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Sammanfattning 
Abstract 

When exposed to light, metal nanoparticles exhibit a phenomenon known as LSPR, Localized 

Surface Plasmon Resonance. The wavelengths at which LSPR occurs is very dependent on the 

refractive index of the surrounding medium. Binding of biomolecules to the surface of gold 

nanoparticles result in a change in the refractive index that can be detected spectrophotometrically 

by monitoring the LSPR peak shift. When functionalized with the corresponding ligand(s), gold 

nanoparticles can be utilized in biosensors to detect the presence and concentration of a 

predetermined analyte. However, the system must exhibit high specificity and give rise to a 

detectable shift for analytes in the desired concentration range to be of commercial interest. The aim 

of the diploma project was to investigate and optimize the biofunctionalization and performance of 

a fiber optics based LSPR biosensor.  Three ligand systems were investigated for detection of 

antibodies (IgG), insulin and avidin. Binding of the analyte to the ligand caused a shift of a few 

nanometers when using spherical gold nanoparticles. The shifts were significantly larger when using 

gold nanorods. When using the IgG and insulin ligands, only minor unspecific binding was 

observed. The setup thus shows great potential for use in a wide range of sensing applications. 
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Ag - Silver 

Au - Gold 

AgNP – Silver Nanoparticle 

AuNP – Gold Nanoparticle/Gold Nanosphere 

AuNR – Gold Nanorod 

LSPR – Localized Surface Plasmon Resonance 

NP – Nanoparticle 

PBS – Phosphate-Buffered Saline 

RI – Refractive Index 

RIU – Refractive Index Units 

RU – Response Units 

SEM – Scanning Electron Microscopy 
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Background 

Aim and Objectives of the Diploma Work 
The diploma work is performed as a part of a project called “Novel real-time in vivo biomarker 

detection technology for diagnostics and drug development”, which is a project supported by 

the Stockholm Brain Institute. Partaking in the project are groups at the Royal Institute of 

Technology, the Karolinska Institute, Linköping University and the foundation Alzecure.  

 

Currently, it is not possible to monitor the efficacy of existing or new therapies for Alzheimer's 

disease, directly in the brain. With a new method that enables real-time, in vivo detection, much 

more information regarding the effectiveness of various treatments could be obtained. This 

would lead to treatment routes more tailored for each individual patient, related to dosage and 

duration of various pharmaceuticals. However, the area of use for this kind of sensor is not 

limited to in vivo diagnostics, but could be used for many other applications. It could be used 

in many cases where the presence of an analyte in solution needs to be determined, for example 

within pharmaceutical production, water purification processes and the food industry (beer and 

dairy production etc.). 
 

The aim of this project is to combine and utilize fiber optics and nanoparticles to create an optical 

biosensor which can detect the presence of specific analytes in liquid media.. This setup will be 

referred to as the fiber-probe setup and can be seen in Figure 1. The nanoparticles are functionalized 

with ligands that interacts with a specific analyte. The presence of the analyte will be detected by 

monitoring a shift in the extinction spectra obtained from the nanoparticles. 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nanoparticles 

Figure 1. Overview of the experimental setup. A light source and a detector are connected through a 

bifurcated optical fiber. At the end of the fiber, there is a container for a glass surface with immobilized 

nanoparticles. (Patent pending 2015)  
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The aim of the project is, as mentioned, to create an optical biosensor for detection of 

predetermined analytes in liquid media. This is to be done by utilizing and combining 

nanoparticles and fiber optics. The aim has been concretized into the following objectives:  

 

 To investigate the stability of the gold nanoparticle substrates when exposed to thiols. 

 To develop methods for functionalization of the substrates with ligands and to 

investigate detection of the corresponding analytes. 

 To optimize the sensitivity of the sensor. 

 

This master's thesis focuses on functionalization of gold nanoparticles (AuNPs) with three 

different ligand-analyte systems and evaluation of these systems. The time plan, decision points 

and follow-up plan for this project and the subsequent analysis and evaluation of the same can 

be found in the Appendix.  
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The Biosensor 
The definition of a biosensor is that it is a device which, through the use of a biorecognition 

element and a transducer, is able to produce an electronic signal. [1] This signal is the final 

result of the interaction between the analyte of interest and the biorecognition element, and is 

proportional to the concentration of the analyte. The interaction gives rise to a change in a 

physiochemical property in the transducer, which could be transfer of electrons or a change in 

refractive index among other things. The transducer can be one of several different types, such 

as optical, thermal, chemical, 

electrical or piezoelectric. 

Sometimes the transducer 

amplifies the signal before 

sending it to the processing 

system where the data is analyzed 

and displayed to the user. [1-3] An 

illustration showing the main 

parts that constitute a biosensor 

can be seen in Figure 2. 

 

To obtain the desired high 

specificity of the biosensor, there 

are some types of biorecognition 

element and analyte which are 

more widely used than others. 

These types include 

enzyme/substrate, 

DNA/complementary strand, 

lectin/sugar and antibody/antigen. [2] 

 

Traditionally, the field of health care has been an important market for the application of 

biosensors, and up until today's date still is. The most well-known biosensors are the glucose 

sensor, which is utilized in the monitoring of diabetes patients, and the home pregnancy test. 

However, the biosensor is utilized in many other areas, ranging from food control, monitoring 

industrial processes and environment changes to military defense. [1] 

 

Nanotechnology 
Richard Feynman envisioned the enormous potential of nanotechnology in 19591, and today 

this is a rapidly growing field. The common definition of nanotechnology is the manufacturing 

and use of materials which in one or more dimensions is less than 100 nm in size. [4] There are 

two main approaches to nanotechnology in practice; top-down and bottom up. The former 

means that larger objects are reduced in size until they acquire nano-scale properties, while in 

the latter one, atoms or molecules are (self-) assembled into structures of the desired size. The 

bottom-up approach allows for greater control of the outcome, but presently, the top-down 

methods are more commonly used. [5] 

 

Regardless of the path of fabrication, metal nanoparticles and their use for biosensing 

applications are extensively investigated. These nanoparticles are of great interest for the 

biosensing community due to their unique photonic and electronic properties. This can be 

                                                 
1 Feynman, Richard; Physicist and Nobel Physics Prize laureate. Lecture: “There's Plenty of Room at the 

Bottom”, Caltech, December 29th 1959. 

Figure 2. Principle of a biosensor. A biorecognition element 

interacts with an analyte to create a signal which is transferred to 

a transducer. From there, the signal is amplified and sent to a 

processing system which renders a readable output. 
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utilized for many novel approaches to for example drug delivery, sensing and imaging. Many 

optical biosensors already utilize metal, but the application of metal nanoparticles in biosensors 

has been rather limited. However, the above mentioned home pregnancy test is one example 

where nanostructures of gold (Au) have been used. In that type of biosensor, the nanostructures 

are functionalized with a DNA sequence that binds to HcG, human gonadotropic hormone, 

which gives rise to an optical readout that can be detected by the naked eye. [6,7] 

 

The use of nanoparticles in biosensors has the potential to revolutionize sensors in multiple 

areas. Label-free biosensors with the potential of high-throughput and real-time analysis could 

make significant improvements in clinical diagnostics. With the current rapid development in 

the field, it is most likely that the number of biosensors employing nanoparticles will increase 

dramatically in the near future. One of the unique properties of metal nanoparticles is their 

ability to give rise to a phenomenon called localized surface plasmon resonance, abbreviated 

LSPR. [7] This phenomenon is explained below. 

  

(Localized) Surface Plasmon Resonance  
Surface plasmons are oscillations of free electrons that occur at the surface of metals induced 

by light. On macroscopic surfaces, these oscillations create propagating waves along the 

interface between the metal and a dielectric medium. This is called surface plasmon resonance, 

SPR. In small particles, there is simply not enough room for propagating waves to occur, so the 

electrons oscillate collectively on the surface of the particles in a standing wave motion, referred 

to as localized surface plasmon resonance (LSPR). See Figure 3. [8] Here, a “small particle” 

means that the radius of the particle is smaller than the wavelength of the incident light (2R<<λ). 

At the resonance frequency there is a maximum in absorption and scattering of the incident 

light.  

 

The electric field close to the nanoparticle is noticeably enhanced, and this field is very sensitive 

to changes of the dielectric properties of the surrounding medium. A change that alters the 

refractive index (RI) of the medium, caused for example by the binding of a biomolecule on or 

close to the particle surface thus alters the resonance conditions of the LSPR. Worth noting is 

that differences in shape, material and size of the nanoparticles will result in differences in the 

LSPR response. [9] This will be further discussed in the section “System Design”.  

 

The sensitivity to RI changes makes nanoparticles very useful for the biosensing purposes 

mentioned above, provided that they are enabled to specifically interact with the analyte(s) of 

interest. The two most common elements used for nanoparticles related to LSPR-based sensing 

are silver and gold. Although silver shows more sharp and intense LSPR bands and a higher RI 

sensitivity, gold is normally favored due to its biocompatibility and inert behavior. [6,9] 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Localized surface plasmon resonance induced by an 

electric field. Willets and Van Duyne. Localized Surface Plasmon 

Resonance Spectroscopy and Sensing, 2007. 
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When plasmonic nanoparticles are exposed to the alternating electric field of the incident light, 

the conduction electrons in the metal will become displaced relative to their nuclei at the 

plasmon resonance frequency. Due to the coloumbic attraction between the electrons and nuclei, 

a restoring force to bring the electrons back to equilibrium will arise. This is the reason for the 

oscillation of the electrons. The LSPR makes the nanoparticles highly suitable for use in 

biosensors. If the analyte binds to a ligand attached to the nanoparticles, this will induce a 

change, usually an increase, in the refractive index in the vicinity of the nanoparticles. This 

causes the position of the plasmon peak in the extinction spectra to change (see Figure 4). 

Normally, the shift will be towards the red end of the spectra, i.e. longer wavelength. This is 

because less energy is required to excite the electrons. This can be seen in the equation for the 

plasmon resonance frequency: 

 

𝝎𝑳𝑺𝑷 =
𝝎𝒑

√𝟏 + 𝟐𝜺𝒅

, 

 

where 𝜔𝐿𝑆𝑃 is the plasmon resonance frequency, 𝜔𝑃 the plasma oscillation frequency of the 

free electron gas relative to the ion cores and 𝜀𝑑 the dielectric function of the dielectric 

surrounding. From this equation, it is easy to see that if 𝜀𝑑increases, this will result in a lower 

plasmon resonance frequency. The dielectric function is linked to the RI, below denoted by n, 

in the following way: 

 

𝜀𝑑 =  𝑛2 
 

The two equations combined show that an increase in the RI will result in a lower plasmon 

resonance frequency. The spectral shift that occurs upon a change in the RI is typically in the 

range of a few nanometers and hence, not visible to the naked eye, but easily detectable by a 

UV-vis spectrophotometer. This makes this type of sensor relatively cost-effective, as it does 

not rely on expensive measuring equipment.  

 

 

 

 

 

 

 

 

 

 

 

 
  

Figure 4. Binding of an analyte changes the refractive index of the 

nanoparticle’s surrounding, causing a shift in the plasmon peak 

position. Illustration by E. Martinsson 
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System Design 
There are a number of things to keep in mind when designing a system based on LSPR using 

noble metal nanoparticles. The system needs to be, among other things, stable enough to remain 

adhered to the nanoparticle when the ligand and analyte bind to each other, and show specificity 

for the chosen target molecule(s).  

 

To begin with, the nanoparticles can be immobilized on a surface (before or after 

functionalization) and this can be done in a variety of ways, typically by covalent attachment 

to the surface or by electrostatic interactions between nanoparticles and the surface. Examples 

of two immobilization methods are silanization and the use of polyelectrolytes, respectively. 

[10,11] The polyelectrolyte method utilizes the attraction between polymers with altering 

positive and negative charge to build a layer-by-layer thin film which nanoparticles can be 

attached to. The nanoparticles themselves are often negatively charged since suspended 

nanoparticles are typically stabilized by adsorbed species, that are often acidic, to prevent them 

from aggregating. The adsorbed species is in an anionic state and since it forms a coating around 

the nanoparticles, the surface of the nanoparticles becomes negatively charged. An example of 

a species used for this purpose is citrate. The use of polyelectrolytes for nanoparticle 

immobilization has been the method of choice for this project and will be further discussed in 

the Surface Preparation section.  

 

Another parameter which needs to be taken into account is the surface density of nanoparticles 

on the substrate surface. This density has a profound impact on the functionality of the system 

and can be quite easily tuned by varying the incubation time, the nanoparticle surface chemistry 

or the concentration of nanoparticles in the suspension used for the substrate immobilization. 

 

Furthermore, a suitable ligand between nanoparticle and target molecule must be chosen. There 

are a lot of types of ligands, including DNA [12], antibodies/antigens [13], biotin/streptavidin 

[14] and carbohydrate/protein [15]. In this project, the IgG and insulin ligands, from here on 

referred to as Z and Z801, respectively, are both 

examples of affibody molecules, which is a 

type of affinity reagents. Affibodies were 

originally derived from staphylococcal protein 

A’s B domain. This domain is a peptide 

consisting of 58 amino acids folded to a bundle 

with three helices, with a total weight of about 

6.5 kDa. None of these 58 amino acids is a 

cysteine. The affibodies are used for their high 

specificity and affinity to a predetermined 

target molecule. [16] The Z and Z801 are 

functionalized with cysteine to enable them to 

bind to the nanoparticles. The affibody itself is 

chosen to bind very specifically to the analyte 

of interest.   
 

To prevent nonspecific binding, other 

molecules can be introduced to the nanoparticle 

surface alongside the ligand. This is to prevent 

analytes and other molecular species from 

binding to the nanoparticle surface. Such preventing molecules can be polyethylene glycol 

(PEG) [17], 6-mercaptohexanol (MCH) [12] or bovine serum albumin (BSA) [18]. 

Figure 5. Sensing volume of a nanoparticle. 

Illustration by E. Martinsson 
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Another important aspect to take into account when designing a ligand-analyte system is that 

the sensing volume of each individual nanoparticle is strictly confined to the close proximity of 

the particle surface. The electromagnetic field around the nanoparticles has a decay length of 

approximately 15-20nm, meaning that any interaction which takes place outside of this sensing 

volume will not be detected. [19] This is portrayed in Figure 5. Again, size and shape of the 

nanoparticle plays an important role, and the decay length is highly dependent on these 

parameters. [19] 

 

The shape and size, as well as the material(s) of the nanoparticles, also has a profound impact 

on the position of the extinction peak and the refractive index sensitivity. The desired extinction 

– or plasmon – peak is quite sharp and this is, as mentioned before, an aspect where Ag 

generally has an advantage over Au. The plasmon peak position for Au and Ag nanoparticles 

can be tuned over several hundred nanometers and the position is determined by the shape and 

size and material composition, as can be seen in Table 1. The NPs used in this project are gold 

nanospheres (AuNPs) with a diameter of 50 nm and gold nanorods (AuNRs), 50x12 nm in size.   

 

A high RI sensitivity is a desirable trait of the nanoparticle, since this will allow for detectable 

spectral shifts at lower analyte concentrations. The unit for the RI sensitivity is normally set to 

be change in nanometer per refractive index unit (RIU) which is written as ∆λ/RIU. This can 

be seen in Table 1 as well [20-22]. 

 

 

 

  

Table 1. Peak position and refractive index sensitivity of various gold and silver nanoparticles. 
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Materials and Methods 

General 
The laborative work has included 

immobilization of gold nanoparticles 

onto glass substrates with subsequent 

functionalization of the nanoparticles 

with the ligands. The investigated 

systems are the following: biotin-PEG-

disulfide and avidin, His6-Zwt-Cys and 

IgG and finally His6-(Z00801)2-Cys and 

insulin (Figure 6). For convenience, the 

systems will be referred to as the biotin-avidin, IgG and insulin systems, respectively. Biotin 

and avidin was used as a model system and were investigated due to the well-known high 

affinity of this system, with a dissociation constant (KD) in the region of 10-15 M. [23] The IgG 

and insulin ligands were synthesized and provided by researchers from the Royal Institute of 

Technology. The IgG system has a KD of 5.9*10-9 M, while the KD of the insulin system is 

approximately 3*10-5 M [24], meaning that the ligand-analyte interaction is very strong for 

these two systems as well. These two systems were investigated as IgG and insulin are of 

biological relevance. The molecular weights of the three ligands can be seen in Table 2.  

 

In addition to these three systems, initial test with functionalization of nanoparticles with 

cysteine was performed. This was to determine whether or not the nanoparticles would remain 

attached to the polyelectrolyte layer when exposed to thiol groups. 

 

The extinction spectra of both functionalized and non-functionalized nanoparticles have been 

acquired with a benchtop UV-vis spectrophotometer (Shimadzu UV-2450). This was performed 

in order to obtain information of whether or not the ligands binds to the nanoparticles at all and 

what magnitude of the spectral shift that could be expected in the fiber-probe setup. Spectral 

analysis after incubation of the investigated systems with the analytes has also been performed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. The investigated ligand-analyte systems. a) Biotin-PEG-disulfide – 

avidin, b) His6-Zwt-Cys – human polyclonal IgG and c) His6-(Z00801)2-Cys – 

human insulin. Illustration by E. Martinsson 

a b 

c 

Table 2. Molecular weight of the investigated ligands. 
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The same tests were later done using a setup with a fiber optical light source and an end-cap, 

connected to a USB spectrophotometer, from here on referred to as the fiber-probe setup. The 

magnitude of the spectral shifts caused by the respective analytes at various concentrations have 

been investigated. Initial specificity tests have also been conducted using the fiber-probe setup.  

 

The nanoparticles have been investigated in terms of refractive index (RI) sensitivity and 

sensing depth as well. Surface plasmon resonance (SPR) measurements using a Biacore 3000 

instrument have been performed in order to compare measurements with the fiber-probe setup. 

Additionally, nanoparticle surface coverage investigations of the glass substrates have been 

done using scanning electron microscopy (SEM).  

 

Surface Preparation 
Two types of surfaces have been used throughout the laboratory work of the thesis, namely 

Thermo Scientific/Menzel Gläser 76x26 mm microscope slides and cover glasses, 5 mm in 

diameter.  The former was used for the benchtop spectrophotometer, while the latter has been 

used in the fiber-probe setup.  

 

The same preparation procedures have been used for the two surface types. After a thorough 

TL1 wash, where the surfaces were cleaned in five parts Milli-Q water, one part 28 % H2O2 and 

one part 25 % NH3 at 85° C for ten minutes, they were washed with Milli-Q water and carefully 

blown dry with nitrogen. They were subsequently incubated with three different types of 

polyelectrolytes, poly(ethylenimine) (PEI), poly(allylamine hydrochloride) (PAH) and 

poly(sodium 4-styrenesulfonate) (PSS), as described in previous work. PEI and PAH are 

positively charged polyelectrolytes, while PSS is negatively charged. The surfaces are 

negatively charged after the TL1 wash, and hence PEI was added first, using an automatic 

pipette. 200 µl and 25 µl of the solution was added for the incubation of the bigger and smaller 

surfaces, respectively. The solution was left to incubate the surfaces for 15 minutes before it 

was washed with Milli-Q water and the surfaces were again blown dry with nitrogen. The 

procedure of incubation, washing and drying was repeated for both PSS and PAH. A total of 

five layers were deposited on each surface. Figure 7 shows a schematic illustration of the 

surfaces after the preparations were finished. Based on previous work, the thickness of one 

bilayer of PSS and PAH is about 3 nm, indicating that the total thickness of the polyelectrolyte 

layers would be in the region of 8 nm. [20]  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Schematic illustration of the polyelectrolyte layers 

built up on a glass substrate. Au nanoparticles are immobilized 

on top of the layers. 
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The polyelectrolyte preparation of the surfaces was followed by a four hour incubation by one 

of two types of Au nanoparticles; nanospheres (AuNPs) with a diameter of 50 nm 

(concentration 2.89*10-4 M) and 50x12 nm nanorods (AuNRs) (concentration 4.24*10-10 M). 

The AuNPs were bought from BBI Solutions, while the AuNRs were acquired from 

nanoComposix. For the subsequent functionalization of the nanoparticles with ligands and 

analytes, standard incubation times of 60 and 30 minutes, respectively, were used throughout 

the thesis work.  

UV-Vis Spectrophotometry Measurements 
Functionalized and non-functionalized AuNPs on the modified microscope slides were 

analyzed in a Shimadzu UV-VIS UV2450 spectrophotometer. The software UVProbe 2.31 was 

used to process the data and display the resulting absorbance curve. An absorbance spectrum 

was collected for the samples in the range 400-800 nm. Measurements were performed in both 

air and water.  

Fiber-probe Measurements 
For tests performed with the fiber-probe setup, an Ocean Optics halogen light source HL-2000-

FHSA was used to illuminate the substrate surface through the optical fibers. The reflected light 

was transmitted to an Ocean Optics QE65 Pro spectrophotometer and the absorbance spectra 

were processed and displayed in the Spectra Suite software. For a general measurement with 

this setup, the surface with immobilized nanoparticles would first be measured, before 

incubation of the surface with the ligand. Another measurement would be done on the 

functionalized AuNPs, and a third one would be performed after incubation of the surface with 

the analyte in question. This means that from this type of measurement, three curves would be 

obtained and their respective peak positions would be compared.  

SPR Measurements 
A Biacore 3000 was used for the comparative measurements of the ligand-analyte systems 

investigated with the fiber-probe setup. The machine utilizes SPR to perform real-time 

measurements of association and dissociation kinetics.  

SEM Measurement 
The scanning electron microscope used for determining surface coverage was a Leo 1550 

Gemini, which was used together with an InLens detector. Surfaces prepared with both AuNPs 

and AuNRs were sputtered-coated with Pt using a Leica EM SCD500. The SEM measurements 

were performed with an accelerating voltage of 20 kV. 

Data Analysis 
Absorbance spectra from the spectrophotometry measurements were analyzed in the QtiPlot 

software. Relative intensity was plotted against wavelength to determine the peak position of 

the absorbance curves. The benchtop spectrophotometer had a resolution of 0.5 nm, while the 

one used in the fiber-probe setup had a resolution of 0.8 nm. This created a need for curve fitting 

in order to find a more exact value of the peak position wavelength. Because of this, all peak 

positions have been determined after fitting a 6th order polynomial to the curve in question. This 

order of polynomial was determined to give the best fit, as a higher order would result in an 

undesired over-fitting of the data. The polynomial fits of the obtained curves are denoted 

“Polynomial” followed by the name of the curve to which they are fitted in the graphs in the 

Result section of this report.   
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Results 

UV-Vis Spectrophotometry Measurements 

Initial Cystine Tests 
To begin with, substrate prepared with 

gold nanospheres were measured in air, 

before and after incubation of 10 mM 

cystine. This was done in order to 

determine whether the nanoparticles 

would remain adhered to the surface or 

bind so strongly to the cystine that they 

would detach from the substrate. The 

measurements were performed in air to 

maximize the possibility of detecting a 

shift. Air has a RI of 1.00, compared to 

the 1.33 RI of water, meaning that the 

change in RI caused by the binding of 

cysteine to the AuNPs would be much 

larger when performed in air than in 

water. As can be seen in Figure 8, the 

absorbance curves obtained before and 

after incubation are very similar, with a distinct peak at about 520 nm. The small peak around 

650 nm can be attributed to a small amount of aggregated nanoparticles.  

 

Biotin-Avidin  
The first of the three investigated biomolecular systems, the biotin-avidin system, was initially 

examined in the benchtop 

spectrophotometer. Various 

concentrations of the ligand and 

analyte were examined in order to 

determine the impact on the plasmon 

peak position. A representative 

spectrum of these tests can be seen in 

Figure 9, where concentrations of 

biotin and avidin were 0.1 mM and 

0.01 mM, respectively. The peak 

position and the spectral shifts caused 

by the addition of ligand and 

subsequent introduction of the 

analyte are more clearly visible in 

Figure 10. The first tests with this 

system were performed in air, but as 

the work progressed, measurements 

in Milli-Q water were done as well 

(Figure 11). Note that the peak position has shifted to the right, due to the higher RI of water 

compared to air. The shift is smaller than that obtained in air, and this seems to be a trend for 

the different concentrations tested, see Table 3. 

Figure 8. Absorbance spectrum of AuNP (50 nm) with 10 mM 

cystine. Normalized and measured in air. 

Figure 9. Absorbance spectrum of AuNP (50 nm) with 0.1 

mM PEG-biotin and 0.01 mM avidin. Normalized and 

measured in air. 
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Figure 10. A close-up of the peaks shown 

in Figure 9.  

 

Peak position wavelengths (nm): 

AuNP: 533.84 

PEG-biotin: 535.25 (+1.41) 

Avidin:  537.00 (+1.75) 

               +3.16 

Figure 11. Close-up of the peak of a spectra from a 

measurement performed in water. AuNP (50 nm) with 0.1 

mM PEG-biotin and 0.01 mM avidin. 

Peak position wavelengths (nm): 

AuNP: 531.77 

PEG-biotin: 532.71 (+0.94) 

Avidin:  533.55 (+0.84) 

              +1.78 

 

Table 3. Comparison of average shifts in the plasmon peak position for 

various concentrations of PEG-biotin and avidin when measured in air or 

water. The shifts are generally larger in air. 
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Fiber-Probe Measurements 

RI Sensitivity and Sensing Depth  
The sensitivity of the nanoparticles to 

changes in RI was experimentally 

determined by measuring substrates 

prepared with AuNPs or AuNRs in 

various sucrose solutions. The 

concentration of sucrose ranged from 0 

to 50 %, where the RI of each solution 

was known (table 4). The plasmon 

peak position was determined for each 

measurement and the spectral shift was 

plotted against the RI value. A linear 

regression was fitted to the raw data to 

obtain the RI sensitivity. The AuNPs 

displayed a sensitivity similar to what 

could be expected, at just under 80 

nm/RIU. The sensitivity of the AuNR 

was 210 nm/RIU, almost three times as 

high as what was obtained with the 

AuNPs. See Figure 12. 

 

 The sensing depth of the AuNPs was 

investigated by the addition of bilayers of PAH 

and PSS onto substrates incubated with the 

nanoparticles in question. Each polyelectrolyte 

layer was given five minutes to incubate the 

surface and for each bilayer formed, an 

extinction spectra was acquired. A total of eight 

bilayers were built up on the AuNPs, and the 

resulting peak position from each spectrum was  

 

plotted to see at which distance a 

newly added bilayer would no longer 

be detected by the nanoparticles. At 

eight bilayers, roughly equal to 24 nm, 

the results suggest that a RI change at 

this distance from the nanoparticle 

surface would still induce a small shift 

of the peak position. However, the 

shifts resulting from the addition of 

the later bilayers are noticeably 

smaller compared to those caused by the 

first layers (figure 13). 

 

Figure 12. Sensitivity to changes in refractive index, examined 

by immersion into sucrose solutions. AuNR displays a higher 

sensitivity than AuNP, but the nanorods’ sensitivity of 210 

nm/RIU is still only about 50 % of their expected sensitivity. 

Figure 13. Sensing depth of AuNP (50 nm) using 

PAH/PSS bilayers. The result indicates a sensing depth 

in the region of 25 nm. 

Table 4. Refractive indexes of the sucrose 

solutions. 
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Biotin-Avidin 
The biotin-avidin system was the first 

of the three systems investigated with 

the fiber-probe setup. As can be seen 

in Figure 14 and Figure 15, the overall 

appearance of the curve as well as the 

peak position and shifts are all very 

similar to the results from the 

benchtop spectrophotometer 

measurements of the same system. 

The curves are named in the following 

way: AuNP refers to a measurement 

made on a surface with immobilized 

gold nanospehers, while PEG-biotin 

is used to denote a curve obtained for 

a surface with AuNPs functionalized 

with this ligand. In the same way, 

avidin refers to a surface with ligand-

functionalized nanoparticles 

incubated with the analyte.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Biotin-Avidin Specificity 
Because no biotin-free ligand similar to the PEG-biotin molecule was available at the time of 

these tests, a small investigation with two other molecules, HS-(CH2)11-NH-C(O)-Biotin and 

the non-biotinylated HS-(CH2)11-OH, was conducted to examine the specificity of avidin 

binding to the PEG-biotin. The two molecules were dissolved in ethanol, which required the 

measurements to be done in the same medium. However, the ethanol caused the resin in the end 

cap to dissolve. This made any reliable measurements impossible to conduct. 

 

  

Figure 14. Spectrum obtained from measurements with the 

fiber-probe setup. AuNP (50 nm) with 0.01 mM PEG-

biotin and 0.01 mM avidin. Normalized and measured in 

water. The appearance of the curve is very similar to that 

from the conventional spectrophotometry measurements. 

Peak position wavelengths (nm): 

AuNP: 533.94 

PEG-biotin: 535.35 (+1.41) 

Avidin:  536.77 (+1.42) 

               +2.83 

Figure 15. Close up of the peak of the curve in Figure 14. 

The size of the shifts are similar to those attained from the 

conventional spectrophotometry measurements. 
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Z-IgG 
The Z-IgG system was the second one to be investigated. Here, the ligand and analyte 

concentrations were 5.98 µM and 0.74 µM, respectively. The shifts were close to identical to 

the ones obtained with the biotin-avidin system. See Figure 16.  

 

 

 

 

 

 

 

 

 

 

 

 

 

At this point, AuNRs were tested to 

look into their potential ability to 

create larger shifts when changing the 

RI. The new nanoparticles exhibited a 

different extinction spectra, which 

can be seen in Figure 17. The 

distinctive peak reaches its maximum 

at around 833 nm in water. Two peaks 

are displayed in the spectra, since the 

free electrons oscillate in two 

directions; longitudinally along the 

axis of the nanorod, and transversely. 

When the AuNRs were used for tests 

with the Z-IgG system, a sizable shift 

could be detected for the interaction 

between ligand and analyte, see 

Figure 18. Due to the larger shifts 

obtained when using AuNRs, these 

were decided to be the nanoparticles 

of choice for all subsequent tests.  

 

 

 

 

 

 

Figure 16. Close-up of a peak of an extinction spectra. 

AuNP (50 nm) with 5.98 µM Z and 0.74 µM IgG. 

Normalized and measured in phosphate-buffered saline 

(PBS). 

Peak position wavelengths (nm): 

AuNP: 533.57 

Z: 535.36 (+1.79) 

IgG: 536.38 (+1.02) 

              +2.81 

 

Figure 17. Extinction spectra of AuNR (50x12 nm) with 5.98 

µM Z and 0.74 µM IgG. Normalized and measured in PBS. 
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Z801-Insulin 
The third and final system to be investigated was the Z801-insulin system. This system has not 

been investigated as thoroughly as the two former, but the initial tests are promising. A 

representative spectrum of a substrate immobilized with AuNRs incubated with Z801 and 

insulin can be seen in Figure 19. The spectral shift is larger for the binding of ligand to the 

AuNRs than that of the analyte to the ligand, but this could be the result of a higher ligand 

concentration; 3.26 µM versus 1.88 µM. Nevertheless, the shift induced by the analyte is easily 

detectable. 

 

 

 

 

 

 

 
 

Figure 18. Close up of the peak of the curve in Figure 

17. The shifts are significantly bigger than those 

obtained with AuNP. 

Peak position wavelengths (nm): 

AuNR: 832.52 

Z: 843.33 (+10.81) 

IgG: 852.95 (+  9.62) 

              + 20.43 

 

 

Figure 19. Close-up of the peak of an extinction spectra. AuNR 

(50x12 nm) with 3.26 µM Z801 and 1.88 µM insulin. 

Normalized and measured in water. 

Peak position wavelengths (nm): 

AuNR: 835.34 

Z801: 846.69 (+11.35) 

Insulin:  849.39 (+  2.70) 

              + 14.05 
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Specificity 
To investigate the 

specificity of the IgG 

and insulin systems, 

surfaces with one 

ligand were 

incubated with the 

other analyte. Using 

these combinations 

of ligand and analyte 

did not result in red-

shifts, but instead 

spectral shifts 

towards the blue 

region of the visible 

spectra. This is an 

indication that there 

is a strong specificity 

between the correct ligand-

analyte systems. The blue-

shifts are most likely the result 

of some of the ligands being 

removed from the surface during the washing stage of the analyte incubation process. Figure 

20, displaying averages of peak position shifts for the four different combinations of ligand and 

analyte for the Z-IgG and Z801-insulin systems, clearly shows the specificity of the systems.   

 

Reproducibility Test 
To investigate the reliability of the 

fiber-probe setup measurement 

results, a surface prepared with 

AuNPs was measured ten times. The 

surface was placed in the setup, 

measured, removed from the end-

cap, rinsed with Milli-Q water and 

blown dry before the next 

measurement. The peak positions 

were determined and when the data 

was plotted in a graph, it was evident 

that the more times the surface was 

handled, the more the peak position 

red-shifted (Figure 21). This 

indicates that a small amount of 

impurities from the tweezers etc. 

sticks to the surface. To avoid this, 

handling of the prepared surfaces 

should be minimized.  

 

Figure 20. Specificity tests performed on the IgG and insulin 

systems. Both analytes have been used to incubate AuNRs 

functionalized with either Z or Z801. The results show a 

satisfying specificity of both systems. 

Figure 21. Reproducibility test of a surface with 

immobilized AuNP. The peak position of the curve 

increases the more the surface is handled.  
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Increasing Analyte Concentration 
To further examine the sensitivity of the ligand-functionalized nanoparticles towards their 

respective analyte, a test with step-wise increase of analyte concentration was designed. In this 

test, a substrate surface with AuNPs 

functionalized with biotin was 

continuously monitored as the 

concentration of avidin in the 

cuvette surrounding the end cap was 

increased. The results can be seen in 

Figure 22, where even the lowest 

concentration of avidin - 10 nM - 

can be detected. The step-wise 

concentration increase of avidin 

onto the nanoparticles 

functionalized with 10 mM biotin is 

followed by measurements 

performed in water without any 

avidin, to avoid measuring any 

unbound analytes residing withing 

the sensing volume of the AuNPs.  

 

Biacore Measurements 
To compare the tests performed in the fiber-probe setup with increasing analyte concentration 

mentioned above, corresponding tests were done using SPR (Biacore). Biacore substrates were 

incubated with 0.01 mM PEG-biotin 

and subsequently attached to a 

Biacore chip. A flow rate of 50 

µl/min was set for the running buffer, 

which was Milli-Q water with 

concentrations of avidin ranging 

from 10 nM to 10 µM. The resulting 

sensorgram clearly resembled the 

curve obtained from the 

measurements performed in the 

fiber-probe setup. This similarity is 

even more evident in Figure 23, 

where the two curves are combined 

in one graph. The response is not 

entirely as expected. The small 

change after 100 nM (point b in the 

figure) suggests that the surface 

might be saturated by the analyte; 

however, for the next two concentration, the response is considerably higher. It was theorized 

that this could be explained by multilayer formation of the analyte on the substrate surface, but 

an approximation of the surface coverage contradicted this hypothesis. (See Appendix) This 

approximation suggested that no more than roughly 21 % of the surface was covered with 

avidin. 

Figure 22. Increasing concentrations of avidin of a) 10 nM, b) 

100 nM, c) 1 µM and d) 10 µM onto AuNP (50 nm) 

functionalized with 0.01 mM PEG-biotin. At e), the probe is 

immersed in water to subtract the bulk contribution. 

Figure 23. Comparison between Biacore measurements (black) and 

measurements performed in the fiber-probe setup (red). The 

increasing avidin concentrations are a) 10 nM, b) 100 nM, c) 1 µM 

and d) 10 µM. At e), water is introduced in both systems. The 

similarity is evident. 
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SEM Measurements 
Substrate surfaces with AuNPs or AuNRs, prepared as mentioned above, were examined by 

SEM to determine the surface coverage of nanoparticles. The AuNPs showed to be evenly 

distributed (Figure 24), and the surface coverage is approximately 7% based on Figure 25. The 

AuNRs, however, were found to be quite extensively aggregated, as can be seen in Figure 26. 

This was not entirely surprising, as tests performed in the fiber-probe setup the week before the 

SEM measurements differed from earlier work with the AuNRs. The intensity of the peak 

dramatically dropped and the overall appearance of the absorbance curve was significantly 

noisier. However, not all surfaces were affected by the aggregated AuNRs, see Figure 27. Figure 

28 shows a comparison between a surface with aggregated AuNRs and a normal one.  

 

 

  

 

 

 

 

 

Figure 24. SEM image of AuNPs. 
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Figure 25. SEM image of AuNPs. 

Figure 26. SEM image of aggregated AuNRs. 
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Figure 28. Comparison of extinction spectra between a surface 

with aggregated AuNR (red) and non-aggregated (black). 

Figure 27. SEM image of non-aggregated AuNRs. 



22 

 

Discussion 

Analysis of Results 

UV-Vis Spectrophotometer Measurements 
The initial tests performed using a benchtop spectrophotometer showed some promising results, 

as the incubation of nanoparticles with cystin and PEG-biotin resulted in an attachment of these 

molecules to the AuNPs. It was also encouraging to see that the PEG-biotin remained attached 

to the AuNPs after binding to the avidin. If the binding interaction would have been too strong 

in relation to the binding strength between ligand and nanoparticle, the ligand-analyte system 

could simply have been detached from the AuNPs.  

The comparison between measurements performed in air and water gave valuable insights 

regarding the magnitude of the spectral shifts with respect to various surrounding media. The 

difference between air and water was not surprising, since air has a RI of ~1.00, whereas water 

has a RI of ~1.33. This meant that the change in RI was smaller for water measurements 

compared to the ones performed in air, i.e. smaller spectral shifts. Though the shifts were larger 

in air, the shifts obtained in water measurements were still clearly detectable.  

Fiber-probe Setup 
The tests performed with the fiber-probe setup were very promising and showed that the 

biosensor prototype is both easy to use and display changes in peak position as well as a 

benchtop spectrophotometer. The fiber-probe even shows bigger shifts for tests performed in 

water than does the conventional setup.  

As for the RI sensitivity of the nanoparticles and the sensing depth of AuNPs, a majority of the 

results were as expected. The RI sensitivity of AuNPs was determined to be in the same range 

as previous work had shown. This was the case for the sensing depth as well. The AuNRs did 

not show the RI sensitivity which could be expected. The initial results from these tests can be 

explained by the aggregation of the nanorods in the stock solution, which will be further 

discussed below. The aggregation is also the reason why no sensing depth tests was carried out 

for the AuNRs. However, the RI sensitivity test was performed with nanorods from a new batch, 

and the results were still not the expected. What caused this is unknown at this time and needs 

further investigation. Nonetheless, the shifts obtained with these AuNRs were still significantly 

larger than those attained using the AuNPs.  

The three investigated ligand-analyte systems all showed detectable shifts following incubation 

with the respective analyte. The AuNRs showed larger spectral shifts compared to AuNPs, and 

for this reason, they were used for all measurements in the later part of the project. 

Unfortunately, no specificity test could be done with the biotin-avidin system. However, this 

system was used for initial investigation of the experimental setup, and its biological relevance 

are lower compared to the two other systems, both of which had their specificity investigated 

with satisfying results.  

None of the curves attained from the continuous tests with increasing concentration of analyte 

gave a completely stair-shaped curve. The cause of this behavior is currently not explained, but 

the fact that the results were close to identical to the results obtained from the Biacore 

instrument indicates that this result is not caused by any shortcoming of the fiber-probe setup. 

Worth noting is also that the seemingly arbitrary concentrations of ligand and analyte for the 

IgG and inuslin systems are a result of the concentrations of the stock solutions received from 

the Royal Institute of Technology. These have been diluted to obtain concentrations in the same 

range as the ones used in the biotin-avidin measurements.  
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SEM/Aggregation of AuNRs 
The SEM measurements ultimately confirmed the suspicion that the AuNRs had aggregated in 

its stock solution, which is clearly shown in the obtained images. The SEM images shows that 

the amount of aggregated nanorods is relatively small. However, the uneven distribution of 

these aggregates on the surfaces meant that some surfaces were covered in aggregates to a large 

extent, rendering them unusable, while others were almost entirely free from aggregates. The 

difference between a “good” and “bad” surface was not visible to the naked eye, unfortunately, 

which meant that each surface had to be measured in the fiber-probe setup before it could be 

deemed to be usable or not. All insulin tests, both with the insulin and IgG ligands, were done 

on surfaces which had been decided to be good enough for measurements, but this is certainly 

a source of error and not desirable. The new batch of AuNRs displays a desired extinction curve 

when tested in the fiber-probe setup, but why they do not show the expected RI sensitivity needs 

further investigation.  

Consequences for Society 
   This method could potentially be used in a number of different areas, as has already been 

mentioned. Provided that the suitable ligand for the analyte of interest is possible to synthesize, 

any system which requires continuous monitoring of various concentrations would benefit from 

the implementation of this type of biosensor. For example, the pharmaceutical industry is 

currently spending large amounts of money on the monitoring of production processes, trying 

to detect any impurity within the bioreactor which could render the entire batch unusable. 

Though the application in breweries and dairy factories might not be in as great need of this 

biosensor as the pharmaceutical industry, this method would provide for easy and cheap 

monitoring of all steps in the process, ensuring the desired end result. The economic gain from 

the use of this biosensor would be significant.  

   As for Alzheimer's disease, it is currently growing rapidly world-wide, with an estimated 44 

million diagnosed patients in 2015. This number could be dramatically higher, as only 25% of 

people living with the disease is thought to be diagnosed. Apart from the obvious economic 

implications of the efforts made to treat and take care of the patients, the trauma Alzheimer's 

causes for both patients and their relatives is close to impossible to fathom. The ability to better 

monitor and tailor the treatment of Alzheimer's patients would relieve many of the people 

affected by the disease of the heavy burden it entails today, as well as reducing the costs for 

treatment. Though the method presented in this report is relatively cost-effective and simple, it 

is not meant to be used at home, but rather in hospital environments.  

Ethical Consequences 
   The main purpose of the development of this method is to enable a faster and more accurate 

treatment of a very traumatic disease. Though there are obvious economic benefits to be made 

in realizing this concept, the main focus is to improve the quality of life for the patient and the 

people around this person. The method, however, requires a thin optical fiber to be inserted into 

a blood vessel in the brain. It is important to acknowledge that this is a procedure which some 

patients might simply refuse to undergo. Even in the case where the patient in question is willing 

to have this fiber inserted, there is much previous work that must be done to be able to ensure 

complete safety. Apart from this part of the measurements, it is very important to investigate 

the ligand-analyte systems in controlled settings, as to avoid any unwanted or unexpected 

behaviour which would lead to, for example, a false positive test result. Any incorrect 

measurement could lead to malpractice, which could cause both harm to the patient and result 

in unnecessary costs.  
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Future Prospects 
   There are many obstacles to overcome in order to reach the final aim of the project. Among 

the main objectives at the moment are miniaturization of the fiber-probe and subsequent 

investigation of what the response will be when functionalizing this new probe with a ligand 

and introducing an analyte. A fiber-probe with a thickness a tenth of the current one is in 

development and tests using this probe will begin shortly after the writing of this report.  

Apart from the originally intended purpose, the fiber-probe could potentially be used for a wide 

variety of applications, including monitoring of pharmaceutical production and water 

purification processes as well as production of certain types of food, for example beer and dairy 

products. The system has the potential to be used in every situation where the detection of a 

suitable analyte is of interest. Suitable here means that a ligand specific for the analyte in 

question is possible to synthesize.  

Summary 
   In this project, three ligand-analyte systems have been investigated using the patent-pending 

fiber-probe. The gold nanoparticle substrates have shown a satisfying stability when exposed 

to thiols. For all of the investigated systems, detectable shifts of the plasmon peak have been 

the result of incubation of ligand-functionalized Au nanoparticles by the corresponding analyte. 

Au nanorods have shown to be superior to Au nanospheres for the purpose of analyte detection, 

displaying larger spectral shifts for the same concentrations of analyte than the spheres. A test 

with increasing concentration of analyte has been performed using both the fiber-probe setup 

and a Biacore 3000. The results of these tests show a similar behavior of the fiber-probe setup 

compared to the significantly more expensive Biacore. The investigated systems, Z-IgG and 

Z801-insulin, have been investigated with respect to specificity and the results indicate a high 

specificity of both systems. The current fiber-probe setup is small enough for implementation 

in other areas of use, such as production of pharmaceuticals, but needs to be miniaturized to 

serve its intended purpose as a means of on-line measurement within a blood vessel of the brain. 

A smaller version of the probe is to be tested shortly.  
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Appendix 

Process 
In the planning stage of this master's thesis, a time plan was established to plan and continuously 

evaluate progress and alterations throughout the project. The time plan was decided upon and 

a Gantt chart was made.  

The weeks of the thesis were dedicated to the following: The initial two weeks were spent 

getting acquainted with some of the methods and instruments as well as writing a plan report 

to acquire a basic understanding of the theory behind the thesis. The following four weeks were 

to consist of characterization of the thiol chemistry involved in the laboratory work. Week’s 

seven to ten of the thesis were to be used to investigate biotin-avidin interactions, combined 

with studies on how to avoid nonspecific binding. After that, six weeks were to be dedicated to 

characterization of the model systems, while the last four weeks were set aside for the writing 

of a final report and preparations for an oral presentation. Continuous check-up were decided 

upon, including handing in the plan report after two weeks, a mid-term presentation of progress 

and current status with the examiner and supervisor and a presentation for the Molecular 

Physics group at the end of the semester. In addition to this, weekly meetings with the supervisor 

were set, as well as meetings with the examiner. The examiner were to take on the tasks of the 

supervisor when the supervisor went on planned parental leave, ten weeks after the thesis' start. 

The investigated ligand-analyte systems were investigated in the same chronological order as 

they are brought up in the report, and before moving on to the next system, and changing 

measurement setup from conventional spectrophotometer to the fiber-probe setup, an 

evaluation of the previous work was done together with the supervisor/examiner.  

Process Analysis of the Project 
The initial plan report was written and handed in after two weeks, as planned. The work 

included reading of previous work and the supervisor's doctoral dissertation. During these 

weeks, work in the laboratory with focus on preparation of surfaces with Au nanoparticles and 

conventional spectrophotometer measurements was done. Moreover, the thiol chemistry was 

characterized already at this time, allowing more time to be spent on work concerning the three 

systems. When the supervisor decided that the level of quality regarding the substrate surfaces 

was high enough and the plan report was reviewed and revised, the work could move on to the 

biotin-avidin interaction. This was investigated with both measurement setups, and various 

concentrations of ligand and analyte was used to gather information about the size of the 

resulting shifts. Biacore measurements were performed at the same time, as well as initial tests 

regarding the 3D printing of a preparation plate for the substrate surfaces. Because no non-

biotinylated ligand similar enough to the PEG-biotin was available for specificity tests, two 

other molecules were tested. These small simultaneous projects caused the biotin-avidin system 

investigation to go on for six weeks, as opposed to the planned four. The fewer weeks spent on 

the thiol chemistry meant that the project was in phase at the midterm point. A presentation was 

held for examiner and supervisor and the subsequent evaluation of the work resulted in the 

decision to move on to the next molecular system, the Z-IgG system. During the investigation 

of this system with the fiber-probe setup, AuNRs were ordered and initial tests with these were 

made. The promising results rendered the decision to continue with the AuNRs for the 

remainder of the thesis. However, after four weeks of work with the nanorods, unexpected 

results were obtained, suggesting that something had happened to the stock solution of AuNR. 

The investigation of this unexpected problem delayed the experiments with the Z801-insulin 

system. A SEM measurement revealed that aggregation of the nanorods had occurred, and new 

AuNRs were ordered from the supplier. The aggregation problem also affected the RI sensitivity 
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tests. The last of these were done during the time dedicated to writing the final report.  

Process Evaluation 
The process of this master's thesis has been relatively smooth, both in the eyes of the author of 

this final report as well as more objectively after comparing the thesis' process of other master 

students within the biotechnology programme at Linköping's University. That is to say, less 

problems than what might should have been expected arose during these 20 weeks. Much of 

this is explained by the enthusiastic and encouraging help of the supervisor and the examiner, 

as well as the PhD students and post docs working in the laboratory facilities in the Physics 

Building at the university. 

This has made the work tremendously much more fun and interesting. The main problem during 

the project was the aggregation of the AuNRs, and apart from delaying the investigation of the 

last system, it remains a source of error for the tests performed on this system. A personal 

reflection regarding the project as a whole is that getting started with the laborative work is not 

more important than collecting background information concerning aspects relevant to the 

project. A thorough understanding of the work on a theoretical level before initiating any 

experiments is vital, and is something that should not be overlooked.  

 

Surface Coverage of Avidin 
Assumption: area of one avidin molecule = 6*6nm = 36nm2 

Biacore analyte sensitivity: 1ng/mm2 → 1000 Response Units (RU) 

 

10nM avidin 

∆RU = 264 → 0.264g/mm2 

Mavidin = 67500g/mol 

navidin/mm2= 3.9111*10-15mol = 2,355,326,566.76 molecules 

Total area per mm2 covered with avidin: 2,355,326,566.76 * 36mm2 = 84,791,756,403.4nm2 

84,791,756,403.4nm2 = 0.084791...µm2  

→ roughly 8.5% of the surface is covered with avidin. 

 

Calculations were done in the same way for the other concentrations. The results are the 

following: 

 

100nM avidin 

∆RU = 303 → 0.303g/mm2 

→ roughly 9.8% of the surface is covered with avidin. 

 

1µM avidin 

∆RU = 426 → 0.426g/mm2 

→ roughly 13.7% of the surface is covered with avidin. 

 

10µM avidin 

∆RU = 656 → 0.656g/mm2 

→ roughly 21.1% of the surface is covered with avidin. 
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Curves used for specificity averages 
Z-IgG 
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Z801-IgG 
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Z-Insulin 
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Z801-Insulin 

 

 

 

 

 

 

 

 


