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Abstract 

The current project work aims to develop a simple and sensitive immunoassay for 
prostate specific antigen (PSA) by using changes of fluorescence of gold nanoparticles 
with varying coverage of proteins. In this work we attempted to investigate the changes 
in optical properties caused by coating the nanoparticles with antibody-antigen complex. 
We wanted to construct biosensor that utilizes these changes to monitor biological 
bindings without fluorescent marker.  

The underlying idea of the project has been to use label free immunoassay to monitor not 
only presence or absence of antigens in sample solution but also to quantify the antigen 
concentration, we have tried to develop a simple and time and labour saving method 
based on a non competitive heterogeneous but label free immunoassay.  

There are many instrumentation techniques for analysis of changes of optical properties 
of nanoparticles used in an immunoassay, like absorption spectroscopy, surface plasmon 
resonance spectroscopy, Raman spectroscopy, time resolved fluorescence and 
electrochemical techniques [1]. In present work we have investigated whether the 
adsorption of antibodies onto Au (gold) nanoparticles would change the optical 
properties of antibodies to an extent sufficient to differentiate them from the free 
antibodies. We have furthermore investigated whether the subsequent antigen binding to 
antibodies also induces changes of optical properties sufficient for quantitative analysis. 
We have chosen to monitor optical properties via measurement of fluorescence because 
of its sensitivity and selectivity. 

Our objective here has been not only to investigate spectral changes but also to develop a 
robust assay protocol, for example with respect to the antibody binding and nanoparticles 
separation techniques.  Two critical steps of the experimental procedure developed here 
have been (i) the separation of excess prostate specific monoclonal antibodies (PSA10) 
from the solution containing nanoparticles with adsorbed PSA10 and free PSA10, and 
the stability of Au-PSA10 conjugates, and (ii) quantification of the binding of PSA to 
PSA10 covered nanoparticles.  

We have encountered problems with agglomeration of gold nanoparticles, both naked 
and with PSA10 conjugates. The naked nanoparticles were “sticky” and bound easily 
with other materials, for example with agarose beads from the separation columns. 
Fortunately the coated nanoparticles turned out to be much more inert. This allowed the 
separation and, simultaneously, acted as a test for antibody coverage.  

 

Keywords: immunoassay, sensor, gold nanoparticles, fluorescence, optical 
properties 
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1. Introduction 

1.1 Immunoassay 

Immunoassay is a biochemical test that quantifies the concentration of analyte by 
following the formation of antibody-antigen complexes. The term immune refers to body 
immune response that causes to produce antibodies while “assay” refers to a test of this 
response.   Immunoassay is different from general clinical tests; it quantifies analyte 
concentration by generating signal for antibody-antigen complex while other tests may 
measure reactions between reagent and analyte, not necessarily related to the immune 
response, e.g., measurement of concentration of specific enzymes or microorganism 
detection [2]. When the antibodies used to perform an immunoassay have been designed 
specifically against a certain antigen they are called monoclonal. Such antibodies are 
very specific and bind only to a certain amino acid sequence (at least five) of one 
particular antigen. Polyclonal antibodies have a non-negligible affinity towards other 
proteins too. In this work we have used monoclonal antibodies only. 

Typical immunoassays performed in clinical chemistry laboratories consists of five main 
steps: 

1) The binding of primary, so called catching, antibody to a substrate surface. The latter is        
usually a macroscopic surface, e.g. walls of a 96 wells plates or a biosensor surface. 

2) Exposure of the antibody covered surface to a solution containing blocking molecules. 
These can be either proteins like albumin or casein, or small molecules like hydrocarbons 
chains that end with sulphuric thiols group (-SH) at one end and the hydroxyl group (-
OH) at the other end. The thiols are known to bind covalently to noble metals, e.g., Au 
whereby the hydrophilic groups protrude outwards from the metal and block subsequent 
protein adsorption.  
In my thesis this step has been omitted since I wanted first to investigate if it at all was 
possible to detect adsorption induced optical changes of antibodies and antigens. 

3) Exposure of the antibody covered surface to a sample containing the target analyte, e.g.,  
blood or   serum sample 

4) The subsequent exposure of a sample to a secondary antibody, so called detecting 
antibody. The latter is often suitably modified, labeled, for example by fluorescent 
molecules or by small enzymes like horse radish peroxidase or alkaline phosphatase.  

5) Finally optical detection quantifies the surface coverage of the secondary antibody [3]. 
 

Immunoassays are often classified according to the label needed for signal transduction 
that is coupled to a detecting antibody, for example, radioactive immunoassay, enzyme 
linked immunoassay (ELISA) or fluorescent immunoassay. Note that in a labeled assay 
one is able to control and quantify only the last step of the whole assay procedure.  One 
assumes in such an assay a one-to-one correspondence between the target analyte and the 
intensity of the transducing signal received after exposure of a sample to the secondary 
antibody. The main requirements one has to fulfill in order to obtain one-to-one 
correspondence between the target analyte and the intensity of the transducing signal 
include the proper choice of antibodies and optimization of their adsorption geometry, 
excellent surface blocking against non-specific adsorption and sufficient rinsing 
procedures.  These act to decrease the amount of non specific binding of secondary 
antibodies to non-targeted biomolecules. To decrease the non-specific binding one often 
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chooses antibodies which possess high specificity and affinity for a specific antigen, the 
so called monoclonal antibodies.  However to ensure proper adsorption geometry and to 
tailor it is often very difficult. [4]. 

 

 

                   

 
Figure 1: Immunoassay using labeled antibodies. Note that here the capture antibody has been pre 
adsorbed onto the well walls in a step preceding addition of the detection (tracer) antibody. The latter has 
been added together with the blocking proteins (additives). Note also that here the detection is done with a 
dry well. This is possible in a radioactive assay or in a fluorescent assay, but is not possible in an ELISA-
like assay. Enzyme detection requires an additional step after incubation of a detection antibody and 
subsequent rinse. During this last step one adds a solution containing suitable analyte that activates the 
enzyme. For example, one often uses H2O2 to activate horseradish peroxidase.   

 

A so called label free immunoassay does not require any label. Often the secondary 
antibody is not needed either, which reduces the amount of labor. In fact, one often 
chooses a transduction method that allows one to follow all the steps of an immunoassay 
in real time.  

We hoped to develop a label free immunoassay where all the reaction steps above would 
be followed by chemical reaction induced spectral changes of optically active catching 
antibodies and of antigens. 

1.2 Antibodies and their conjugation 

The basic structure of immunoglobulin, an IgG-like antibody used in this work consists 
of two heavy and two light chains associated by both covalent and non covalent 
interactions, see figure 6 below. Interchain disulfide bonding (covalent bonding) exists 
between constant region of light chain and constant region of heavy chain and also 
between two heavy chains (Hinge region).  A non covalent interaction due to 
hydrophobic binding exists between VL and VH domains and between CL and CH1 domain 
[5].   

Antibodies are classified according to their heavy chain. There are 5 major varieties of 
antibody molecules named as IgG, IgM, IgA, IgE or IgD.  Structure of IgG, IgE and IgD 
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is the same as this of a basic Ig monomeric structure which contains two heavy and two 
light chains. IgA and IgM molecules exist as a doublet, triplet and pantameric of this 
basic Ig structure. They also have additional subunit which is a polypeptide chain 
(Joining chain) with the molecular weight 15,000. The molecular weight of antibodies 
depend on the type of heavy and light chains involved and range for IgG molecule 
between 150,000 Da to 160,000 Da.  

 

 

                                 

 

Figure 2: Detailed structure of the IgG like antibody molecule. 
 

Here we focus on IgG molecule because PSA10 is of the IgG type.  

There are two antigen binding sites for this type of monomeric structure formed due to 
the pairing of light chain (VL) and heavy chain (VH). This region, the so called 
hypervariable region, creates suitable conformation for binding of only a specific antigen 
[5]. The antigen binding interactions vary and usually include a combination of 
noncovalent forces (Van der Waals, electrostatic interaction, hydrophobic interactions or 
hydrogen bonding). It is therefore crucial that the adsorbed antibody exposes its antigen 
binding regions outwards from the surface. Ideally it should bind to the surface with its 
Fc region only (see figure 2) and stand more or less upright on the surface. The Fab 
regions are coupled to the Fc region by amino acids that form soft beta chains which to a 
large extent decouples the Fab regions from the substrate surface 

1.3 Gold nanoparticles - properties and uses 

Nanoparticles of different sizes and composition introduced a fundamental change in the 
bioanalytical measurement prospect. For example, recent developments in 
nanotechnology proved that nanoparticles will overcome many significant chemical and 
spectral limitations of molecular fluorophores [6]. Thus, growing interest in preparing 
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nanoparticles with biomolecular conjugates. In this section I describe briefly the 
interaction of nanoparticles with biomolecules. 

Preparations of bio-conjugates, their subsequent purification and characterization have 
been a major part of my work.  

The therapeutic use of gold has been started by Chinese people in 2500BC [7]. Red gold 
colloids are still in use for different therapeutic applications in India. For example, in 
ayurvedic medicine gold has been used as a drug for vigour of youth [8,9]. In 1905, 
Zsigmondy prepared colloidal gold solution containing particles with 10 nm size. The 
biomedical applications of these colloidal gold suspensions were few until the invention 
of immunogold staining by Faulk and Taylor in 1971 [10]. 

 Immunogold staining discovery opened channels for different biomedical applications 
such as probes for electron microscopy to visualize cellular or tissue components, drug 
delivery [11,16], detection [12], diagnosis [13,14] and therapy.  

In medicine nanoparticles are explored for early detection, diagnosis and treatment of 
diseases [15-17].Gold nanoparticles exhibit distinct optical, electromagnetic and catalytic 
properties as compare to bulk metal that makes them suitable for various 
nanotechnological applications. Optical properties of nanoparticles are different from 
bulk metal due to presence of plasmon absorption band that falls in-between the bulk 
metal plasmon bands and surface plasmon(s) [18]. This arises when the size of a 
nanoparticle is of the order of spatial extension of a bulk plasmon. In addition, for such 
small particles their optical properties start to depend on their size and shape [18]. For 
example, the optical absorption bands change with particle size and shape. The resonant 
coupling between incident light and surface plasmons on nanoparticles is responsible for 
enhancement of optical absorption [19]. The changes in plasmonic resonance wavelength 
of maximum absorption / scattering can also be altered by tuning the physical /chemical 
environments of the nanoparticles. For example tuning the geometry of the metal 
nanoparticles or adsorption of fluoroprobes enhances the sensitivity of plasmon 
resonance [20-22]. The magnitude of scattering efficiency varies with the shape, size and 
composition of metal. Recent experimental studies have reported that the changes in 
composition of metal nanoparticles like formation of gold–silver alloys have significant 
effect on plasmon properties [18].  

In this diploma work we have used changes of chemical environment of nanoparticles by 
adsorbing biomolecules onto their surfaces, and hoped that this would change the 
maximum resonance wavelengths enough to utilize it for sensing.  

Recent studies have demonstrated that the gold nanoparticles have great potential when 
used for cancer treatment, known as photothermolysis or hyperthermia [23,24]. Unique 
optical properties of nanoparticles and their high specificity over biomolecular 
reorganization allowed use in photo thermal therapy. These therapies selectively damage 
sick cells without damaging surrounding healthy cells (known as single nanoparticles 
photothermolysis).    In this therapy gold nanoparticles are conjugated to the specific 
target tissues or cells by adsorption of cell (or tissue) specific biomolecules [23]. The 
conjugated particles are allowed to absorb the laser light. Absorbed light transforms in to 
heat that damages the targeted cell (tissue) either by thermal denaturation and 
coagulation or by mechanical stress, e.g., due to bubble formation [25]. The reason for 
using gold nanoparticles is because of their absorption coefficient near Plasmon 
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resonance is 4 to 6 orders of magnitude greater than other labels or photo sensitizers 
[26,27]. One can tune the shape and size of the nanoparticles to increase the efficiency of 
the therapy.   

Efficiency of killing cancer cell depends on the absorption of the laser light and bubble 
formation threshold.  These factors can be tuned by changing shape and size of 
nanoparticles, for example by nanofabrication of Au-fibers or by clustering of 
commercially available nanoparticles [28]. The other important reason for using gold 
nanoparticles is due to the ease of their conjugation to antibodies or proteins. 

In the present work conjugated monoclonal antibodies directed against prostate specific 
antigen to gold nanoparticles without inducing their agglomeration. The absence of any 
agglomeration allowed us to study antibody induced changes of optical properties of 
nanoparticles without confusing them with the clustering induced changes of optical 
properties.  My work shows how to prepare the naked nanoparticles for a specific target 
which in our case was not a cell but an antigen. I also describe how the optical 
properties of nanoparticles change upon such preparation.  Recent studies reported that 
the 30 nm - 40 nm sized particles shown maximal absorption near wavelength, λ ≈ 520 
nm [26]. In current work I used 20 nm and 50nm particles, but instead of absorption I 
have studied their emission properties.  

1.4 Colloidal stability: 

Colloidal (gold) suspensions consist of (Au) nano–sized particles which do not sediment. 
These particles move chaotically due to nanoparticles collisions with water molecules, 
the so called Brownian motion. The nanoparticles may also approach each other closely 
enough when executing this chaotic motion to induce (semi-) permanent association, - 
one says then that they cluster (agglomerate). Unless the collision results in a permanent 
association they will remain as individual particles. If collisions lead to formation of 
aggregation then colloidal system is unstable.  

The stability of colloidal solution depends on several factors such as (surface) charge on 
nanoparticles, their hydrophilicity, etc. They all vary in strength and strength of all these 
interactions falls off with the distance between the particles differently fast. Some of 
these interactions are attractive (e.g., hydrophobic interaction, covalent bonding) while 
other may be repulsive (electrostatic interaction), yet other may be both repulsive and 
attractive depending on the distance between the particles. 

In figure 3, I have shown schematically how the total interaction energy may vary with 
the distance between the nanoparticles. The attraction and the repulsion vary with the 
distance of separation of two spherical nanoparticles. The combination of repulsion and 
attraction gives rise to (local) energy minima and maxima, and allows us to speak about 
the height of energy barriers and the depth of energy minima [29]. The latter is directly 
related to the binding strength between the two nanoparticles while the former is 
proportional to the rate at which particles approach each other. The energy barriers 
constitute kinetic constrain – if the particle cannot approach each other closely enough 
they will not agglomerate.  
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Figure 3:  Interaction between nanoparticles when they approach one another [30] 
 

The distance at which local energy maxima occur depends mainly on charge of 
nanoparticles and on the ionic strength of the solution. When the particle separation is 
larger than the local energy minimum (Figure 3) the colloid is stable. When the 
separation distance is shorter the colloid becomes unstable. The agglomerates may be 
more or less loosely bound to each other.  The solution induced minimum in Figure 3 is 
mainly due to the interaction between two dipoles, either permanent or induced (due to 
fluctuations of electric density which induces a temporary dipole on particle). The 
interaction between two dipoles has been described in some detail and is called a van der 
Waals interaction. It is obvious from Figure 3 that the aggregate stability depends on how 
deep the minimum described as chemical bond, and that binding is stronger (aggregates 
more stable) than when the particles are further away from each other.  

Adsorption of macromolecules may act to destabilize the suspension but may also act to 
stabilize it. For example, the as-received Au nanoparticles used here have been covered 
by citrate which increased the charge on nanoparticles at neutral pH and thereby 
enhanced the stability of the suspension. Adding salt to suspension resulted in an 
increased ionic strength which destabilizes the solution. Protein adsorption on to 
nanoparticles is usually carried out at high electrolyte strengths or changing the pH of the 
suspensions, and is known as electrolyte mediate coagulation [29]. Increasing the 
concentration of electrolyte when the proteins are present in large excess may however 
prevent the agglomeration since the adsorption of proteins will occur fast enough and 
quench the aggregation.  

In the present work I have investigated the optimum level of pH for biomolecules 
adsorption on to gold nanoparticles. Preparation of stable non-aggregated conjugates 
turned out to depend on several interactions like (i) the electronic attraction between 
negatively charged particles and positively charged domains of proteins/biomolecules (ii) 
adsorption of macromolecules on to metal surface due to hydrophobic interaction. (iii) 
Covalent bond between gold nano particle and sulphyhydryl groups on 
proteins/macromolecule [10]. 
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1.5 Existing protocols for formation of Au - protein complexes 

The most common protocol for preparing gold conjugates with biomolecules/proteins 
includes increase of the ionic strength by simply adding NaCl or other buffer compatible 
salts (Na2CO3,CaCO3,K2CO3 etc.,). Electrolyte concentration is raised to surpass the 
negative repulsion effects that cause adsorption of proteins. If a sample consists of both 
nanoparticles and proteins in large excess compared to available adsorption sites, then 
the addition of electrolyte (NaCl/buffer salt) causes the adsorption of proteins on to 
particles instead of nanoparticles aggregation. Horisberger and Rosset reported that 
molar excess of proteins by 10-20% was needed to prepare acceptable gold probes [31]. 
Another investigation stated that large excess of protein yields higher specific activity of 
conjugates [32]. Geoghegan investigation reported that the adsorption reaction between 
immunoglobulin and nanoparticles depended upon the pH of the colloidal suspension, 
and that the pH should be maintained within the range of pI of the protein [33, 34]. 

There is no standard protocol for the preparation of gold conjugates. Based on several 
studies there are some suggestions such as: (i) maintain the pH of the reaction slightly 
higher than pI of the protein (ii) mix antibody in excess by some 20%-30% above the 
stabilizing amount with appropriate volume of colloidal gold (at least 10-14 µg/ml of 
gold needed to prepare stable probes) (iii) Monitor spectral changes to estimate the 
degree of adsorption and aggregation of nanoparticles. 

2. Present approach to immunoassay 

Here we use Au nanoparticles as mobile 3-dimensional substrates to adsorb the 
monoclonal catching antibodies directed against prostate specific antigen. The 
adsorption of a protein may change optical properties of either Au nanoparticles or 
protein, or both. We have intended to monitor changes of the emission spectra upon 
antibody binding.  In this way the assay would be a homogeneous one and would require 
neither labeling nor indeed a secondary antibody.  

There were three main reasons to select gold nanoparticles. First of all their optical 
properties are well known [35, 36], and are also known to change with the particle size. 
The latter has been utilized in a detection scheme that monitor chemical reaction induced 
changes of surface Plasmon resonance of Au [37]. Furthermore the adsorption of PSA10 
onto macroscopic Au surface has been studied and characterized in some detail at Imego 
AB. It was found that the majority of PSA10 attached to Au via their Fc part. Finally, it 
is advantageous to use nanoparticles as substrates since the adsorption proceeds faster 
than the adsorption onto immobile and 2-dimensional surfaces.  

The reaction scheme involved in the present diploma work is schematically presented in 
Figure 4. 
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Figure 4: The illustration of the presently employed immunoassay protocol that summarizes the work        
presented below.  

The as-received Au nanoparticles are covered by a charged citrate at pH < 10 that 
prevents their agglomeration.  Surface bound citrate has therefore to be exchanged for 
PSA10.  Initially the pH of as received gold colloids is raised and the Au solution is 
mixed with the solution containing PSA10. At high pH (≈ 9. 2 in our case), the adsorbed 
citrate is exchanged for PSA10. The exchange rate depends on the concentration of 
PSA10 in solution, at least for concentrations higher than 10µg/ml takes typically a few 
hours.  After the exchange has completed we need to separate the excess PSA 10 in 
solution from the coated nanoparticles. Finally we expose coated nanoparticles to 
solutions containing prostate antigen and allowed the antigen to react with PSA10 coated 
nanoparticles.  In each step optical properties of the nanoparticles solution have been 
recorded.   

Chain of reactions which summarise all the protocol steps is: 

 

                                                

              Au-citrate+PSA10                                     Au-PSA10+Au-citrate+PSA10                       

 

 

              Au-PSA10+Au- citrate+PSA10                                   Au-PSA10 

 

                                          

              Au-PSA10+PSA                                           Au-PSA10: PSA+PSA 

 

As mentioned above the optical properties of gold nanoparticles vary not only with the 
changes of surface chemistry as after uptake of PSA10 (and PSA) but change also with 
the size of nanoparticles. Therefore we had to ensure that the particles did not 
agglomerate during and after the adsorption of PSA10. The size distribution changes of 
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nanoparticles after antibody (and antigen) adsorption has been measured by photon 
correlation spectroscopy (PCS) after every treatment. 

3. Separation Techniques  

We have tried out several different techniques to separate conjugated nanoparticles from 
excess antibodies. These techniques will be briefly described below. It turned out that the 
size exclusion chromatography worked well. I will present a full description of a separation 
protocol in the experimental section, §5.4. 

3.1 Dialysis method: 

In dialysis method, membrane tube has been used. It contains tiny pores that allow only 
biomolecules to leave the tube. I tried to use this technique to separate unbound (excess) 
antibodies from conjugated nanoparticles. Experimental setup is usually very simple. The 
membrane tube is filled up with the sample that consists of nanoparticles and biomolecules 
(in our case PSA10) and closed on both the sides with the clip. Large (volume ≈ 1liter) 
beaker is filled up with the buffer solution (we used phosphate buffer, pH ≈ 7.2). The 
whole membrane tube (that contains sample) is immersed in to this beaker and remains in 
the beaker overnight under stirring to allow the filtration of excess antibodies.  

Unfortunately, the technique did not work in our case.  

We have identified that nanoparticles stuck to the walls of the hallow tube to a large 
extent. In fact we could not detect any nanoparticles in solution after dialysis. Upon visual 
inspection we could discern traces of nanoparticles on the tube wall which became slightly 
colored (pink). Note that these results were not included in the report. 

3.2 Ultra filtration method: 

In the next trial, I used the technique commonly used for a bimolecular separation. It 
requires micro centrifuge tubes. The tube contains a filter with tiny pores which allows 
only biomolecules (antibodies) to penetrate through the pores. To exert additional force on 
nanoparticles and biomolecules one centrifuges the microtube(s) at an appropriate speed. 
Approximate centrifugal force on both nanoparticles and biomolecules can easily be 
calculated but one still needs experimental trial and error procedure to determine 
centrifugation speed so that particles remain at one side of a membrane while proteins pass 
through. In addition, the centrifugal force should be weak enough to prevent nanoparticles 
from entering the membrane pores or binding to it.  

 

We filled up the tube with the sample and applied 2500g force for several minutes. After 
centrifugation the sample solution was clear but we observed that the nanoparticles stuck 
to the filter. Neither blocking the membrane of the tube with BSA nor changing the 
centrifugal force did help. Therefore I had to abandon this method too.  
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3.3 Size exclusion chromatography: 

Size exclusion chromatography is well known technique used to separate objects by size. 
The particles are separated by transporting the sample through the column filled with 
porous spheres of appropriate sizes, made usually of agarose or it derivatives.  Both the 
pore sizes and the bead sizes can be adapted to let through objects of different sizes. It is 
a technique that separates molecules or particles on the basis of their physical 
dimensions. If a sample contains (complex) mixtures of objects with different sizes they 
will migrate through a stationary phase at different rates due to difference in size.  
Therefore objects with the same size are eluted together and fractions are collected at 
different times to differentiate between sizes. 

 

Here too we encountered problems when trying to pass the as-received nanoparticles 
through the column - they stuck to the filling beads. However after proper 
fictionalization the things were improved. In fact we could use the fact that the 
nanoparticles could be separated and eluted at all as a sign that fictionalization went 
well. 

  

4. Measurement techniques 

4.1 Photon correlation spectroscopy: 

Photon correlation spectroscopy (PCS) has been developed by Robert Pecora and others 
to determine the radius of polystyrene spheres suspended in water [38].   

PCS has been used in this work to determine size of the gold nanoparticles, which gives 
information not only about the clustering of particle suspensions but also about 
adsorption of antibodies on to nanoparticles.  

The size of particles in a sample can be determined from the correlation graph that 
represents a raw data as will be described below. Figures 5a and 5b show typical results.  
The scattering intensity fluctuations (due to the Brownian motion of the particles) are 
used to calculate the size distribution of particles in suspension. 

How it measured and what are the basic principles involved, I explain briefly in the 
following. 
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Figure 5: Typical PCS data shows the scattering intensity distribution of the as-received nanoparticles, 
diameter of 50 nm. The LHS shows raw correlation data while the RHS shows the size distribution 
calculated from the correlation data using eq. (4) below. 

 

Photon correlation spectroscopy measures the intensity fluctuations in which the number 
of photons arriving at a detector at different time intervals and its time autocorrelation is 
computed.  

Let us consider a sample that consists of many particles illuminated by light source, and 
then the particles will scatter the light in all directions. If we keep the screen close to the 
sample, it shows the speckle pattern which consists of bright and dark areas. The bright 
areas appear since the particles that arrive at the screen with the same phase interfere 
constructively while the dark areas appear due to the phase additions which are mutually 
destructive, and cancel each other. If the particles are not moving the speckle pattern will 
be stationary. However, the particles move constantly due to Brownian motion. In such 
case the speckle pattern will not be stationary, - the light intensity will fluctuate. 
Dynamic light scattering technique measures the rate of the intensity fluctuation. The 
fluctuation rate is close related to the so called relaxation time, i.e. the characteristic time 
for Brownian (chaotic) particle motion and can be applied to calculate the size 
distribution of the particles in solution. [39]. 

If we compare the intensity signal for particular part of speckle pattern at two different 
times with very short differences such as t and t+δt, we will not see much difference 
between the intensities because during that time particle neither managed to escape from 
the detection volume nor enter it.  The particles inside the volume are then called 
correlated to each other (they are co-related).  When the interval between the two 
detections increases like τ = (t+2δt), (t+3δt) etc. we will encounter considerable 
differences between the two intensities. When time interval between two consecutive 
detections is long then the number of particles within the detection cavity will change. 

The particles within the cavity consist of “old” particles which have been there during 
the first detection interval and the “new” arrivers (or old “escapees”) and therefore are 
not correlated (co-related). Thus intensities collected at different times bring information 
on particle motion.   

At certain times the two intensities will be similar while at other times they will differ 
from each other.  We have seen that when the intensities are similar the particles are co-
related while when intensities are different the correlations vanish.  They vanish when 
the time interval between the two signals is given roughly by the L/v where L is typical 
dimension of the detection volume while v is mean particle velocity. Given L is known 
we can therefore determine the mean particle velocity. The latter is related to a relaxation 
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time, τ, since τ ~ lmfp /v where lmfp is a mean free path of a particle between two 
consecutive collisions with water molecules. Our instrument consists not of a screen with 
speckles but has a finite, and small, acceptance angle defined by the entrance aperture of 
an optical fiber that collects the scattered light and transfers it to a detector. The detection 
volume is then given by the convolution of an effective volume seen by the detector and 
the dimensions of the incident light beam. 

Mathematical expression for the autocorrelation function, g(t) measured by our 
instrument (for convenience, it actually measures g(t) -1 which results in a signal limited 
to an interval between 0 and 1) is given by: 

 

g(t) = { I(t)I(t+τ)}/I(t)2                                                             (1) 

 

Where I(t) is the intensity of the light at time t. Correlation data obtained from a solution 
containing 50 nm as-received gold nanoparticles is shown in figure 5a. Note that PCS 
provides no information about the concentration of nanoparticles in solution since the 
latter is ~ intensity while we actually do not measure the intensity per se´. 

The correlation data shown in figure 3a allows one to determine the size of nanoparticles, 
too. According to Stokes-Einstein relation, the translation diffusion constant, D, for a 
spherical particle is related to the particle radius, r, [40] by: 

 

D =  kBΤ/6πηr                                                      (2) 

 

Where kB = Boltzmann’s constant, Τ = temperature in Kelvin and η = viscosity of the 
sample solution. 

The line width Γ, of the spectrum is given by 1+ (g (t), but is also related to the diffusion 
coefficient D through: 

 

D    = 1/Γq2                                                                              (3) 

 

Where q is the scattering vector, q = 4πn/λo sin(θ/2) 

 n - refractive index of liquid medium, λo - laser wavelength and θ - scattering angle. 

Usually the refractive index of a buffer is not known. However in practice one obtains 
reasonable results for most of solutions by simply assuming their refractive index to be 
equal this of pure water (surprisingly this holds true also for many organic solvents). 
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Using equation 1 and 3 the radius of the scattering molecule can be expressed as 
following  

                           

                          r =   kBTq2/6πηΓ   (4) 

 

The results of such calculation is given in figure 5b for the nanoparticles measured in 
figure 5a. As can be seen from figure 53b the nanoparticles are not uniform in size but do 
show certain size spread. 

 The instrument is connected to computer equipped with the software (Dispersion 
Technology Software in our case) that can calculate the size of the molecules using all 
these mathematical expressions.  Figure 3 shows the size distribution of 50 nm gold 
nanoparticles against the intensity. 

4.2 Fluorescence sensing 

Usually fluorescence intensity can be used to measure the concentration of the 
fluorescent species in given sample. The common way is to label the target molecule 
with small optically active agents. These agents absorb light of a certain wavelength. The 
absorption causes electronic excitations which partly dissipate energy via radiactive 
(dipole) transition when they de-excite back to ground level and emit light, but of longer 
wavelength (lower energy). The wavelength of the emitted light is longer than the 
wavelength of the incident light (the Stokes shift) since the excited electron may be 
partially de-excited into lower levels (e.g., due to excitation of rotations or vibrations 
within the molecule or excitations of other electrons by electrostatic coupling) this can be 
schematically presented in an Energy diagram, see below figure  

                 

Figure 6:  Schematic diagram of the process that may take place when the fluorescent molecule is 
irradiated with a light of suitable wavelength. The electron from the ground state (here S0) is excited (to 
electronic singlet state, S´1). During the time the electron is excited there may occur several changes within 
the molecule (e.g., conformational changes) or due to its interaction with environment. This results in 
partial energy dissipation. An electron finds itself in a new, relaxed, state, S1. If the electron undergoes 
dipole active de-excitation back to the ground state the emitted light (photon) will have longer wavelength 
(carry less energy). This is the so called Stokes shift [41]. 
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Given that both the probability of emission and the absorbance are known one can 
determine the fluorophore concentration (or the number of fluorophores in a given volume) 
by simply monitoring intensity of emitted light per incident intensity. This will also 
facilitate detection of a target in question since one can determine or calibrate the number 
of fluorophores adsorbed per target molecule.  

Here we use a slightly different approach. Instead of fluorophores with well defined and 
discrete electronic energy levels we use nanoparticles that consist of many atoms and 
whose energy levels therefore form almost continuous bands. 

 The discrete electronic transitions that take place in fluorophores are here mimicked by 
electronic excitations like interband transitions or Plasmon excitations. The latter are 
peculiar to a solid state system and have no analogue for molecules.  Contrary to common 
fluorophores that are rather environmentally robust, the plasmonic excitations depend 
strongly on the boundary conditions at the particle surface and are therefore affected by 
changing surface chemistry.   

5.  Experimental methods and procedures 

5.1 Materials and Reagents 

Prostate specific antibody (PSA10) has been obtained from CanAg Diagnostics AB 
(Present Fujirebio Inc.), courtesy of Olle Nilsson while the prostate specific antigen 
(PSA) has been purchased from Scripps. Bovine serum albumin has been purchased from 
Fluka.  

All the nanoparticle suspensions used have been purchased from British Biocell 
International (BBI), UK. Particles with diameters of 20 nm and 50 nm have been used in 
current application, their concentrations were 7×1011/mL and 4.5×1010/mL, respectively. 
The as-received citrate covered particles were suspended in pure water at pH ≈7 by the 
supplier to prevent agglomeration. The rate of agglomeration depended not only on pH 
but also on the ionic strength of the solution. We have established earlier that at NaCl 
concentrations < 20 mM the rate of agglomeration was negligible, but was appreciable 
for salt concentrations > 60 mM.  

Buffers used in this study included 0.1M Phosphate buffer of pH ≈ 7,2 (7ml of 0.1M  
NaH2PO4 and 18ml of 0.1M Na2HPO4 dissolved in 25ml H2O) without salt (Ionic 
strength ≈ 150 mM that corresponds to physiological solution) and carbonate buffer of 
pH 9.3 (17  mL of  0.1M NaHCO3 and 8 mL of 0.1 M Na2CO3 dissolved in 25mL H2O ). 
Phosphate buffer has been used for separation experiment and carbonate buffer has been 
used to raise the pH of the gold colloidal solution. 

5.2 Instruments 

Optical measurements were performed using Fluoromax spectrophotometer from Yobin 
Yvon. Two different types of measurements were performed. Either the emission spectra 
were recorded at a constant excitation wavelength, or the variation of excitation has been 
recorded at a constant emission wavelength.  
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We have often recorded emission spectra using different excitation wavelengths, for 
example to ascertain which peaks arouse due to excitation of water Raman transitions 
and which were due to characteristic features of Au nanoparticles or proteins (if any). 
Different excitation wavelengths have been chosen and emission spectra were recorded 
up to 800 nm. The excitation and emission slit widths were set to 5 mm. Samples were 
put in 2ml quartz cuvette for fluorescence detection and vortexed for 30 sec prior to 
detection.  

PCS measurements were carried out on Zetasizer Nano instrument equipped with 
Dispersion Technology Software. BSA blocked cuvettes have been used to avoid the 
adsorption of nanoparticles onto the glass (or quartz) walls. 

5.3 Preparation of the colloidal gold conjugated PSA10 

The colloidal gold labeled prostate specific antibodies produced by adding 5µL of 
PSA10 (0.24mg/mL) to 1mL of the 50 nm gold nanoparticles (4.5×1010 particles/mL) 
and 3.5 µL of PSA10 to 1mL of 20 nm gold nanoparticles (7×1011particles/mL), 
respectively. pH of Au nanoparticles has been adjusted to 9.2 prior to addition of PSA10 
by mixing with carbonate buffer (pH 9.3) and solution pH was monitored by pH meter 
(Radiometer A/S). The number of antibodies required for full coverage is ~100 
antibodies/ particle for 50 nm particles and ~15antibodies/particle for 20 nm particles. 
We used antibodies in excess of 20% for 50nm particles, while for 20 nm particles no 
additional amount was added. 

After antibody addition the solution incubated for 2 hrs at room temperature to allow the 
reaction complete.  Incubation has been continued from several hours to overnight to 
monitor the spectral changes and to optimize the required time for the reaction. BSA 
blocked Eppendorf tube has been used for this reaction to avoid the interaction of the 
gold nanoparticles with side walls. The samples of colloidal gold conjugated with 
antibody have been stored at 4°C for future experiments. I have also observed that it is 
possible to store the conjugated nanoparticles for several months without any clusters 
after fictionalization of PSA10. 

5.4 Separation of functionalized nanoparticles from the PSA10 excess 

The experimental setup was very simple as shown in figure 7. It consists of a gel 
filtration column packed uniformly with Sephacryl 200® gel (purchased from GE 
Healthcare). Note that careful packing is important to achieve good resolution. A 
homogeneous suspension of Sephacryl 200® gel slurry has been prepared by mixing 
with Phosphate buffer. The gel slurry was carefully poured at constant motion in to 
column. Care was taken to avoid any air bubbles. After gel slurry settled down the 
column was equilibrated with running buffer. The Phosphate buffer of pH 7, at an ionic 
strength equivalent to 0.15M has been used when using the column.   

Sephacryl 200® gel acted as a size separation medium. It consists of porous agarose 
beads with controlled pore size. The selection of these particular beads among beads with 
different available pore sizes (sephacryl 100, 200, 300 and 400) has been done by trial 
and error, as suggested by Dag Ilver at Imego AB [42]. Initial trials have been performed 
using antibodies labeled with fluorophores. That allowed us to follow both the antibodies 
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(labeled) and the nanoparticles during separation, and determine the passage time for 
each of them.  Fluorescence measurements have also been recorded for these fractions 
(not included in the report) to investigate the quality of separation. 

The disposable gel filtration column (Total volume of 6.8mL) packed with slurry of 
sephacryl 200® gel has been fixed onto a stand (not shown in figure). The height of the 
packed column and buffer pillar was 6.5cm and 2cm respectively. Note that these heights 
were maintained for all the trials. The columns were very small. It was not convenient to 
add any external containers to store pillars, or increase their heights. We needed therefore 
at least 6.5 cm height of packed column needed for separation, and that determined the 
length of the gelled part. The volumes of packed column and buffer pillar have been 
1.8mL and 5mL, respectively.   

Conjugated gold spheres were suspended using carbonate buffer (at high pH) but during 
separation this buffer was exchanged by Phosphate buffer solution at lower pH (≈ 7). 
After successful column packing the gold conjugated suspension was poured at the top of 
the column and I waited until the particles started migrating through the column. Then 
Phosphate buffer solution (pH ≈ 7) was used both as a sample transport medium and also 
to apply a constant pressure on to the sample to push it gently through the Sephacryl 
200® gel. The typical passage times for both the antibodies and nanoparticles depend on 
various factors like column height, height of packed column, buffer pillar height and the 
volume of the sample. 

As I mentioned above, initial trials were performed with antibodies labeled with 
fluorophores using larger columns. In case of larger columns the passage time for 
antibodies were 21-32 minutes while it was 24-35 minutes for nanoparticles. These 
differences corresponded to different column heights, 5 and 7cm. It is important to note 
that, when I used larger column it was difficult to follow the passage of nanoparticles 
since the color of nanoparticles disappeared as nanoparticles tend to disperse as they 
progressed downwards along the column. Using larger columns gave nanoparticles 
enough space to spread out. This is one of the reasons to use small (disposable) columns, 
which I did in next trials. 

After suitable selection of sephacryl gel pore size (sephacryl 200® gel), I tried again with 
the antibodies labeled with fluorophores to check the passage times for disposable 
columns. I have noticed that antibodies eluted one minute before nanoparticles. When I 
used disposable column (packed column height 6.5cm and volume of the sample ≈ 
500µL) the passage time for nanopartilces was 7 minutes. The passage time changed 
with the volume of the sample. For example, it took nanoparticles 5 minutes to pass 
through the column when the sample volume was ≈ 200 µL. I have succeeded in 
separating 200 µL of my sample (particle size = 50 nm conjugated with PSA10), and 
repeated separation for 500 µL of sample. The latter was used for further fluorescence 
measurements. Note that in each trial I used new column since it was not possible to 
separate nanoparticles using same column second time.  

To summarize here disposable columns are convenient for low volume sample. It is easy 
to collect the fractions without any confusion. When I used the disposable column to 
separate 500 µL of sample, I noticed that nanoparticles spread were constant ≈1cm wide 
until they reach the bottom of the tube. Therefore we can collect the fraction that 
contains only nanoparticles. Fluorescence measurements performed only for 
nanoparticles which are came out through the columns. 
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Figure 7: Disposable gel filtration columns, sample is deposited on the top of the column and fractions     
are collected after passing through the filter in the bottom. 

 

Our sample contained at most three different species: naked gold nanoparticles, antibody 
coated nanoparticles and antibodies (PSA10).   Larger particles, like Au, could not 
penetrate through the pores of the sephacryl polymer beads. Instead they moved through 
the pores formed when packing the Sephacryl itself. Smaller molecules, i.e., antibodies 
on the other hand, entered the channels inside the Sephacryl polymer beads. Their way 
through the column was shorter than the route took by nanoparticles and they also were 
transported through the fluid flow to a larger extent then nanoparticles done. Therefore, 
according to our observation antibodies came through the column first, and were later 
followed by nanoparticles. It has been easy to follow the migration of nanoparticles 
because of their pink color. The question remained however whether these Au particles 
have been antibody covered or whether they have been naked.  We encountered the 
problem with naked gold nanoparticles because of their interaction with other materials.  

 

 

Figure 8: Separation of excess antibodies from PSA 10 covered Au particles by using Column 
chromatography. Note that particles are not started migrating through the column (Left). Particles are 
slowly moving down without any obstruction (Right). 
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During the course of experiments we have observed accidentally that the naked 
nanoparticles interacted strongly with agarose beads and bound to them. They would 
stick close to the upper end of the gel filling and remained there as shown in figure (left). 
Interaction of the nanoparticles could be due to the strong bond between negative charge 
on naked nanoparticles and positive domain on amide group covering agarose beads. 
Antibody covered nanoparticles on the other hand passed through the column without 
any obstructions as shown in figure (right). This experiment allowed us to separate not 
only excess antibodies but also indicated whether the fictionalization went well or not. 

I have also observed that few of the naked particles stuck to agarose beads during their 
travel down through the gel. This could be seen on column used for several separations  
after rinsing it thoroughly several times with buffer solution since there have remained 
few pink colored spots. Therefore, in addition, we could also separate the naked particles 
from the functionalized ones. 

5.5 Antigen adsorption onto functionalized nanoparticles  

After successful separation of PSA10 conjugated nanoparticles, they are allowed to react 
with prostate antigen. We have used different molar addition of PSA to nanoparticle 
suspensions to monitor the optical properties and to optimize the required concentration 
of PSA. Required concentration of PSA calculated according to the size of nanoparticles 
and assumed that full coverage of antibodies on nanoparticles. Four different 
concentrations were opted (0.02mg/mL, 0.04mg/mL, 0.06mg/mL and 0.2mg/mL). They 
were chosen in the following way: (i) from the known sample volume and sphere 
concentration I have calculated the total number of spheres in my sample; (ii) since the 
antibody dimensions are approximately known (5nm x 8nm x 9nm; see, e.g., [43]), I can 
calculate how many antibodies are needed to fully cover nanoparticles; (iii) and this 
number can be translated into a suitable concentration given I know the volume of the 
biomolecule suspension I will add. I have chosen antibody concentrations so as to span 
from below the full coverage and up to large excess. Optical properties were also 
monitored at different time intervals, i.e., immediately after mixing and after 2 hrs and 
also monitored after longer times (days after mixing). 

6.  Results and Discussion 

We will start the discussion with two results that have been obtained at Imego AB 
previously [44]. Figure 9 shows the absorption spectra of the gold nanoparticles and of 
the proteins used in this work, respectively. When the light beam traverses the beacon 
with solution part of the light may be absorbed, part reflected and another part 
transmitted. The amount of absorption depends on the optical properties of the matter 
and on the polarization and the wavelength of the light. Figure 9 quantifies this amount 
with regard to gold suspension and protein suspensions, respectively.  

As mentioned previously in §4.2 the absorbed energy has to be dissipated when the 
irradiated system reaches steady state. It may be dissipated as a heat, but also as 
radiation. Both Au nanoparticles and biomolecules irradiated by light, fluoresce, as 
described in §4.2. 
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If we would irradiate sample containing 50 nm gold nanoparticles at a given 
concentration with the light at a single wavelength, say 250 nm, then the total absorbed 
intensity would be proportional to the incident light intensity multiplied by the area 
limited by the absorbance curve for 50 nm particles in figure 9 from 250nm and to all 
larger wavelengths, and normalized with respect to the nanoparticle concentration. Since 
the absorbed energy is appreciable, we may expect some fluorescence at wavelengths > 
250 nm. Note that total light intensity (integrated over all wavelengths of the fluorescent 
light) with which nanoparticles fluoresce should be smaller than the total absorbed 
energy. In fact it is often much smaller. Similarly, if we irradiate nanoparticles with the 
light of wavelength > 600 nm then we ought not to expect any fluorescence since 
nanoparticles do not absorb any energy at these wavelengths, according to the results of 
figure 9. Similar reasoning applies also to biomolecules, e.g., PSA or PSA10 used here. 
Figure 9 shows that there is a window in wavelength, from about 300nm to about 600nm, 
where the fluorescence is due only to nanoparticles since biomolecules do not absorb 
electromagnetic energy for wavelengths > 300 nm (figure 9). Note also that when we 
excite our suspensions at 280 nm the energy absorbed by biomolecules will be small 
partly because this wavelength is close to their absorption edge and in part because they 
are more transparent than Au nanoparticles (the differences in values on the Y-scale in 
figure 9).  

 

 

Figure 9: Absorbance spectra of gold nanoparticles of diameters 10 nm, 20 nm and 50 nm. Note that 10 
nm particles have not been used in our experiment [43]. 

 

The intensity of the reflected or of the transmitted light is therefore often lower than the 
intensity of the incident light, because of absorption. The transmitted (reflected) beam 
may also be partly scattered. That implies that a part of the incident beam intensity is 
deflected and propagates in a different direction as compared with the propagation 
direction of the incident light. As we pointed out in §5.1 the scattering depends strongly 
on the size of nanoparticles or biomolecules and on their dielectric properties. We use 
this property, together with the fact that small objects suspended in a fluid move 
chaotically to determine the size of nanoparticles.  

6.1 PCS spectra of nanoparticles 

Here we want to show that all the data reported below has been obtained on dispersed 
nanoparticles. To monitor the state of nanoparticles we have collected PCS spectra after 
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each preparation, and also several times before collecting the emission spectra. Typical 
results are shown in figure 10 below.  

 

Figure10: PCS data for 50 nm particles that shows how the average size distribution varies after 
adsorption of antibodies and antigens.  
Red line - 50 nm as-received Au nanoparticles  
Green line - a  mixture of 50nm Au nanoparticles covered by PSA10 (2 hours after admixture of PSA10 
into nanoparticle solution)+ excess of antibody in solution 
Blue line - 50nm Au nanoparticles covered by PSA10 with the PSA antigen added (2 hours after addition 
of PSA).  
Each measurement performed 2 times with 20 sub runs. 

 

Figure 10 shows PCS data from typical representatives for as-received nanoparticles 
(red), nanoparticles conjugated to PSA10 (green line) and nanoparticles conjugated to 
PSA10 and exposed to PSA(blue line). Note the large shift in size of conjugated 
nanoparticles upon exposure to PSA antigen compared to the shift after between the as-
received and conjugated nanoparticles. This is surprising, especially considering the fact 
that the molecular weight (Mw) of PSA10 is  = 150kDa while this of PSA Mw = 30kDa. 
We can only speculate that the reason is the hydration shell that always surrounds the 
nanoparticles in aqueous solutions. It may be larger for PSA antigen than for the PSA10.  

6.2 General features in the emission spectra 

   6.2.1   Common spectral features 
There are several features common to all the spectra shown below. We discuss these 
features based on the emission spectra from the as-received 20 nm nanoparticles shown 
in figure 10 below. There are three main features in the spectra shown in figure 10: the 
dominant peak at the emission wavelength, λemi = 560 nm and two smaller peaks, one at 
the λemi = 310nm and another one at λemi = 620nm. 
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Figure11: The experimental emission spectra from samples containing two different concentrations of 
gold nanoparticles. For comparison also shown spectra obtained on a sample containing pure MilliQ 
water. Note the scale magnification in (b). 

 

One common feature is that these peaks appear also in a spectrum of pure water (green 
line in figure 11) in absence of nanoparticles. Another common feature is that they shift 
when the excitation energy changes. For example, as shown in figure 14 below the shift 
of excitation wavelength, λexc, by 30nm to lower wavelength (250nm) shifts the main 
feature also by 30nm while the peak at 310nm excited by the 280nm light in figure 11 
shifts to 274nm when the excitation wavelength λexc = 250nm.  

The dominant peak in all the spectra seems to appear at twice the excitation energy. It is 
due to an experimental artifact that can be traced to the construction of our equipment. 
Fluoromax contains two gratings of slightly different properties which are used to 
resolve the wavelength. However gratings transmit not only the light at a given preset 
λexc but also higher diffraction orders appear, although at a much lower intensity. We 
conclude that the dominant feature in figure 11 and in all subsequent overview spectra is 
due to a 2nd order diffraction from the monochromator grating. This is further supported 
by the fact that we actually do detect also a 3rd order diffraction intensity (3 x λexc = 750 
nm for λexc = 250nm) in a few experiments where we collected emission spectra up to 
wavelengths of 800nm (not shown). 

The sharp peak at λemi = 310nm (figure 10) is due to the emission from Raman 
transitions.  Raman emission always occurs at a constant wave number, k (~ 1/ λ), 
difference from the incident light. It can therefore be identified by changing excitation 
wavelength and accreting that the shift in Δkexc (=1/ λexc1 - 1/ λexc2) is constant at 
different excitations. It is the case for the peak at 310 nm in figure 11. 

The other peak at λemi = 620nm could be due to double Raman loss since it is positioned 
(in wavelength) at a twice the wavelength of 310 nm, and follows the Raman peak when 
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the latter shifts (when the excitation wavelength changes). The double Raman loss is 
highly improbable, though. It is more likely that the peak at 620nm is due to a 2nd order 
diffraction arising from the second grating in the instrument, the analyzer grating. Since 
the transmission of this grating is optimized for wavelengths ~ 550nm it is negligible at ~ 
300nm which means that the Raman peak is actually by far more intense than the peak at 
620nm. 

6.2.2  Further peculiarities of the experimental equipment  
Before I start a more interesting discussion about the emission properties of naked 
nanoparticles I would like to further discuss another instrument artifact.  As mentioned 
above the spectra are obtained after the light passes through, and is dispersed by the two 
monochromators. However the intensity transmitted depends from the wavelength of the 
light. It is optimal at a certain wavelength different for the monochromator grating and 
for the analyzer grating, respectively. Therefore the detected signal, denoted as S1, 
should be compensated in part for the variations of the incident light intensity and partly 
for the transmission of each grating. The compensation for the variations of incident 
beam intensity is achieved by a parameter R which is a measure of changes in the 
intensity of the incident beam. Thus S1/R gives the data compensated for variations of the 
incident beam. It does not have too serious influence on the measured data, nor does it 
affect the spectral features.  

The more serious changes in the measured spectra, S1, occur after compensation for the 
transmission of the gratings, S1c. This compensation is done in the wavelength interval 
from 290nm and up to 750nm, and it multiplies the intensity at each wavelength by a 
wavelength dependent fraction [45]. It changes the background shape of the spectrum, - 
compare for example figures 12a and 12b (and other figures) where we show the 
compensated and the non-compensated data. It may also result in a peak shift, 
particularly if the peaks are broad. See, for example changes of the broad features 
between the sharp peaks discussed above in virtually all the figures with respect to their 
shape as well as with respect to peak position (which could shift by as much as 10 nm). 
Since the compensation does not work at wavelengths < 290 nm the features below that 
wavelength remain uncompensated. This has created a step-like feature in figure 14 
below at a wavelength slightly larger than the one at which the Raman peak appears. The 
latter remained uncompensated. 

6.3 Emission properties of as-received nanoparticles 

The fluorescence measurements for gold nanoparticles were recorded at different 
excitation wavelength 250 nm and 280 nm.  Different excitations have been used in our 
experiment to describe the origin of emission peaks.  In this section I have described the 
spectral features of naked nanoparticles of 50 nm size at excitation wavelength 280 nm. 
Nanoparticles sizes of as delivered suspensions, and the degree of clustering has been 
investigated by PCS measurements, see above. Results shown that particles were not 
aggregated, neither PSA10 conjugated nanoparticles nor after their subsequent exposure 
to antigens. Characterization of naked nanoparticles acted as a reference for further 
experiments, for example comparing the spectra of naked nanoparticles with protein 
coated nanoparticles. This comparison is necessary when we discuss the possible reasons 
for the changes of the spectra after reaction of nanoparticles with antibodies and 
antigens. Furthermore, for any fluorescence experiment it is essential to examine blank 
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solution i.e. the solutions of pure water (or buffer) without the sample. Therefore I 
included the results obtained from only MilliQ water, without nanoparticles. 

 

Figure 12: Fluorescence spectra of 50 nm gold particles at two different concentrations of nanoparticles: 
red curve- 9X109/mL; blue curve-2.2X109/mL. Excitation wavelength �exc   = 280nm. Fluorescence scans 
were recorded using two different settings 

(a) the same spectrum after compensation S1c/R.  
The inset in the figure shows the intensity relationship of the main peak for the two particle concentrations.  
The inset on the RHS shows the comparison of broad spectral features seen in the main figure normalized 
to the data collected for higher nanoparticle concentration. The blue curve (lower nanoparticle 
concentration) was enhanced 3.3 times while the data from MilliQ water (green) curve enhanced 18 times 
than origina; (b) The uncompensated spectrum, S1. 

 

Figure 12 illustrates the results obtained from 50 nm particles. As we have talked about 
the sharp spectral features in preceding chapters I discuss here only the remaining 
information contained in the spectra. The only additional feature visible in the spectra in 
figure 12b is a broad emission “bump” at around 400 nm (see main figure and the RHS 
inset). We attribute this feature to emission from the nanoparticles, and will study it in 
some detail. Note that the shape of contribution from MilliQ is clearly different from that 
of nanoparticles. Note also that the spectra from both nanoparticle concentrations 
virtually overlap. Both these observations eliminate the possibility that these features 
arise due to some experimental artifact. On the other hand when we compensate for the 
wavelength dependent transmission of the analysis monochromator the gold related 
features virtually disappear and the background remain smooth, although different from 
that due to water (figure 12a). 
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The intensity of the spectrum obtained from lower concentration of nanoparticles is 3.3 
times lower than the spectrum obtained at higher concentration, although the 
concentration ratio is equal to 4. Similarly the inset in main spectra shows that the largest 
peak due to 2nd order monochromator does not follow the ratio of concentrations (= 4). 
We do not know the reason for the discrepancy. Speculatively, the intensity is not linear 
in concentration, but exponential, I ∝ exp (- c/co) which may explain this observation.  

 

Figure 13: Emission spectra of 20nm and 50 nm nanoparticles. The inset on the RHS shows the region of 
the Plasmon emission where all the curves were normalized to the intensity obtained from 50 nm particles;  
the curve for 20 nm nanoparticles was enhanced 6.6 times while the spectrum from MilliQ water enhanced 
x17. 

Figure13 compares the emission spectrum of 20nm particles with the spectrum of 50nm 
particles. The same common features for both sizes are the substantial increase in 
background seen in case of 50 nm and 20 nm size nanoparticles not identified in the 
spectrum of water and the change of the spectral features that are consistent with the 
trend of increasing sizes – spectrum from smaller nanoparticles (20nm) does resemble 
water spectrum more than the spectrum from 50 nm naoparticles does. This again points 
strongly to the fact that we do indeed discuss a feature arising from Au. 

Note that the amount of gold used to prepare the two concentrations has been the same. 
This is why the concentration of nanoparticles is different. Emission intensity is 
regulated mainly by three parameters: scattering of light by the sample, absorption and 
probability of radiative decay of excited nanoparticles, i.e., the probability of light 
emission. Gold nanoparticles are strong absorbers where the absorption depends on 
shape, size and concentration of nanoparticles [18].  If particles absorb more light they 
will emit more light. Different intensities from the 20nm spectra compared to 50 nm 
spectra are due to differences in scattering properties with the size and also due to 
differences in absorbance with size, see figure 9. 

6.4 Optical properties antibody bounded nanoparticles: 

 In this section we discuss spectral features after immobilization of PSA 10 onto 
nanoparticles, both before and after separation of excess antibodies.  Results shown in 
this section are only for 50 nm particles but results obtained for 20 nm particles were in 
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shown in figure 14 are compared to the spectra collected at λexc = 280nm shown in figure 
15. We have chosen to denote the non-separated suspension containing excess PSA10 by 
“Au 50nm + PSA10”, while the separated suspension of conjugated nanoparticles are 
denoted by “PSA10/Au 50nm” in all figures below. 

One important issue is whether antibodies did actually adsorb onto nanoparticles or not? 

There are several new features appearing in figures 14 and 15 we want to draw attention 

The shift in emission wavelength between separated and the non-separated nanoparticles 

 

The important conclusion is that this shift can be utilized for sensing since it signals the 

 

 

To some extent the adsorption event was indicated by PCS results shown in figure 10, 
and by the separation experiment as discussed above. Figure 10 shows that the size 
distribution is slightly shifted after fictionalization of PSA10 and PSA onto 
nanoparticles. This is also an evidence for absence of aggregation after immobilization of 
both antibodies and antigens. Further indication of antibody absorption is given in figures 
14 and 15 by the fact that the feature characteristic of only PSA10 emission remains. 
This feature has been characterized in [44] and is also seen in figure 14 below (black 
curve).  

to:  (i) There is a small but clear shift in the peak emission wavelength (by 8 nm) 
between the separated and the non-separated nanoparticles  (ii) we observe a large 
increase of “background” intensity (by “background” I mean the features characteristic 
of Au nanoparticles in-between the Raman peak and the large peak due to 
monochromator grating) after PSA10 adsorption compared to as-received nanoparticles 
(iii) the much higher “background” intensity in spectra from non-separated suspensions 
compared to the intensity after separation. The important observation is that spectral 
position of these broad “background”-like features does not depend on the excitation 
wavelength. The peak intensities do not shift at different excitation wavelengths, as is the 
case for the fluorescence, too. The reason can be explained by using Kausha rule [5], 
upon excitation in to higher electronic vibrational levels, obviously excess energy is 
dissipated quickly in to lower vibrational level. This rapid relaxation may cause overlap 
among numerous states of nearly equal energy. 

in figures 14 and 15 must be due to changes in optical properties between excess of 
antibodies in solution and antibody adsorbed nanoparticles. This change is either induced 
by differences in the electronic structure caused by chemical bonding of antibodies to 
nanoparticles or by the spectral change of emission from the conjugated nanoparticles 
compared to as-received ones. In the former case the chemical bond has to influence the 
optically active electronic levels while in the latter case it may be due to changes of 
boundary conditions that adsorbed antibody promotes. It is well known [19] that both the 
interband transitions and the optically active Plasmon-like losses depend strongly on the 
surface status (e.g., on the surface electron density).  

change of emission due to adsorption. It is indeed this kind of changes that spurred 
present diploma work.  
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Figure 14: Spectra of PSA10 coated 50 nm Au nanoparticles before and after separation of excess PSA10, 
excited at 250nm wavelength. Fluorescence scans with S1C/R setting (a) and scans with setting S1 (b) are 
shown. The blue curve denoted by Au 50nm + PSA10 as collected before separation while the green curve 
-PSA10/Au 50 nm was collected after separation of excess PSA10. 
Note the 16 nm wavelength shift between two different settings.  Note also that the Raman peak at 274 nm 
emission wavelength seen in the inset in S1C/R spectra is not compensated for the transmission of the 
monochromator grating since compensation starts at about 290 nm. This is the reason for the step-like 
feature at 290nm. 

 

Now we turn to consider the trends in emission intensities seen in spectra in figures 14 
and 15. Before doing that however I will clarify the content of suspensions from which 
the presented data has been collected. Note that before separation the suspension contains 
equivalent to 150 MAbs/Au nanoparticle (5 µL of antibody solution with PSA10 
concentration = 2.4mg/ml was added to 1 mL solution of 50nm nanoparticles). After the 
separation the maximum amount of antibodies could reach maximum of 100 
MAbs/nanoparticle as this was estimated to be equal to saturation monolayer uptake per 
particle. 

The suspension with conjugated nanoparticles has been diluted by unknown volume 
since large volume of buffer was added during separation experiment. Therefore the 
concentration of both the antibodies and nanoparticles has been reduced several (tens of) 
times after separation. This is further evidenced by the fact that the pH of the sample 
before separation was 9.2 but changed to pH ≈ 7 after separation due to exchange  of  
carbonate buffer with  phosphate buffer. Nevertheless the “background” intensities for 
both separated and non-separated suspensions are much higher then the emission from 
as-received nanoparticles. For example, as shown in figure 15 the emission intensity after 
separation of excess antibodies is at least 15 times higher than the intensity from as-
received nanoparticles while it is some 90 times higher for suspensions before separation. 

 

 

 

400 600
0

1

2

3

4

λexc=250nm

Au 50nm+PSA10
PSA10 / Au 50nm
Au 50nm

330

346

In
te

ns
ity

 (1
06 cp

s)

Emission wavelength(nm)

s1

(a)

400 600
0

1

2

3

4

330

330

In
te

ns
ity

 (1
06 cp

s)

Emission wavelength (nm)

S1C/ R

338

(b)

  30



 

 

 

 

 

 

 

 

 

Figure 15: (a) Spectra of 50 nm Au nanoparticles before (blue curve) and after (green curve) separation of 
excess PSA10 from functionalized nanoparticles, similar to the spectra shown in figure 14 but excited at 
280nm wavelength. (b) The comparison of details in the spectra from (a).  Au 50nm/ PSA10 curve 
enhanced 6.2 times and Au 50 nm curve enhance 90 times compared to original scan. Note that here we 
plot S1

 

In part this increase of intensity can be understood by the fact that the spatial dimensions 
of both the nanoparticles and the antibodies are much smaller than the emission 
wavelength, see figure 16 below. 

 

                                                                       

Figure16: Schematic shows the appearance of functionalized nanoparticles in mixed solution. 

 

The enhanced intensity can in part be rationalized that the light emitted by nanoparticles 
or by antibodies acts on all other nanoparticles and/or antibodies, within at least one 
wavelength, and produces secondary excitations. However recall that according to figure 
9 the absorbance of antibodies at wavelengths > 300 nm is virtually = 0. Therefore they 

400 600
0

1

2

3

4

330

λexc=280nm
In

te
ns

ity
 (1

06 cp
s)

Emission wavelength(nm)

 50nm Au+PSA10
 Au 50nm/PSA10 

PSA10 

 Au 50nm S1
338

(a) (b)

300 400
0

3

6

9

In
te

ns
ity

 (1
06 cp

s)

Emission w avelength (nm)

  31



should not contribute the observed enhancement. Further, the absorbance of antibodies is 
<< absorbance of nanoparticles at any wavelength.  

We can speculate about two possibilities. First, the effect may arise due to enhanced 
effects caused by protein adsorption which are of similar origin as the Surface Enhanced 
Raman emission. Somehow the proteins acts as nano antennae’s that focus 
electromagnetic wave which results in much higher electric fields at the conjugated 
nanoparticles compared to the as-received ones. Another possible explanation is the 
change of optical properties of antibodies after conjugation, for example the change of 
their absorbance and /or changed radiactive decay of adsorbed proteins.  

 Antibodies in excited state have the properties of an oscillating dipole. This dipole can 
induce the oscillations of the electrons in nanoparticles. Surfaces of nearby nanoparticles 
can respond to the oscillating dipole and alters the rate of emission. Such interactions 
may both increase or decrease the radiative decay rate. It seems logical that the excited 
anybodies near by metal particles cooperate in producing enhanced far field radiation. 

Finally I would like to comment on the difference in intensities between figure 14 and 
figure 15. These changes are certainly not due to the differences in the intensities of the 
incident light since these differences should also be mirrored in the 2nd order diffraction 
intensities (the main peak). However these are small, see figure 16, below. 

Figure 16: Emission spectra from suspensions of 50 nm gold nanoparticles at different excitation 
wavelengths. Note that since the peak intensities are not too different the intensities of excitation light 
should also be similar. 

 

I believe that the main origin of the differences in intensities is due to the differences in 
absorbance and emissivities of the proteins and nanoparticles. 

6.5 Optical properties of PSA10 functionalized nanoparticles after exposure to PSA 

After successful separation of excess antibodies, suspensions containing PSA10 bounded 
nanoparticles are exposed to PSA (antigen) as described in experimental section. Each 
sample collected after separation has been divided into two equal parts: one half of the 
sample was used for the exposure to PSA antigens while the other half of the sample was 
kept for further experiments or for analysis. Therefore the concentration of nanoparticles 
in all data collected after exposure to antigen (figures 17 -19, curves labeled PSA10/Au 
50nm + PSA) is halved compared to the conjugated nanoparticles after separation of 
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excess antibodies (figures 17 -19, curves labeled PSA10/Au 50nm). Subsequent 
separation of unbounded antigens was not attempted, partly due to low concentration of 
conjugated nanoparticles and partly because of the lack of time.  

Although blocking of nanoparticles is important to avoid the nonspecific binding of 
antigen (PSA), we omitted it here, too, due to lack of time. We thought to block the 
nanoparticles with PEG thiols since PEG thiols proved better blocking agents for gold 
nanoparticles than the commonly used BSA [46].  Therefore it is fairly certain that any 
differences in the spectra after exposure to antigen are partly caused by the non-specific 
PSA adsorption directly to Au. 

 

 

 

 

 

 

 

Figure17: Emission spectra of PSA exposed nanoparticles and also included PSA10, Au 50 nm particles, 
PSA10 functionalized nanoparticles, MilliQ water. (a) and (b) Excitation wavelength is 250 nm and 
0.02mg/mL of PSA10 (b) lower scans were zoomed in (c) Excitation wavelength 280 nm and 0.2mg/ml of 
PSA10. The PSA antigen concentration is the highest used here (0.262mg/ml) and is more than 5 higher 
then the full coverage. 

 

Figure 17 compares different sample preparations reported here excited at two different 
wavelengths identical with the ones used previously. First of all note that the spectrum 
denoted “PSA10” were collected without any nanoparticles from the samples of original 
concentration of PSA10, equivalent to 150 antibodies/nanoparticles. One can compare 
this spectrum with the one denoted “PSA10/Au 50nm” as this is a spectrum after 
separation of excess antibodies and before the addition of antigen. As discussed before 
the PSA10 concentration in this spectrum can be ten-folds lower than the original 
antibody concentration. Yet the intensity is some 10 times higher. This is a typical 
enhancement of protein emission by nanoparticles discussed in the previous section.   

Unfortunately within the spectral region around 300 nm where the interesting features 
characteristic of the antibody emission appeared in figures 14 and 15 the spectra of figure 
17 are dominated by the unbound antigen. Small wavelength shift in emission spectra 
that would signal adsorption, as detected in figures 14 and 15 is therefore not seen after 
addition of PSA on to antibody (PSA10) covered nanoparticles. 
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Therefore I conclude that without separation it would not be possible to use this method 
for the assay of prostate specific antigen. Separations are impractical and so will be this 
method. 

There is however another pronounced spectral difference after exposures to antigen: 
there appears a new broad peak at about 460 nm (the violet curves in figures 17(a) and 
(b)). As mentioned earlier it may be due to both the non-specific and to specific antigen 
binding (as mentioned earlier PSA is a small protein which can easily penetrate in 
between the adsorbed antibodies and bind directly to Au). To further study the behavior 
of this new peak I have stepwise increased PSA concentration and collected spectra 
presented in figure 18 at ever higher concentrations. The lowest antigen concentration 
corresponds to less then one monolayer coverage of each sphere in suspension while the 
highest concentration corresponds to something like 5 fold excess of a full monolayer.  

 

 

 

 

 

 

 

 

 

Figure18: Fluorescence emission spectra of PSA10 functionalized nanoparticles in the presence of    
increasing PSA concentration.  

 

Surprisingly, both features characteristic of antibodies grew in intensity, as shown in 
figure 18. In addition the spectral position of the new feature at 450nm shifted in 
wavelength with changes of PSA concentration. Also, note that the intensity of this 
feature saturated somewhere between the two highest antigen concentrations used here. 
Therefore we conclude that this peak is due to adsorbed PSA antigen. 

In addition this peak, if it appears also for blocked nanoparticles could certainly be used 
for PSA assaying.  
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Figure 19:   Emission spectra of PSA10 and PSA covered nanoparticles at different times. 

Finally we also compared spectra of the suspensions containing the highest PSA 
concentration reported in figure 18 shortly after preparation and after about two month 
storage at 5oC. The results are shown in figure 19 above.  

We could perform meaningful measurements since the particles did not aggregate 
(according to PCS results, not shown). During two month the system certainly reached 
steady state. Surprisingly, the intensity of the new feature decreased without any shift in 
wavelength while the intensity that we attributed to PSA in solution increased. It is 
somewhat surprising and could indicate that what we think is characteristic of antigen in 
solution is actually due to a mixture of adsorbed PSA and of PSA in solution. The 
changes in intensity may signal a rearrangement of PSA bound at two different sites (for 
example to one bound the antibody and another bound directly to Au). 

7.  Conclusions & future work 

I believe it will be difficult to use presently investigated technique for detection of PSA 
in serum and I think it is not suitable for assay in general.  
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• Gold nanoparticles are fluorescence sensitive, - small changes near the environment 
of nanoparticles or at their surface influence the fluorescence intensity.  

o We have detected large enhancement of emission from proteins adsorb to 
nanoparticles as compared to free proteins in solution.  

o The spectral shifts that adsorption causes are small, at least for as large 
protein as an IgG antibody like PSA 10.  

It is therefore not possible to measure the concentration of large proteins using this 
method.  

• The optimum level of pH for the adsorption of PSA10 on to gold nanoparticles is in 
between 8.5 to 9.5.  Exposure of 30% excess antibodies (PSA 10) on to nanoparticles 
improves the binding efficiency and prevents aggregation.  

• Separation of excess antibodies after conjugation can be achieved by using gel 
column chromatography.  During separation experiment we were able not only to 
separate excess of antibodies from nanoparticles but also citrate covered as-received 
nanoparticles with the ones that adsorbed antibodies.0 
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• We have discovered that small proteins, like PSA may cause pronounced spectral 
changes when introduced in solution containing Au nanoparticles. 

• This work gave me great opportunity to learn about the metal nanoparticles reactions 
with biomolecules, aggregation behavior of nanoparticles and also to investigate both the 
biochemical and optical properties of gold nanoparticles as well as bioconjugated gold 
nanoparticles. 

 
Future work 

I have following suggestions if one wants to continue experiments in order to investigate 
in further detail few openings/possibilities to use this method for assay that resulted from 
my work: 

• During the time of course of experiments I felt that the concentration of 
nanoparticles is too low to study small shifts of wavelengths upon their modifications. 
Increasing nanoparticles concentration until final step i.e. until addition of analyte (PSA) 
is important.  

• It is equally important to develop protocol that would enable to quantify 
concentration of nanoparticles or proteins during different manipulation steps. 

• Due to lack of time I was unable to proceed with separation of unbounded antigen 
and with experiments on blocked nanoparticles. It is interesting to monitor the 
fluorescence spectra after blocking with PEG – thiols and subsequent exposure to 
antigen. 

• It is important to follow up the new PSA induced feature in the experimental 
spectra. This peak may be useful for use in an assay and is interesting in it. 

• Finally it may be useful to investigate Raman spectra recorded simultaneously in 
more detail. Recent work on high resolution Raman spectroscopy showed clear 
indication that Raman intensities change sufficiently to enable their use for assaying.  
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As-received nanoparticles; size 20 nm 

As I mentioned before (in §results) the results obtained for 20nm gold nanoparticles were 
in agreement with the results obtained for 50 nm size particles.  Figure 1 above shows the 
obtained results. It is very similar to the results obtained on 50 nm particles shown in 
Figure 12, above. Note that here I display the compensated spectra S1c/R. Note also the 
the multiplying factor needed to bring the spectra at two concentrations to overlap each 
other is similar to the factor obtained in figure 12, and so are the concentration ratios 
(here as compared to figure 12).                                                                                

Figure1: Emission spectra of 20 nm particles at different concentrations after compensations for both the 
grating and the intensity of incident light. The curve in the inset blue curve enhanced 1.7 times and green 
curve (MilliQ water) enhanced 3 times than original scan.  

400 600
0

1

2

Appendix 1 

S1C/ R
Au 20nm (3.5x1010/ml)
H2O

λexc=280nm

Au 20nm (1.4x1011/ml)

400

560

620

310

In
te

ns
ity

 (1
05 cp

s)

Emission wavelength (nm)

  1



PSA10 conjugated 20nm nanoparticles 

Actually I have started binding and separation experiment with 20nm size 
nanoparticles. Initially separation experiment was performed using gel column 
chromatography (sephacryl 200) and that particle size. The collected fractions were 
mixed together after separation and their emission was studied. The obtained results 
are shown in figure 2. Again the similarity with the 50nm spectra is there but the 
features are smaller. 

 

 

 

 

 

 

Figure 2: Emission spectra 20 nm particles after exposure of PSA 10 and compared with naked 
nanoparticles. 

Also, at that time I was worried about the quality of particles obtained from separation 
column (the 20 nm particles were less visible during separation) and fluorescence results 
did not shown clear difference in spectral features around 400nm which is a fingerprint of 
both Au – emission and of biomolecule emission. This could be due to the fact that the 
nanoparticle concentration was low since I mixed all the fractions, both those “rich” in 
nanoparticles with those having low concentration.  I was unable to make any conclusion 
at that time regarding whether separation really worked or not.  

In next attempt I have improved binding protocol and tried other separation 
techniques, different column packing, suitable gel selection etc. I also decided to 
change to 50 nm nanoparticles since their size was better adopted for separation 
using sephacryl 200 gel column, and their visibility was better. Eventually it turned 
out that after separation emission from both sizes was similar, and that I probably 
have succeeded to separate the 20 nm particles too. 
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Figure 3: The data from figure 14 above displayed using different compensation. Here we have 
compensated S1 data only for the time variations of the incident light intensity. 
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