer very high resolution but are not suitable for investigating 

live cell dynamics. Why? Electron microscopy uses high energy electrons which can 

destroy the cell architecture. Also, the ultra high vacuum used in electron microscopy 

makes it impossible for cells to remain alive. Another drawback in electron 

microscopy lies in the sample preparation techniques for imaging samples. In the case 

of transmission electron microscopy, only samples less that one tenth of a micron 

could be imaged making it nearly impossible to image live cells. In the case of 

scanning electron microscopy, a thin layer of platinum or gold has to be sputter coated 

to avoid accumulation of electrons on the surface of the non-conducting samples 

Module objective 

This module focuses on three different categories of nanoparticles and their applications in 

monitoring dynamic processes in cells. 
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which can affect a live cell drastically. On the other hand, scanning probe microscopic 

techniques such as atomic force microscopy (AFM) do not provide time dependent 

imaging and cannot track a single particle effectively. Hence, imaging live cells can 

only be accomplished using optical microscopy which however lack the high 

resolution offered by electron microscopy. In order to visualize the molecules of 

interest, one has to choose a luminescent particle. Luminescent nanoparticles with 

sizes below 100 nm can effectively be used for imaging live cell dynamics as they can 

easily permeate different compartments in a cell and also exhibit unique optical 

properties.   

2 Types of luminescent nanoparticles 
Three major classes of nanoparticles have been used for imaging live cells. 

a. Metallic nanoparticles 

b. Quantum dots and 

c. PEBBLEs  

2.1 Metallic nanoparticles 
Metallic nanoparticles display a size dependent emission due to a phenomenon known 

as ‘surface plasmon resonance’ (SPR). This emission is dependent upon the size and 

shape of the particle as well as the dielectric constant of the medium in which these 

nanoparticles. Generally, noble metal nanoparticles are employed for recording live 

cell dynamics as they  possess relatively better biocompatibility when compared with 

the other categories of metal nanoparticles.  

Different routes are available for the synthesis of silver and gold nanoparticles. The 

widely employed technique is the wet chemical reduction method where a silver/gold 

salt is reduced using a reducing agent in the presence of a capping agent that imparts 

stability to the nanoparticles. The concentration of the precursor salt solution 

(commonly employed precursors are silver nitrate and tetrachloroauric acid for silver 

and gold respectively), nature of the reducing agent (mild or strong), concentration of 

the reducing agent, nature of the capping agent (charged or long chain) and 

concentration of the capping agent. Size and shape controlof the nanoparticles are 

critical for obtaining size dependent emission properties.Spherical shape is choice for 

exploiting the SPR property of these nanoparticles. Sometimes, silver enhanced gold 

nanoparticles (SEGNPs) are employed to extend the absorption range of the 

nanoparticles.  Sizes below 100 nm exhibit SPR while sizes beyond this limit the SPR 

property is lost.  

Unlike fluorescent probes, the emission of the noble metal nanoparticles are stable 

and do not get bleached. Also, the emission intensity is constant unlike quantum dots. 

The emission property of the noble metal nanoparticles is not altered even when it is 

functionalized with biological target specific molecules. These properties coupled 
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with the fact that these nanoparticles exhibit size dependent emission properties and 

are better tolerated by the biological 

live cell imaging applications.  

2.2 Quantum dots 
These are semi-conductor nanoparticles whose emission is due to a phenomenon 

known as quantum confinement. The quantum dots mostly belong to the Group II

or III-V elements. They exhibit a size

wide-range of applications especially in 

2-6 nm are especially attractive

The advantages of quantum dots over conventional fluorescent molecules such as 

rhodamine or fluorescein lies in its wide absorption range and its excell

photostability. The emission of the quantum dots is narrow, higly intense and is 

tunable by modifying the size of the quantum dot.

characteristics of a quantum dot.

Fig. 1: Excitation and emission profiles of A) fluorescent molecule and B) a quantum dot

It is evident from the Figure 1 that the emission of a quantum dot is 

of a fluorescent molecule. Moreover, the emission intensity of a quantum dot remain

stable and does not fade with time. Figure 2 compares the emission intensity of a 

quantum dot and a fluorescent molecule with time both in the absence a

presence of an anti-fade medium.
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with the fact that these nanoparticles exhibit size dependent emission properties and 

are better tolerated by the biological systems, make them more preferred for

live cell imaging applications.   

nanoparticles whose emission is due to a phenomenon 

known as quantum confinement. The quantum dots mostly belong to the Group II

V elements. They exhibit a size-dependent emission which can give rise to a 

range of applications especially in biological systems. The size ranges between 

6 nm are especially attractive for imaging applications.  

The advantages of quantum dots over conventional fluorescent molecules such as 

rhodamine or fluorescein lies in its wide absorption range and its excell

mission of the quantum dots is narrow, higly intense and is 

size of the quantum dot.Figure 1 shows the emission 

characteristics of a quantum dot. 

 

1: Excitation and emission profiles of A) fluorescent molecule and B) a quantum dot

It is evident from the Figure 1 that the emission of a quantum dot is sharp unlike that 

Moreover, the emission intensity of a quantum dot remain

stable and does not fade with time. Figure 2 compares the emission intensity of a 

quantum dot and a fluorescent molecule with time both in the absence a

fade medium. 
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Fig. 2: Comparison of the emission between Alexa 488, a 

It can be observed that the emission 

unlike the fluorescent molecule. In the presence of an anti

of the emission fromthe fluorescent 

in the emission intensity unlike the quantum dots

with time! 

The quantum dots can be easily identified in the intracellular milieu when compared 

with the diffuse emission ch

selenide (CdSe), cadmium telluride (CdTe) and cadmium sulphide (CdS) show 

emission in the visible region and hence are employed widely for live cell imaging 

applications. Zinc sulphide capped quantum dots

also employed for imaging. 

limit their widespread applications. Different capping agents have been used in an 

attempt to shield the quantum dot from exhibiting its to

functionalization or surface modification 

its emission intensity. Hence intensive research towards

strategies without compromising their 

functionalizing strategy that ha

shown below in Figure 3. 
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Comparison of the emission between Alexa 488, a fluorescent molecule and a quantum dot QD 608

It can be observed that the emission of the quantum dot does not diminish with time

unlike the fluorescent molecule. In the presence of an anti-fade medium, the 

the fluorescent molecule improves but still it exhibits some 

tensity unlike the quantum dots whose stability does not change 

The quantum dots can be easily identified in the intracellular milieu when compared 

with the diffuse emission characteristics of noble metal nanoparticles. 

selenide (CdSe), cadmium telluride (CdTe) and cadmium sulphide (CdS) show 

emission in the visible region and hence are employed widely for live cell imaging 

capped quantum dots have better solubility and have been 

also employed for imaging. However, the toxicity of cadmium based quantum dots 

limit their widespread applications. Different capping agents have been used in an 

shield the quantum dot from exhibiting its toxic effects. But, 

modification of the quantum dots result in a reduction in 

Hence intensive research towards identifying suitable capping 

without compromising their emission characteristics is being carried out

that had been successfully carried out on quantum dots is 

lecule and a quantum dot QD 608 

of the quantum dot does not diminish with time 

fade medium, the stability 

exhibits some decay 

whose stability does not change 

The quantum dots can be easily identified in the intracellular milieu when compared 

aracteristics of noble metal nanoparticles. Cadmium 

selenide (CdSe), cadmium telluride (CdTe) and cadmium sulphide (CdS) show 

emission in the visible region and hence are employed widely for live cell imaging 

have better solubility and have been 

However, the toxicity of cadmium based quantum dots 

limit their widespread applications. Different capping agents have been used in an 

xic effects. But, 

of the quantum dots result in a reduction in 

identifying suitable capping 

being carried out. A 

been successfully carried out on quantum dots is 
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Fig. 3: Functionalization of a core-shell quantum dot with different types of functional groups

dot surface can be made hydrophobic or hydrophilic by reacing with relevant reactants while the 

biomolecule can be suitably introduced using a s

and TOPO ref

Alternatively, the biomolecules can be directly linked to the surface of a quantum dot 

using metal-affinity coordination

coordinate with the metal ion part of the quantum dot could be used. The ligand may 

be chosen such that it con

functional groups that can react with the the N

Yet another strategy could involve the use of a biotinylated ligand (a ligand 

containing biotin at one end) that co

thiol bonding. This ligand could also be chosen in such a way that it possesses free 

functional groups tthat can interact with the N

protein. These strategies are represented in Figure 4.

Fig. 4: Representation of strategies to link a protein to the surface of a quantum dot

Another drawback of the quantum dots 

during emission. In other words, their emission is not conti

pulses. 

2.3 PEBBLEs 
PEBBLE is an acronym of 

Localized Embedding. It is also sometimes referred to as 

Biologically Localized Embedding. These comprise

a poly(acrylamide) matrix in the size range

facilitate use of the fluorescent dyes without the risk of undesirable 

Nanobiotechnology 

shell quantum dot with different types of functional groups. The qunatum 

can be made hydrophobic or hydrophilic by reacing with relevant reactants while the 

biomolecule can be suitably introduced using a specific linker. TOP in the figure refers to Trioctyl phosphine 

and TOPO refers to trioctyl phosphine oxide 

e biomolecules can be directly linked to the surface of a quantum dot 

affinity coordination where a suitable ligand molecule that can 

coordinate with the metal ion part of the quantum dot could be used. The ligand may 

be chosen such that it contains in addition to the metal-chelating groups, 

functional groups that can react with the the N-terminus or C-terminus of the protein. 

Yet another strategy could involve the use of a biotinylated ligand (a ligand 

containing biotin at one end) that could interact with the quantum dot through 

. This ligand could also be chosen in such a way that it possesses free 

functional groups tthat can interact with the N-terminal and C-terminal groups of the 

represented in Figure 4. 

4: Representation of strategies to link a protein to the surface of a quantum dot 

Another drawback of the quantum dots is that they display a ‘blinking’ phenomenon 

during emission. In other words, their emission is not continuous and have on/off 

PEBBLE is an acronym of Photonic Explorers for Bioanalysis with Biologically 

mbedding. It is also sometimes referred to as Probes Encapsulated 

mbedding. These comprise fluorescent dyes encapsulated in 

matrix in the size range 20-200 nm. The use of PEBBLEs 

facilitate use of the fluorescent dyes without the risk of undesirable reactions
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dye with the components of the biological system

system. However, the inherent problem associated with fluorescent dyes namely, 

photobleaching still persists in 

dependent emission properties.

The introduction of PEBBLEs in t

ways. The most widely employed method is to use a nanocarrier such as liposomes. 

On the other hand, phagocytosis has been used to introduce the PEBBLEs into cells 

from the mononuclear phagocytic system (MPS). U

has also been used to introduce PEBBLEs in to the cells of interest. 

the various methods by which PEBBLEs can be introduced into a cell of interest. 

Fig. 5: Methods of introduction of PEBBLEs in to 

3 Live cell imaging applications of luminescent 

nanoparticles 
A host of applications that range

and cells have emerged using luminescent nanoparticles. Perhaps the most widely 

investigated area is development of real

mobility aspects are normally captured on a camera and specific software is used to 

extract data to identify single particle tracks. In the case of fluorescence monitoring, 

laser scanning confocal microscopy and two

techniques are employed. The following sections provide a glimpse of the 

ranging applications employing luminescent nanoparticles. 

Nanobiotechnology 

dye with the components of the biological system or extrusion of the dye from the 

system. However, the inherent problem associated with fluorescent dyes namely, 

photobleaching still persists in PEBBLEs. Also, PEBBLEs do not exhibit any size

emission properties. 

The introduction of PEBBLEs in to a desired cell can be achieved through many 

ways. The most widely employed method is to use a nanocarrier such as liposomes. 

On the other hand, phagocytosis has been used to introduce the PEBBLEs into cells 

from the mononuclear phagocytic system (MPS). Use of a gene gun or picoinjection 

also been used to introduce PEBBLEs in to the cells of interest. Figure 5

the various methods by which PEBBLEs can be introduced into a cell of interest. 

 

: Methods of introduction of PEBBLEs in to cells of interest 

Live cell imaging applications of luminescent 

A host of applications that range from monitoring mobility of molecules, organelles 

and cells have emerged using luminescent nanoparticles. Perhaps the most widely 

area is development of real-time sensors using these nanoparticles. 

mobility aspects are normally captured on a camera and specific software is used to 

extract data to identify single particle tracks. In the case of fluorescence monitoring, 

ning confocal microscopy and two-photon fluorescence spectroscopy 

techniques are employed. The following sections provide a glimpse of the 

ranging applications employing luminescent nanoparticles.  

or extrusion of the dye from the 

system. However, the inherent problem associated with fluorescent dyes namely, 

PEBBLEs. Also, PEBBLEs do not exhibit any size-

cell can be achieved through many 

ways. The most widely employed method is to use a nanocarrier such as liposomes. 

On the other hand, phagocytosis has been used to introduce the PEBBLEs into cells 

se of a gene gun or picoinjection 
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the various methods by which PEBBLEs can be introduced into a cell of interest.  

Live cell imaging applications of luminescent 

from monitoring mobility of molecules, organelles 

and cells have emerged using luminescent nanoparticles. Perhaps the most widely 

time sensors using these nanoparticles. The 

mobility aspects are normally captured on a camera and specific software is used to 

extract data to identify single particle tracks. In the case of fluorescence monitoring, 

photon fluorescence spectroscopy 

techniques are employed. The following sections provide a glimpse of the wide 
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3.1 Intracellular motility of molecules/organelles 
The intracellular motility of organelles or molecules could be followed using single 

particle tracking in real-time involving luminescent nanoparticles. What information 

could be obtained by following intracellular motility of molecules or organelles? Let 

us consider the example of a gene delivery system that is introduced into a cell. Often, 

one finds that the efficiency of such systems are not commensurate with their 

complexation efficiency or cell uptake.In other words, inspite of the high 

complexation efficiency, they do not show therapeutically significant effects even 

after considerable uptake into the cell of interest. The reason for this anomaly can be 

attributed to the various intracellular barriers they encounter once inside the cell. The 

intracellular milieu consists of a viscous cytosol that contains numerous ions, 

molecules and organelles. The internalization of the carrier in any of the intracellular 

compartments will alter its fate. Similarly, the viscous cytosol might impede its 

diffusion to the intracellular target which could again influence its therapeutic 

efficacy. In addition, interactions with ions and molecules present inside the cell could 

also affect its therapeutic effect.  

In the case of gene delivery system taken as our example, sequestration into 

lysosomes will result in its degradation. If the payload is a plasmid and its mobility is 

curtailed by the viscous cytosol, then it will not be able to reach its target, namely, the 

nucleus! On the other hand, if it interacts with protein transporters that transport it to 

the nucleus, then it could exhibit therapeutic effect. Thus, the fate of the carrier as 

well as the rate at which it moves inside the cell are important factors that need to be 

understood in order to realize the promise of such targeted therapy. The best way to 

follow theparticle interactions inside the cell is by monitoring its real-time 

intracellular motility using luminescent nanoparticles. A similar strategy could also be 

used to evaluate the influence of extracellular barriers on the particle.  

To follow the intracellular motility of a particle, a luminescent nanoparticle is linked 

with the particle of interest. The movement of the particle is then tracked using a 

video camera. As luminescent nanoparticles are being monitored, it is obvious that the 

recording should be carried out in a dark mode to avoid interferences from stray 

illumination. The speed of the camera (number of frames/s) will determine the 

shortest time scales that can be captured. The statistical analysis of the images 

obtained have to be analysed using a software.  

Two major kinds of motion can be identified in the trajectory of a particle – saltatory 

motion and Brownian motion. Brownian motion is exhibited by a particle of colloidal 

dimensions in a medium and is not expected to give us much information on the 

interactions of the particle with its environment. However, saltatory motion is a 

directed motion exhibited by a particle in response to some specific stimulus within 

the cell and is of interest to us in the context of understanding the intracellular fate of 

the particle. How can these two motions be distinguished from the trajectory 

obtained? One method is to characterize the jump length and stop time of the 

particles. Jump length is the distance transversed by the particle between two points 
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without any interruption. Stop time is the duration between two jumps when the 

particle remains at rest without motion. In the case of saltatory motion, the jump 

lengths are long (> 1µm) and the stop time is also prolonged (2-5 s in most cases). On 

the other hand, Brownian motion does not involve any stop time and is characterized 

by short jump lengths. Apart from the jump length, other information such as jump 

direction and jump velocity can be obtained. The jump velocity can provide us 

information on whether the motion was driven by ATP (active transport).  

Imaging using luminescent nanoparticles has a major advantage. Both spatial and 

temporal resolution can be obtained when compared with the fluorescent probe based 

techniques such as FRAP (fluorescence recovery after photobleaching). Generally, 

silver nanoparticles and gold nanoparticles have been extensively reported for 

tracking the intracellular trajectory of drug carrier systems, viruses and even 

intracellular receptors.Quantum dots have also been employed to monitor the 

movement of glycine receptor in neuronal cells.  

4 Reference 
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