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Abstract 

 

 Total internal reflection fluorescence microscopy (TIRFM) techniques 

play an important role in investigating phenomena which occur on transparent 

dielectric surfaces at nanometre scales in various research fields from 

molecular biology to medical devices. In many cases TIRFM is used to estimate 

or measure distances where a precise knowledge of the penetration depth (dp) 

is needed. There is usually a misleading assumption that the detected 

fluorescence is a pure product of the uniform near-field excitation [1]. 

Therefore, a critical issue in TIRFM is to get accurate information about the 

precise dp or evanescence wave (EW) profile which in turn depends on the 

angle of incidence (AOI). I have developed a novel 3D-printable alignment jig 

(A-JIG) for the facile and precise measurements of the AOI at a variety of 

excitation wavelengths for through-the-objective TIRFM systems. This device is 

capable of measuring AOIs of various excitation wavelengths at the same time, 

above and below the critical angle which is especially important for basic, multi-

colour, variable-angle (VA), and multi-angle (MA) TIRFM applications. The A-

JIG is compatible with coverslips of different thicknesses and refractive indices. 

Moreover this device also works as a sampling stage, therefore providing the 

ability to measure or alter AOIs at any stage of the experiment. The importance 

of this study lies in the fact that AOI is one of the main factors influencing dp of 

the EW.   

 Since EW is an important feature responsible for fluorescence excitation 

in all TIRFM systems there is a continuous need for the development of novel, 

better, universal, rapid and precise standards for its calibration in a 

reproducible manner [2, 3]. Therefore I developed a solid state standard 

(Chapter 4), as a versatile, simple and almost costless alternative to the 

commercially available standards for in situ EW calibration using a metal 

sphere.  The dp of the EW as a function of diameter of an imaged metal sphere 

was evaluated. The analysis of inverted images of the metal sphere immersed in 

aqueous fluorescein isothiocyanate isomer I (FITC) was performed entirely 
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with ImageJ free software. Comparison of the dp measurements obtained using 

the presented standard was in agreement with theoretically predicted values.  

 In Chapter 5 and 6 a rapid and accurate TIRFM based methodology for 

the in situ physiochemical characterization of monolayers and their adsorption 

processes on modified borosilicate glass surfaces is presented. The 

measurements were based on the use of a TIRFM system modified with a 

portable spectrometer (Ocean Optics USB4000-FL). This apparatus was utilized 

for studying both, adsorption isotherms, and spectral properties of monolayers 

of FITC labelled bovine serum albumin (FITC-BSA) and FITC at pH 5.0, 7.4, and 

9.6. The glass surfaces were modified and chemically functionalized to alter 

their wettability properties. Both types of molecules easily adsorbed on 

hydrophobic and unmodified flat surfaces forming a stable and uniform coating 

in less than 30 minutes. Emission intensity, spectra, and photobleaching profiles 

of FITC and BSA-FITC monolayers were all dependent on both the solution pH 

and the hydrophobic/hydrophilic properties of the glass surfaces. At pH 7.4 and 

9.6 on hydrophobic surfaces FITC monolayers were bright (due to dominant 

dianion form of the FITC) and reproducibly formed, with well defined, fast 

photobleaching kinetics (decaying up to ~50% intensity in the first 5 minutes of 

imaging). However the BSA-FITC monolayers were brighter, more photostable, 

and had different photobleaching profiles which was related to the different 

environment when attached to the BSA. No or residual adsorption was detected 

for hydrophilic surfaces.   

 Unexpectedly, at pH 5.0 on hydrophobic surfaces, FITC monolayers were 

both bright and apparently un-bleachable over 20 minutes of imaging. I assume 

that during the adsorption process, which was driven by a hydrophobic-

hydrophobic interaction, there was conversion of the neutral FITC form to its 

fluorescent quinoid isomer [4]. During monolayer formation at this pH I saw 

clear evidence for both concentration-based quenching which indicated high 

surface coverage, and unusual emission recovery indicative of some form of 

species equilibrium on the surface. While the mechanism of this strange 

behaviour is still unknown, the data shows that the monolayers were highly 

reproducible and exhibit similar spectral properties to their analogues in the 
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aqueous solution, making them potentially useful in various applications. All 

monolayers were easily prepared, low cost, and can serve as convenient test 

samples for TIRFM alignment, calibration, and validation prior to undertaking 

measurements with more sensitive or expensive biological specimens. The high 

repeatability between measurements indicates that this methodology is facile 

and rapid for measuring properties of the fluorescence emitting monolayers 

which is important in many areas of medical devices, biological sensors and 

biomaterials research. 
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1 Introduction. 

1.1 Total Internal Reflection Fluorescence Microscopy (TIRFM). 

 

 TIRFM is also known as evanescent wave microscopy. A vast number of 

different TIRFM types and configurations were reported and described in detail 

recently [5-9]. In general there are two types of TIRFM systems (Figure 1), 

based on the optical path of the excitation light. The first one is the so called 

“through the objective lens” and the second one is called “prism based”. In the 

first case the excitation light passes through the objective lens and in the second 

case it bypasses the objective lens.     

 

 

Figure 1 Diagram of TIRFM systems combinations based on the optical path of 
the excitation light (for more details of “through the objective lens” 
configuration (in red) used in my research, see section 2.1). 

How the excitation light propagates in the system has an impact on image 

collection quality. The excitation light optical path chosen may be of high 
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importance depending on the intended application, as the properties of the 

evanescent wave are highly dependent on the chosen illumination path.   

 Prism based systems are usually built using an upright microscope 

where the prism is mounted under the coverslip allowing for easy sample 

access from above (Figure 2a).  

 

 

Figure 2 An example of the prism based TIRFM configuration. a) Setup 
designed for upright microscope system with water immersion 
objective lens coupled with trapezoidal prism underneath the 
sampling dish. b, c) common setups with an objective lens located 
under the coverslip for inverted microscope frames, various prism 
types on the top of the sample chamber provides single or multiple 
total internal reflection of the excitation light across the field of view. 

It is a very common set-up for monitoring cells growing in high quality glass 

bottom culture dishes. Usually the prism shape is trapezoidal, rectangular or 

triangular. This is brought into optical contact with the bottom surface of the 
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dish using a drop of refractive index matching medium, such as immersion oil 

or glycerol. It was reported that this system has two advantages: the sample 

dish can be removed/swapped easily, and the illuminated sample region is 

fixed, so there is no movement when the objective lens is focused [6]. The 

system gives high quality images1 for a water immersion objective lens 

(submerged directly into the water based solution) in an uncovered cell 

chamber [5]. For these types of experiments an objective lens with a long 

working distance is required (~1mm). The disadvantage of this arrangement is 

usually a fixed angle of incidence (AOI) which means only a single penetration 

depth is produced per excitation wavelength. 

 Prism based TIRF is often coupled with inverted microscopes, and in this 

scenario the prism is mounted above the coverslip (Figure 2b,c). The advantage 

of this arrangement is the possibility of operating the system in different 

modes: TIRF, phase contrast2, and epi-fluorescence3. The fairly easy access to 

the bottom of the coverslip allows the use of objective lenses with short 

working distances (high NA).  

 In objective-based TIRFM the excitation and emission light passes 

through the same objective barrel (Figure 3). This type of  TIRF configuration is 

convenient and simpler to operate due to the elimination of additional 

components like prisms and associated components to manipulate and guide 

the laser beam [3]. It is especially important for multicolour TIRF which uses 

several laser beams of different wavelengths, all focused at the specified region 

of the sample with the same penetration depths (different AOIs). Moreover the 

                                                         
 

1  By the “high quality image” we understand here, aberration minimised images of 
 fluorescent specimen excited by uniform and homogenous EW across the field of view, 
 preferably with a well-known evanescence field profile. 
2   Contrast-enhancing optical technique that is utilized to produce high-contrast images of 
 ransparent specimens. The phase contrast technique employs an optical mechanism to 
 translate minute variations in phase into corresponding changes in amplitude, which 
 can be visualized as differences in image contrast. 
3   Epi-fluorescence microscopy – is an optical design in which the excitation light is 
 focused on the specimen through the objective lens, at the same time the fluorescence 
 emitted by the specimen is focused to the detector by the same objective. Since most of 
 the excitation light is transmitted through the specimen, only reflected excitation light 
 reaches the objective together with the emitted light and the epifluorescence method 
 therefore gives a high signal-to-noise ratio.  
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sample can be easily accessed from above, which allows one to manipulate the 

sample or use the space for other purposes like employing additional sample 

manipulation tools or measurement modes [10]. However in this scenario the 

laser beam is passing through a significant amount of extra optical components. 

Each element on this path can cause additional attenuation and scattering of the 

beam which could influence and compromise the detected signal. This type of 

setup is also challenging for adjustment, centring and evaluating the angle of the 

emerging objective lens laser beam.  Another critical factor for objective-based 

TIRFM adjustment is focusing the laser beam at the back focal plane of the 

objective lens ensures that the light exiting the objective lens is collimated. 

 

 

Figure 3 Schematic of a simplified through the objective lens TIRFM 
configuration.  

This and the above mentioned adjustments guarantees that the laser beam 

impinges on the coverslip at the same angle and creates a uniform EW [11] 

(Appendix A). In theory TIRF is simple but each element of the optical path can 

affect and influence EW properties (particularly for objective-based TIRF) and 

therefore compromises its performance. 
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1.2 Evanescent wave – the core component of TIRFM. 

 

 The evanescent wave was discovered by Isaac Newton at the end of the 

17th century [12],  unfortunately this finding was forgotten for more than 200 

years. Once again, the phenomenon of the EW was intensively studied at the 

beginning of the 20th century. One of the earliest and more detailed descriptions 

of EW was published by Elmer Hall in 1902 in his work entitled “The 

penetration of totally reflected light into the rarer medium” [13]. In the second 

half of the century along with the ultra-fast development of advance optics the 

EW become of particular interest. Due to the utilization of EW it becomes 

possible to overcome the diffraction limit of the axial resolution of optical 

microscopy. Various approaches have been put forward by researchers, listed 

by Daniel Courjon [14], to explore the EW as a source of sub-wavelength 

information in Evanescent-Field Optical Microscope (EFOM) and Photon 

Scanning Tunnelling Microscope (PSTM) techniques [15, 16]. Expansion of EW 

research specifically related to TIRFM has dramatically expanded in the last 

three decades. Detailed and advanced work on EW as the excitation source in 

TIRFM was carried out in the early 1980s by Zhu et al.[17] and many others 

globally recognized TIRF scientists [18-21].  

 

 

1.2.1 Fundamental characteristics of evanescent wave.  

 

 Simply speaking, the evanescent wave is a side product of total internal 

reflection (TIR) of light. When a light beam (Figure 4), travelling through a 

transparent medium of higher refractive index (e.g., a glass slide, n2) encounters 

a planar interface with a medium of lower refractive index (e.g., aqueous 
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solution, n1), it undergoes TIR for incidence angles θi greater than the critical 

angle θc  given by equation 14: 

𝜽𝒄 = 𝒔𝒊𝒏−𝟏 𝒏𝟏

𝒏𝟐
      (1) 

 

Figure 4 Selective fluorophore excitation in the <200 nm zone above a 
surface due to evanescent wave illumination. 

The ratio n1/n2  between the lower and higher indices of refraction has to be <1 

for TIR to occur. When θi > θc, all of the light reflects back into the solid and in 

this particular case θi  is called the “supercritical” incidence angle [5]. However, 

even in this case some of the energy of the reflected light beam will propagate 

parallel to the surface of the plane of incidence. The propagated energy in a 

medium of lower refractive index is the EW, and its intensity which decays 

exponentially in the vertical (z) direction from the interface fulfils equation 2: 

𝑰𝒛 = 𝑰𝟎𝒆
−𝒛

𝒅𝒑
⁄

     (2) 

 

Where Iz is the intensity of the EW at distance z from the interface, I0 is the 

intensity of the light at the interface which is approximately equal to the 

intensity of the excitation source (discussed in detail in the next paragraph), dp 

is the penetration depth which decreases with increasing θi as described by 

equation 3: 

                                                         
 

4  Derived from Snell's Law. 



Page 21 of 171 
 
 

 

𝒅𝒑 =  
𝝀𝟎

𝟒𝝅𝒏𝟐
 (𝒔𝒊𝒏𝟐𝜽𝒊 − 𝒔𝒊𝒏𝟐𝜽𝒄)−𝟏

𝟐⁄    (3) 

  

λ0 is the wavelength of the incidence light in a vacuum. The penetration depth 

decreases with increasing incidence angle θi. If θi → θc than dp → ∞, in this case 

dp is in the order of λ0 or smaller [18].  

 

1.2.2 Evanescent wave polarization and intensity. 

 

 The EW propagation in the z direction described in the section above as 

dp seems to be trivial, and applies only in cases of a simplified model or as 

physical phenomenon considerations. The common assumption that the dp in 

TIRFM can be precisely evaluated using Eq. 3, is only partially true. Such 

calculations can only be considered as estimated values, due to additional 

disturbances of the excitation light propagation (e.g., EW scattering) in such a 

complex optical system.   Along these lines a detailed description of EW 

intensity distribution is more complicated than described by Eq. 2, and also 

depends on the polarisation of the incident light.  TIRFM usually involves two 

types of excitation light polarization: p-pol and s-pol. Electric field vectors 

parallel (p) and perpendicular (s) to the plane of incidence are defined by the 

paths of the light beam propagation [20]. In both cases the EW fronts travel 

parallel to the surface in the x direction (according to Cartesian coordinate 

system). Evanescent wave intensity at the interface surface I0 is a function of 

the incident light angle θi and the polarization components of the light beam.  

The field components are listed below: 

𝑬𝒙 =  
(𝟐𝒄𝒐𝒔𝜽)(𝒔𝒊𝒏𝟐𝜽− 𝒏𝟐)𝟎.𝟓

(𝒏𝟒𝒄𝒐𝒔𝟐𝜽+ 𝒔𝒊𝒏𝟐𝜽−𝒏𝟐)
 𝑨𝒑𝒆−𝒊(𝜹𝒑+

𝝅

𝟐
)   (4) 

𝑬𝒚 =  
𝟐𝒄𝒐𝒔𝜽

(𝟏−𝒏𝟐)𝟎.𝟓  𝑨𝒔𝒆−𝒊𝜹𝒔    (5) 

𝑬𝒛 =  
𝟐𝒄𝒐𝒔𝜽𝒔𝒊𝒏𝜽

(𝒏𝟒𝒄𝒐𝒔𝟐𝜽+ 𝒔𝒊𝒏𝟐𝜽−𝒏𝟐)𝟎.𝟓  𝑨𝒑𝒆−𝒊(𝝋𝒑+
𝝅

𝟐
)   (6) 
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Where Ap and As are incident electric field amplitudes and phase factors δp and 

δs at z=0: 

𝜹𝒑 ≡ 𝒕𝒂𝒏−𝟏 [
(𝒔𝒊𝒏𝟐𝜽−𝒏𝟐)𝟎.𝟓

𝒏𝟐𝒄𝒐𝒔𝜽
],     𝜹𝒔 ≡ 𝒕𝒂𝒏−𝟏 [

(𝒔𝒊𝒏𝟐𝜽−𝒏𝟐)
𝟎.𝟓

𝒄𝒐𝒔𝜽
]        (7, 8) 

Electric fields polarized parallel (p-pol) or perpendicular (s-pol) to the plane of 

interface are given by equation 9 and equation 10: 

𝑬𝒑 =  𝑬𝒙�̂� + 𝑬𝒛�̂�       (9) 

𝑬𝒔 =  𝑬𝒚�̂�     (10) 

where �̂�, �̂� 𝑎𝑛𝑑 �̂� are unit vectors.  

For s-pol electric fields 

𝑬𝒔 =  𝑬𝒔(𝟎)𝒆(−
𝒛

𝟐𝒅
)�̂�     (11) 

where: 

𝑬𝒔(𝟎) =  𝑨𝒔
𝟐𝒄𝒐𝒔𝜽

𝒄𝒐𝒔𝜽+𝒊(𝒔𝒊𝒏𝟐𝜽− 𝒏𝟐)𝟎.𝟓    (12) 

For p-pol electric fields 

𝑬𝒑 =  𝑬𝒑(𝟎)𝒆(−
𝒛

𝟐𝒅
)(𝜶𝒙�̂� + 𝜶𝒛�̂�)     (13) 

where: 

𝑬𝒑(𝟎) =  𝑨𝒑
(𝟐𝒄𝒐𝒔𝜽)(𝟐𝒔𝒊𝒏𝟐𝜽−𝒏𝟐)𝟎.𝟓

𝒏𝟐𝒄𝒐𝒔𝜽+𝒊(𝒔𝒊𝒏𝟐𝜽− 𝒏𝟐)𝟎.𝟓    (14) 

and 

𝜶𝒙 = −𝒊 (
𝒔𝒊𝒏𝟐𝜽−𝒏𝟐

𝟐𝒔𝒊𝒏𝟐𝜽− 𝒏𝟐)
𝟎.𝟓

,      𝜶𝒛 =  
𝒔𝒊𝒏𝜽

(𝟐𝒔𝒊𝒏𝟐𝜽− 𝒏𝟐)𝟎.𝟓  (15, 16) 

For equal magnetic permeability of two media, the magnetic components of the 

EW (H) at z = 0 as shown in equation 17, equation 18 and equation 19 are: 

𝑯𝒙 =  
(𝟐𝒄𝒐𝒔𝜽)(𝒔𝒊𝒏𝟐𝜽−𝒏𝟐)𝟎.𝟓

(𝟏−𝒏𝟐)𝟎.𝟓 𝑨𝒔𝒆−𝒊(𝜹𝒔−𝝅)    (17) 

𝑯𝒚 =  
𝟐𝒏𝟐𝒄𝒐𝒔𝜽

(𝒏𝟒𝒄𝒐𝒔𝟐𝜽+𝒔𝒊𝒏𝟐𝜽−𝒏𝟐)𝟎.𝟓 𝑨𝒑𝒆−𝒊(𝜹𝒑−
𝝅

𝟐
)   (18) 

𝑯𝒛 =  
𝟐𝒄𝒐𝒔𝜽𝒔𝒊𝒏𝜽

(𝟏−𝒏𝟐)𝟎.𝟓 𝑨𝒔𝒆−𝒊𝜹𝒔    (19) 

At z=0 the EW intensities are: 

𝑰𝒙(𝟎) =  |𝑨𝒑|
𝟐 (𝟒𝒄𝒐𝒔𝟐𝜽)(𝒔𝒊𝒏𝟐𝜽−𝒏𝟐)

𝒏𝟒𝒄𝒐𝒔𝟐𝜽+𝒔𝒊𝒏𝟐𝜽−𝒏𝟐     (20) 

𝑰𝒛(𝟎) =  |𝑨𝒑|
𝟐 𝟒𝒄𝒐𝒔𝟐𝜽𝒔𝒊𝒏𝟐𝜽

𝒏𝟒𝒄𝒐𝒔𝟐𝜽+𝒔𝒊𝒏𝟐𝜽−𝒏𝟐    (21) 
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𝑰𝒑 =  𝑰𝒙 + 𝑰𝒛      (22) 

𝑰𝒑(𝟎) =  |𝑨𝒑|
𝟐 (𝟒𝒄𝒐𝒔𝟐𝜽)(𝟐𝒔𝒊𝒏𝟐𝜽−𝒏𝟐)

𝒏𝟒𝒄𝒐𝒔𝟐𝜽+𝒔𝒊𝒏𝟐𝜽−𝒏𝟐     (23) 

𝑰𝒔(𝟎) = 𝑰𝒚(𝟎) =  |𝑨𝒔|𝟐 𝟒𝒄𝒐𝒔𝟐𝜽

𝟏−𝒏𝟐     (24) 

 

where n, (n<1) represents the refractive index ratio n2/n1. For s-pol incident 

light, the total evanescent intensity Is(0) is equal to Iy(0) Eq. (24), while the 

Ip(0) for p-pol incident light is composed of both the Ix(0) and Iz(0) components          

Eq. (22). Iy(0) is linearly polarized, but the Ix(0) and Iz(0) intensities are 

elliptically polarized due to the fact that the electric fields are 90 ° out of phase 

with each other. Intensity, plotted on the ordinate (Figure 5), is expressed as 

the ratio of evanescent intensity at the interface (z = 0) to the incident intensity 

for each angle. It is worth emphasising that the evanescent intensities for both 

polarization orientations exhibit a range between one and five times that of the 

plane wavefront incident intensity for angles within 15 ° of the critical angle [5, 

22]. 

 

 

 

Figure 5 Intensity of the EW at the interface. Is (perpedndicular), Ip (parallel) - 
linear polarised light with a polarisation angle perpendicular to the 
plane of incidence and parallel (respectively). Reproduced with 
permission from reference [23]. 
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1.2.3 Evanescent wave scattering. 

 

 As mentioned already in the case of TIRFM, evanescent wave scattering 

can have a significant impact on dp estimation, therefore collected data quality. 

The EW scattering is caused mainly by local mismatch of the refractive indices 

in the sample volume. For example, biological sample composition of the near 

membrane region is usually unknown or difficult to characterise. The variation 

in density caused by different components as well as variations in concentration 

in cell membranes leads to local changes in refractive index (~1.46 – 1.54)   

[23-25]. As a result, in a heterogeneous sample scattering of the EW is observed. 

This causes a spread of excitation light further into the sample that is calculated 

by Eq. 2 and 3. Local changes in refractive index value not only for the biological 

samples causes a lot of difficulties and inconsistent results.  

 

 

Figure 6 a) TIRF image of fluorescently labelled polystyrene beads in water, 
b) macroscopic image (true colour) of non-coated glass bead resting 
on the bottom of the reservoir filled with FITC solution (λ520nm) in 
TIRF mode, the image shows the excitation light (λ488nm) 
propagating into a glass sphere and its multiple reflections inside the 
sphere and propagating light in form of collimated rays which do not 
traverse the field of view (depicted as green streaks).  

 When using fluorescent beads in TIRF one often observes comet like 

shapes (Figure 6a) in the images and these are caused by the mismatch in 
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refractive index between fluorescence beads (commonly used by researchers 

for calibration purposes), and its surroundings (e.g., water). The mismatch 

leads to local refraction of the excitation light thereby the comet shape effect 

see Figure 6a, which hinders precise calibration and correct data interpretation 

[26]. More drastic effects can be observed while imaging glass spheres with the 

same refractive index as the coverslip in TIRF mode (Figure 6b). In this case, 

the light propagates entirely into the sphere and the contact point between the 

sphere and the coverslip is indicated as the local discontinuity of the evanescent 

wave. As a result one can see multiple reflections of the excitation light inside 

the sphere surrounded by the EW. Scattering of the EW in the z-direction 

(especially while working at greater penetration depths), results in the EW 

behaving like a propagating wave but with exponentially modulated amplitude.  

Furthermore the scatter effect of the excitation beam while passing through the 

objective lens causes some light to be incident on the interface at angles other 

than the critical, as a result the EW can be additionally contaminated by the 

propagating light. One can distinguish these artefacts as collimated rays which 

do not traverse the field of view depicted as green streaks in Figure 6b, and dim 

diffusion which is an isotropic scattering that does enter the field of view and 

can significantly affect dp. These artefacts can cause significant ambiguities in 

data collection precision and as a result its correct interpretation. It is very 

important to precisely characterize EW distribution before undertaking any 

experiments using TIRFM. 

 

1.2.4 Characterization of the evanescent wave in TIRFM  

 

 The high axial resolution of TIRFM combined with increasingly sensitive  

detectors allows researchers to study various biological phenomena such as the 

localization, tracking, and conformation changes of single biomolecules [27, 28]. 

For such advanced studies the intensity profile of the EW used for fluorophore 

excitation must be precisely defined so that the image depth is well known. In 
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the past two decades researchers around the world have developed several 

techniques to fulfil this need. Lee et al., characterized the axial profile of the EW 

by using a triangular prism-based scheme and applying Snell’s law to calculate 

the penetration depth dp. The dp was also acquired experimentally by 

measuring fluorescence from fluorescently labelled beads using excitation light 

at various incident angles [3, 29]. Similar measurements were performed by 

Schwartz et al., who described procedures for the production and use of a test 

sample to characterise and optimise the TIRF system performance. They used 

fluorescent microspheres, fluorescein in glycerol solution and a glass 

hemispherical prism with a higher refractive index (n = 1.6204)[30]. Gell et al., 

noticed that the distance at which the excitation intensity has exponentially 

decayed to 1/e is often left undetermined which limits spatial information 

about the imaged structures. However by using in vitro reconstituted 

microtubules as a nanoscale ruler, they described the EW by a single 

exponential function, with dp close to theoretically predicted values[2].  

 Many attempts have been made to improve TIRFM performance as well 

as reducing its limitations [7]. Elimination of the artefacts that obscure true 

image details were also extensively investigated. In 2006 Mattheyses et al. 

presented a technique for EW intensity correction (elimination of the 

interference fringes arising from coherent light scattering and diffraction of the 

laser optical path including coverslip, mirrors and lenses) using azimuthal 

rotation of the plane of incidence [31]. It was reported as well that 

nonevanescent excitation light reduces the optical sectioning effect, lowers 

contrast, and renders the TIRF imaging. Brunstein et al. employed azimuthal 

and polar beam spinning TIRF, atomic force microscopy, and wave-front 

analysis5 of beams passing through the objective lens periphery to identify the 

sources of this nonevanescent excitation [1]. Furthermore they improved the 

optical sectioning by combining EW excitation with supercritical-angle 

fluorescence detection [32]. In 2014 a Chinese group published their work 

                                                         
 

5  Phase aberrations were measured with a lateral shearing interferometric wavefront 
sensor. The beam parameter product and Strehl ratio were calculated and plotted as a 
function of polar angle. 
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about TIRFM with ultra-short6 penetration depth [33]. By using a high 

refractive index material (TIO2 layer) and the evanescent waves of various 

waveguide modes they proposed a tuneable ultra-short decay length TIRF 

system.  They reported that EW decay length in their system was reduced to 19 

nm. TIRF was successfully combined with many other techniques to improve 

optical sectioning or fulfil requirements of new applications [28, 34-37]. For 

both commercial and customised systems modifications were reported, 

however all of them are partially incomplete. These often required additional 

equipment or tailored components, which made them extremely expensive and 

difficult to mimic using common laboratory set ups.  For this reason detailed 

and straightforward characterisation of the EW still remains in the TIRF-

scientists spotlight [1, 32, 37-39]. In this thesis I would like to show my 

attempts and approaches to overcome these difficulties. 

  

1.3 Fluorophores for TIRFM. 

 

 Not only a perfectly chosen, adjusted and calibrated setup is required for 

an accurate, precise and efficient data collection, equally important is the type 

and properties of the selected fluorophores matching the fluorescence 

microscopy experimental requirements [40, 41]. In the case of fluorophores 

intended for TIRF microscopy and fluorescence microscopy in general, 

particular emphasis is placed on their stability in the presence of other 

chemicals, exposure to light, and storage conditions. Often due to trace 

quantities of the fluorophores in the sample as well as limited hardware 

detection, bright emission is essential and can be defined as product of the 

                                                         
 

6  Thin film (TiO2) waveguide based TIRF method yielding tuneable decay length ~19 nm 
to 39 nm. The TiO2 layer coupled to a multiple diffraction gratings acts as a waveguide 
capable of supporting a variety of propagating modes, each of which have a different λ. 
The diffraction gratings are designed to couple to different modes when illuminated 
with an incident laser. 
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extinction coefficient ε(λ), and the fluorescence quantum yield (QY) φ [42-44]. 

The wavelength of light absorbed and emitted by the fluorophore is also critical. 

Fluorophores that absorb and emit light in the VIS region of the EM spectrum 

are preferable to those excited by UV-light because longer wavelengths of 

excitation minimise the photodamage to biological cells and tissues. Other 

desirable properties are water solubility, membrane permeability, and minimal 

toxicity to live samples.  

 There are many different classes of extrinsic fluorophores7 available, 

some of the more common are: Acridines, Anthracenes, Boron co-ordination 

compounds, Coumarins, Cyanines, Heterocycles, Pyrenes, and Xanthenes. One of 

the most common fluorophores in the xanthenes family is Fluorescein 

Isothiocyanate Isomer I (FITC) [45-47]. FITC is easily soluble in methanol, 

ethanol, dimethyl sulfoxide, N,N-dimethylformamide and acetone, with blue 

absorption at λ = 498 nm and green emission at  λ = 519 nm8 see Figure 7, [48, 

49].  

 

Figure 7 Adsorption and emission spectra of the neutral form of FITC.9 

                                                         
 

7  Fluorophores may be segregated into two main types intrinsic* and extrinsic**. 
 *Intrinsic fluorophores are those which occur naturally within the sample, e.g. amino 
 acids in proteins. 
 ** Extrinsic fluorophores are combined with the sample to provide fluorescence where 
 none exists, or to modify the spectral properties of the sample. 
8  At pH 9.0 
9  Data download from Spectra Database authorised by the University of Arizona. 
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The Xanthenes family are triarylmethane based fluorophores and do not always 

exhibit strong fluorescence emission [50]. However, FITC’s strong fluorescence 

emission is related to the pyran ring (Figure 8) which is strongly fluorescent, 

probably as a result of the enhanced molecular rigidity due to the oxygen 

bridge.   

 

 

 

Figure 8 Structures of the four basic protolytic forms of Fluorescein 
Isothiocyanate Isomer I10. 

 

 In aqueous solution FITC molecules are present (similar to Fluorescein) 

in several different protolytic forms: cation, neutral, anion, and dianion (Figure 

8), depending on the solution pH with each form having different emission 

characteristics [51] and quantum yields [52, 53]. The reported quantum yields 

                                                         
 

10   Structures adapted from: Maeda, T., et al., Identification of chemical species of 
fluorescein isothiocyanate isomer–I (FITC) monolayers on platinum by doubly 
resonant sum‐frequency generation spectroscopy. Journal of Raman Spectroscopy, 
2008. 39(11): p. 1694-1702. 
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of fluorescein were ~0.9-1.0 (cation), ~0 (neutral form), ~0.36 (anion), and 

~0.93 (di-anion) in different buffer pH.  However, the neutral form can exist as 

three different isomers: quinoid, zwitterion, and lactone which in solution were 

reported to be present in a 15:15:70 ratio.  Only the quinoid is fluorescent with 

a QY of ~0.29 which was comparable to the mono-anion. Reported lifetime (ns) 

values were 3.5-4.4 (cation), 2.97 ± 0.02 (neutral), 3.37 ± 0.02 (anion), and 4.06 

± 0.02 (dianion)[4].  I assume that a similar trend occurred with FITC however, 

there was very little data available.  

 FITC is an important fluorophore extensively used in research due to its 

wide range of applications in biology, medicine, fluorescence imaging, and 

industry [54, 55].  It is not possible to cover all FITC applications here, however 

it is commonly used as a labelling agent for amino groups, antibodies, biotin, 

dendrimers dextran’s, heparins, insulin, proteins, and peptides. A state of the 

art bibliography on FITC characterisation and applications was 

comprehensively catalogued and described in 2015 by Sabins [56].  FITC was 

chosen as the model labelling agent due to its high quantum yield, relatively 

large Stokes shift and well-known and comprehensively described properties in 

the literature [57-59]. 

 

1.4 FITC-BSA conjugates. 

 

 FITC is widely used as a fluorescent marker due to its facile synthesis 

[49], testing methods for its isomers [46, 48] as well as precisely described 

fluorescence properties in solution under specific environments. In my research 

I decided to use FITC labelled Bovine Serum Albumin (BSA) as a model for 

studying protein adsorption processes on glass surfaces. The reason behind this 

choice was that the fluorescence properties of free and protein bound 

fluorescein were studied by several groups previously and by comparison I was 

able to determinate and validate changes in spectral data between BSA-FITC in 

solution and in the adsorbed monolayer form. Schoustein et al. studied changes 
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of the fluorescence properties of free Fluorescein, FITC, and FITC bound to a 

rabbit γ-globulin using spectrofluorometric measurements [60]. They noticed 

that fluorescence properties of FITC upon excitation with λ=496 nm are only 

slightly altered due to the conjugation to rabbit γ-globulin. Fluorescence 

emission upon the same excitation increases linearly with the fluorophore 

concentration up to ×10-5 M. For the higher concentrations all three compounds 

exhibit sharp decreases in fluorescence intensity. Similar effects of 

concentration related fluorescence quenching11 was reported by Christie [50].  

Steinbach et al. studied the alteration of the excitation and emission 

characteristics of both FITC isomer I and II conjugates to BSA, HSA, and rabbit γ-

globulin, under conditions normally used in fluorescence microscopy[62]. FITC 

isomer I was found to be most suitable as a marker for HSA and rabbit γ-

globulin, and FITC isomer II conjugates were stronger in the case of BSA. They 

also calculated the FITC-conjugates, extinction coefficients for solution pHs 

ranging from 6-13. In all cases the extinction coefficient of FITC is reduced by 

coupling to protein. It was also reported that FITC-conjugated protein cannot be 

separated quantitatively with Sephadex columns. The loss of protein was 

estimated to be up to 0.5 % in BSA conjugates. McKinney et al.  focused on the 

influence of FITC purity on the degree of labelling for FITC-to-protein ratio 

using the BSA labelling efficiency test [63, 64]. I wanted to use both FITC and 

BSA-FITC monolayers adsorbed on simple glass surfaces as standards for the 

alignment and validation of TIRFM systems. Also I wanted to provide a 

preliminary photophysical characterisation of these monolayers produced on 

different surface chemistries (wettability properties) with different pH 

environments. 

 

                                                         
 

11  The intensity of fluorescence is usually proportional to the concentration of the 
 fluorophores in a certain concentration range which is characteristic property for 
 different fluorophores. However at higher concentrations of the fluorophore the 
 proportionality is no more satisfied due to collisional quenching between the 
 fluorophore molecules. 
 [61. Andersson, A., et al., Kinetic models for peptide-induced leakage from vesicles 

and cells. European Biophysics Journal, 2007. 36(6): p. 621-635.] 
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1.5 Glass surface chemistry. 

 

 Hydrophobicity is explained as the surface property of being water 

repellent, and a surface is considered as hydrophobic when the water contact 

angle (𝛳) is ~90 ° [65]. The hydrophobicity of a surface is determined by the 

thermodynamic  equilibrium of the interfacial tensions between the solid-

vapour, solid-liquid, and liquid-vapour interfaces at the three-phase contact line 

as given by Young’s equation [66]. Surface hydrophobicity has an important 

role in protein adsorption, it is known that protein adhesion plays a major role 

in determining the biocompatibility of various materials [67].  For example the 

very first stage of implant integration with the body system is the adhesion of 

protein followed by cell attachment. Surface modification of implants (surface 

chemistry and topography) to induce and control protein and cell adhesion is 

currently of great interest. By modifying the hydrophobicity of a surface it is 

possible to control the adsorption rates of the proteins [68]. That’s why low 

surface tension coatings are widely used to create hydrophobic and super-

hydrophobic surfaces, the latter comes with an additional creation of 

nanostructures on the surfaces (see Figure 9).  

 

 

Figure 9 a, b) a water droplet resting on a smooth solid surface hydrophilic 
and hydrophobic, in both cases θ ≤ 90°, c) a water droplet in close 
contact with a rough solid surface is in the Wenzel state. 
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 I decided to use glass coverslips as a model surface and modified its 

hydrophobicity to investigate protein adsorption processes. To modify the 

wettability of the glass surface a very popular method is utilization of 

organosilanes [69]. Under different conditions, organosilanes can react by self-

assembly to form monolayers (horizontal polymerization), react with glass 

silanol groups to form covalently attached monolayer or condense water as well 

as glass silanols to form covalently attached, cross-linked polymeric layers 

(vertical polymerization) see Figure 10. 

 

Figure 10 Products of the reaction of alkylchlorosilanes with silicon dioxide 
surfaces. Reproduced with permission from reference [69]. 
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 The specific reaction conditions, alkyl group structure, and water 

content determine which of these processes dominates.  

  

  

 

Figure 11 Structure of the products of the reaction between surface silanol and 
monofunctional dimethylsilanes. 

 

 The surface density of silanols on hydroxylated silica is ~5 Si-OH/nm2 

and 60% can react with alkyldimethylsilanes. The maximum bonding density is 

limited by the size of the dimethylsilyl group and decreases slightly with larger 

alkyl groups (Figure 11). The cross sectional area of alkyldimethylsilyl groups 

in a densely packed monolayer is 32-38 Å2, which has been observed for porous 

and nonporous surfaces [70]. This is almost twice the area per alkyl chain in 

self-assembled alkyltrichlorosilane-derived monolayers (20Å2), where 

interactions between chains are the major force driving their assembly.  With 

chlorosilanes as reagents, the presence of a base is required to achieve high 

surface density. The role of the base is important beyond simply neutralizing 

HCl; it is also affects its structure, pKb, and the ratio of base to silane affect the 

final bonding density. Aminosilanes (usuallyN,N-dimethylamino) do not require 

base and generally yield a higher bonding density than chlorosilanes. 

Chlorosilanes (in the absence of base) can also react in the vapour phase to 

yield high bonding density.  
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 Another aspect which influences glass surface hydrophobicity is surface 

roughness which is governed by a variety of factors including manufacture, 

glass type, and surface pre-treatment. North  and co-workers [71] found out 

that microarray performance of their protein analysis was degraded with 

different batches of glass slides from the same manufacturer. They reported 

that they were facing some significant issues using well established silane 

chemistry to attach proteins to microscope glass slide surfaces. This issue 

resulted in biosensors with poor sensitivity. After investigation under atomic 

force microscopy (AFM) and X-ray photoelectron spectroscopy it turned out 

that most microscope slides from the previous batch had rougher (± 1 nm) 

surfaces. 

.   

 

Figure 12 Representative AFM three-dimensional images for slides (A) “as-
received” with no treatment (NT), (B) after KOH-cleaning treatment 
(KOH), and (C) after silanization. Averaged roughness values and 
standard deviations were calculated from three measurements at 
different locations. Reproduced with permission from reference [71].  
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They draw attention to the fact that high immobilization efficiencies of proteins 

(due to hydrophobicity of the glass surface) were correlated to chemical 

composition and surface morphology. It is worth emphasising that changes in 

surface roughness to increase hydrophobicity properties also has an impact on 

glass transparency. Increasing roughness enhances light scattering which might 

be of interest in a case of uniformity of the EW in TIRFM. However it was 

reported that in some cases the transparency can be maintained when 

nanometric structures of the film12 are less than 100nm in size [72]. This matter 

only seems trivial however while investigating monolayers of the fluorophore 

or fluorescently labelled proteins each and every aspect affecting the signal 

needs to be taken into consideration.   

 

1.6 Protein adsorption. 

 

 Protein adsorption on solid surfaces is a common but very complex 

phenomenon [73, 74]. The process of protein adsorption is affected by the 

properties of the surface, the nature of the protein, and the solution conditions. 

Soluble proteins adsorb almost instantaneously on many surfaces by altering 

conformation or unfolding their structures [75-77]. Due to the amphiphatic 

nature (molecules with both polar and non-polar region which exhibit 

hydrophobic and hydrophilic properties) most proteins exhibit inherent surface 

activity and adsorb easily onto surfaces [78].  These interactions are dynamic 

and complex often difficult to understand and control. Many factors can alter 

protein adsorption processes depending on the protein and the nature of the 

surface (Table 1).  

 

 

 

                                                         
 

12  Optically transparent and organically modified super-hydrophobic silica films. 



Page 37 of 171 
 
 

Table 1 The most influential surface and protein properties and their effect 
on adsorption. Table adapted with permission from reference [79]. 

 FEATURE EFFECT ON 
ADSORPTION 

P
R

O
T

E
IN

S
 

SIZE 
Larger proteins larger 

number of contact points 

CHARGE 
Higher adsorption at 

higher isoelectric point 
(pI) 

STRUCTURE STABILITY 

Less stable proteins with 
tendency to unfold have 
more contact points with 

the surface 

UNFOLDING RATE 

High unfolding rate 
causes quicker 

interaction with the 
surface 

SURFACE POTENTIAL 
Greatly influences the 

adsorption process 

SU
F

R
A

C
E

S
 TOPOGRAPHY 

Greater surface area 
promotes more 

interactions with 
proteins 

COMPOSITION 
Surface chemistry 

determines the driving 
forces 

HYDROPHOBICITY 
High hydrophobicity 
enhances adsorption 

 

 

Protein adsorption at liquid/solid interfaces takes place rapidly, usually in a 

time range from seconds to minutes. Adsorbed protein concentration 

(coverage) is often higher than the bulk phase concentration. The typical 

coverage on glass surfaces is ~ 0.1-2 μg/cm2 depending on the glass surface 

modification and time of adsorption [80]. Regardless of the bulk phase 

concentration, adsorbed proteins tend to reach a maximum surface coverage 

(saturation) which usually will remain constant. In addition the formation of an 

interface between different phases results in a higher standard free energy at 

the interface relative to bulk phase. This provides the driving force for the 

adsorption of any species other than solvent molecules from bulk phase onto 

the interface to attain thermodynamic stability. The thermodynamics and 
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kinetics of protein adsorption were described in detail by Andrade et al. [81].  

Adsorption of the proteins onto solid surfaces is usually irreversible. However, 

there are instances when protein adsorption is an unwanted effect, such as the 

irreversible protein adsorption that leads to biofouling of implantable 

biosensors and in biotechnological processes [82]. Under harsh cleaning 

treatment adsorbed proteins can be removed entirely; however it depends on 

the surface properties (negatively charged, positively charged, hydrophilic, and 

hydrophobic). The adsorption of proteins can be either an advantage or an 

obstacle. In the case of protein purification, dialysis and storage adsorption are 

obstacles. However in the area of biocompatibility of surgical implants and drug 

delivery systems proteins are adsorbed for a specific purpose, as in the case of 

biosensors, tissue and cell culturing or in vitro immune assays. 

 

1.6.1 Techniques for characterisation of protein adsorption 

processes. 

 

 Due to the exceptional spatial resolution (< 200 nm)  of EW excitation 

(section 1.2) TIRF becomes a desirable tool for protein adsorption studies. 

Conformational changes of BSA upon adsorption onto silica surfaces was 

analysed with TIRF spectroscopy [83]. Hlady at al. investigated both the 

intrinsic fluorescence of BSA tryptophans and BSA labelled with 

Anilinonaphthalene-8-sulfonate (ANS). It was found that BSA adsorbed 

irreversibly to the silica surfaces in both cases, however with blue shifted (11 

nm) intrinsic fluorescence and red shifted fluorescence (12 nm) in the case of 

the BSA-ANS. They concluded that the entire BSA molecule undergoes 

conformational change after adsorption (the tryptophans becomes exposed to a 

less polar environment). They reported as well that the conformational changes 

of the irreversibly adsorbed BSA are different when compared to the unfolded 

conformation of the heat-denatured BSA. Similar experiments were undertaken 

by Lok et al. They used TIRF apparatus to describe quantitatively the absorption 
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of BSA from flowing solutions on polymer films (crosslinked 

polydimethylsiloxane).  However the results of this study show that at high 

solution concentrations the fluorescence signal is “contaminated” by the signal 

from the bulk solution excited by scattered light. They claim that the protein 

adsorption can be determined by exchanging the labelled protein solution with 

an unlabelled protein solution (in the flow cell) [84, 85]. In the same year 

Rockhold et al. developed a method for determining the amount of adsorbed 

proteins on hydrophilic glass and quartz surfaces. For calibration they used 

non-adsorbing dextran which approximates the diffusive properties of the 

protein under study. They proposed a graphical quantitation13 of the surface 

concentration of the adsorbed molecules and an alternative numerical method 

which accounts for the characteristics of the decaying evanescent wave [86]. 

Other evanescence detection based techniques of adsorbed films were 

commonly employed: attenuated total reflection (ATR) infrared spectroscopy, 

elipsometry, as well as surface-enhanced Raman spectroscopy (SERS), surface 

plasmon resonance (SPR) spectroscopy, and thin film waveguide fluorescence 

spectroscopy (WFS),  [87]. More techniques for studying and monitoring of 

protein adsorption and protein coated surfaces are listed in Table 2. 

 

 

 

 

 

 

 

 

 

                                                         
 

13  Technique based on extrapolation of linear quantitation plots of fluorescent vs. bulk 
 concentration into the higher concentration domain for the purpose of graphical 
 modeling. 
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Table 2 Techniques for studying the protein adsorption process. Table 
adapted with permission from reference [76]. 

 PROPERTY TECHNIQUE REFERENCES 

1 Heat of adsorption  Microcalorymetry [88] 

2 
Conformation of 

proteins 

 IR spectroscopy 
 Raman spectroscopy 

 CD 
 Immunological methods 

[89-92] 

3 
Interaction 

between layers of 
adsorbed proteins 

 Surface-force 
measurements 

[93] 

4 Protein diffusion  FRAP [94] 

5 Thickness 

 Light scattering 
 Hydrodynamic 

techniques 
 Ellipsometry 

[95-97] 

 

1.7 Objective of the study. 

 

 Easy to use commercial objective lens-based TIRF systems have largely 

superseded prism based designs because of their simplified alignment 

procedures and more favourable sample access. The method has become a key 

tool for visualising structures and processes close to the surface of transparent 

materials in a nanometre scale [98]. However, many TIRF microscopy 

applications require the accurate quantification of detected fluorescence 

emission [99, 100], particularly for monitoring and measuring protein 

adsorption to  solid surfaces and  biocompatible coatings [101, 102]. To the best 

of my knowledge, there are no universal standards available [103, 104]. For 

example, neither the use of fluorescently labelled beads nor bulk solutions 

replicates precisely the conditions of the surface layers being imaged and 

analysed. The two complications of using fluorophore solutions are that: 1). The 

emission arises from two different populations of fluorophores (bound to the 
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surface and free fluorophores in the solution), and 2). There are three different 

excitation zones (adsorbed layer on the surface, evanescence wave zone, and 

bulk solution excited by scatter). As a result the detected signal used for 

calibration will be the combination of signals from both layer and bulk solution 

within the EW zone, and a contribution from fluorophores in bulk solution 

excited by scattered light. Moreover, for studying very low-contrast samples, 

such as the adsorption of fluorophore labelled proteins on surfaces, significant 

issues can be experienced during alignment and in quantifying TIRFM system 

response under different experimental conditions.  

 One objective of this thesis was to develop a novel fluorescent standard 

in the form of fluorescent monolayers (FITC and BSA-FITC), located on glass 

surfaces which can be easily modified/functionalized. The standard should be 

located strictly at the interface and be much thinner than the smallest EW 

penetration depth (>60 nm)14, generated by conventional TIRF systems. This 

will be excited exclusively by the pure EW, to precisely mimic experimental 

conditions. Such a standard should be easy to produce, inexpensive, nontoxic, 

and useful under a range of different experimental conditions. Moreover, it 

would have similar photophysical characteristics to the sample, in terms of 

signal intensity, surface coverage and photophysical stability.  These standards 

could be potentially used as an intensity correction factor for data comparison 

between different TIRFM instruments. The importance of this study lies in the 

fact that TIRFM has the potential to become the default instrument for 

quantitative measurements of various bio-molecules under adsorption 

processes.  

 The second objective of this thesis was to develop a robust, 

straightforward and precise method accurately measuring the angle of 

incidence of the laser beam which is used for calculations and therefore 

adjustment of the penetration depth of the EW, along with a complementary 

method of EW in situ validation. The importance of this study is invaluable, 

since the reproducible and accurate EW adjustment is absolutely crucial for 

                                                         
 

14  Depends on the experimental configuration. 
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image qualitative analysis/comparison and quantitative TIRF measurements, 

and might be challenging to achieve especially for zero-contrast samples. 
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2 TIRF system preparation and controls. 

 

 The aim of this chapter is to introduce the NBL TIRFM system, showing 

its advantages and limitations as well as to discuss issues which arose during 

preliminary experiments.  

 

2.1 TIRFM instrumentation. 

 

All microscopic measurements in this thesis were taken using an inverted 

Olympus TIRF microscope, see Figure 13. It is based on an IX81 frame fitted 

with a manually controlled microscopy stage that allows for XY movements. A 

CW diode-pumped solid-state laser (488 ± 2nm)15 was used as the excitation 

light source with mechanical high-speed shutter (opening/closing time 

1.0±0.2ms). The beam waist diameter was 0.67mm ± 0.05mm with a 

polarization ratio16 of 100:1, vertical. There was direct control of the light 

output via the associated software (output laser power at laser head 20mW, at 

fiber output >55%) and the laser was connected to the microscope frame by an 

optical fiber (optimized for 488 nm, coupled via a 4-axis fiber manipulator). An 

Olympus oil immersion PlanApo N 60×, 1.45 NA objective lens was utilised.  

The system had two ports; the left one fitted with a wide-field imaging camera 

an Andor EMCCD (iXonTM+, DU897), and the right-hand one with an Ocean 

Optics USB 4000 spectrometer coupled via an optical fiber to the PC for spectral 

data collection. Both OceanView and Olympus CellR software were utilized 

simultaneously for maintaining the experimental designs and setups as well as 

raw data collection and storage. 

                                                         
 

15  All errors within this thesis are standard deviations of the mean, if not stated otherwise. 
16  The ratio of the p and s reflections, see 1.2.2 
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Figure 13:  Core components of the NBL TIRF system, the system was issued 
with two types of detectors, EMCCD with Oasis cooling system and 
Ocean Opitics spectrophotometer which were fitted in both left and 
right port of the microscope frame. Three different lasers (405, 488, 
561nm) were connected to the system as well as an arc burner MT20 
as illumination sources. 

 

2.1.1 TIRF Objective lens. 

 

The Olympus oil immersion PlanApo N 60x 1.45 TIRFM, with: WD 0.1 

mm, F.N. 26.5, with a correction ring for cover glass thickness (0.13-0.19 mm), 

UIS2 microscope objective lens was used for all TIRF measurements. The 

objective lens is optimized for TIRF imaging and other fluorescence applications 

requiring a high NA, designed with a correction collar for adjustments 

according to the coverslip thickness at 23°C and 37°C17. The objective lens is 

characterized by low autofluorescence, with flat and high transmittance from 

500-700 nm at 90 %. However higher transmittances over a wider wavelength 

                                                         
 

17  Olympus Research Inverted System Microscope IX71/IX81 IX2 Series Data  Sheet, 
 cell^TIRFTM Illuminator / olympusamerica.com/TIRF. 
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range or effective compensation for chromatic aberration (to near-infrared) 

were not meaningful for my experimental design.  

 

2.1.2 Excitation/Emission filter cube. 

 

For the fluorescence measurements using 488nm excitation, an Olympus 

fluorescence filter cube (FC) U-MNIBA3 was used. The FC consists of a 

dichromatic mirror (DM 505) and two fluorescence bandpass filters. Excitation 

filter (BP 470-495), and emission filter (BP 510-550) were used to achieve 

optimum excitation and emission for fluorescein and its derivatives. However 

according to the Olympus product information – “filter cubes design is subject 

to change without any notice or obligation on the part of the manufacturer”18. 

For this reason transmittance spectra of the U-MNIBA3 BP filters and 

dichromatic mirror were measured using a UV-Vis Spectrophotometer 

(Shimadzu UV-1601), see Figure 14. The results obtained were in agreement 

with the manufacturers specifications.  

 

 

Figure 14:  Transmittance spectra of the U-MNIBA3 filter cube and filters used 
for FITC measurements. 

                                                         
 

18  Olympus Data Sheet 05/12. OEH. 
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However, this filter cube had to be modified to meet the requirements for 

spectral data collection with the spectrometer attached to the TIRFM system. 

The BP 510-550 emission filter was removed from the filter cube which enabled 

collection of the FITC spectra over a wide spectral range (≥505 nm).  

 

2.1.3 Detectors. 

2.1.3.1 EMCCD camera. 

 

An Andor’s iXonEM+ DU897 back illuminated electron-multiplying 

charge-coupled device (EMCCD) was used. The absolute EMCCD gain of the 

device can be varied linearly from unity up to thousand times directly through 

the software. Camera details with comprehensive information on the dark 

current ~0.001 (at -85°C (e-/pix/sec) and background events ~0.0005 

(events/pix, at 1000× gain at -85 °C), noise < 1 to 49 at 10 MHz (e-), EMCCD 

gain  from 1 – 1000, QE > 90%, (water cooling) temperature -85°C, and 

maximum 549 frames per second (fps)19. Device was fully controlled by 

compatible Olympus CellR software.  

 

2.1.3.2 Portable spectrometer. 

 

An Ocean Optics USB4000-FL was used to collect emission spectra during 

TIRF measurements. The spectrometer was preconfigured for fluorescence 

spectroscopy and measurements from 360-1000 nm by the manufacturer. The 

                                                         
 

19  DU-897BI August 2007 @ www.andor.com. 
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dynamic range for the USB4000-FL is 1300:1 for a single acquisition, SN ratio of 

300:1 and the dark noise at the level of 50 RMS counts20. 

 

2.2 Examining the sources of detected signal variability. 

 

Described below are additional system checks and controls, which were 

employed on a regular basis to ensure that the system is operating correctly, 

therefore eliminating potential signal disruptions related to laser power 

stability, stage drift, and focus uniformity. 

 

2.2.1 Focus uniformity in XY plane. 

 

Simply speaking, focus uniformity can be defined as maintaining a 

constant distance between the coverslip and an objective lens, which are in 

perpendicular orientation to each other across x-y  planes of the coverslip 

surface. In case of TIRFM an additional condition needs to be fulfilled which is: 

the distance between objective lens and coverslip needs to be adjusted in a way 

that the focus of the objective lens is placed exactly on the top surface of the 

coverslip. This is important for two reasons. Firstly, when investigating 

different regions of the same sample the distinction between focus over 

different sample regions will cause differences in the detected fluorescent 

signal. Secondly the EW profile and its penetration depth will vary between 

different regions of the sample if it’s not perfectly aligned (different AOI). To 

measure image uniformity in the x-y plane, I performed an imaging test.  This 

                                                         
 

20  Document Number 211-00000-000-02-201604 and 211-00000-000-05-201604 
 @ www.andor.com. 
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was done by imaging the edges of two ink marks on the coverslip at a distance 

(varies due to experimental design) from each other. The surface of the 

coverslip was cleaned by blowing off dust with canned compressed 

tetrafluoroethane (DURABLE®). To avoid formation of any scratches on the 

coverslip surface, all preparation steps were performed on a special holder 

which prevents the coverslip from contact with any other surfaces (Figure 28). 

Two small ink marks were made on the coverslip top surface with a fine point 

permanent marker at approx. 10 mm distance from each other as depicted in 

Figure 15.  

 

 

Figure 15:  a.) Preparation of the microscope coverslip for the focus uniformity 
check-up. b.) Sharp images of the edge of the two marks at 10mm 
distance from each other confirmed focus consistency during sample 
movement in a XY plane during TIRFM measurements. (NB images 
shown here were modified – brightness adjustment, for editing 
purposes). 

 

 The previously marked coverslip was utilised to verify the focus 

consistency as a function of distance along the X-axis in the XY focal plane 

(Cartesian coordinate system). The objective lens was focused on the edge of 
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the first mark (either the left or right mark) see Figure 15a, then the sample 

was slowly moved to the edge of the second mark. For both locations the image 

of the mark edge should remain crisp and sharp (Figure 15b). Any deviation in 

the focus between the two images indicates significant stage drift or an 

imperfect perpendicular position of the coverslip to the objective barrel. The 

latter will significantly affect AOI measurements, propagation of the 

evanescence wave, as well as the correct penetration depth (dp) calculation.  

The importance of this test lies in the fact that for zero-contrast samples there is 

no other way to validate focus uniformity. Moreover, the penetration depth of 

the EW will be severely affected by the microscope coverslip not being perfectly 

aligned. Any deviation from perpendicular orientation of the coverslip will 

result in local inconsistency of the EW distribution in z-direction due to the 

different AOI of the laser beam. 

 

2.2.2 Laser power stability. 

 

A very common source of error in TIRFM fluorescence intensity 

measurement is due to excitation light power variation. Usually manufacturers 

recommend 15 mins warming up time for power stabilisation but often this is 

insufficient. Here I show measurements taken with the 488 nm laser showing 

power inconsistency from time zero (laser switching on) to the end time of a 

10hr period. The measurements were taken with a THORLABS optical power 

meter system21  equipped with a S120A silicon power meter optical head 

designed to measure light over the visible wavelength range 400 – 1100 nm. 

This optical power meter head was designed to detect light over the power 

range of 20 nW to 10 mW. The aperture filter inside the optical head was 

cleaned before use in the same way as any other optical component, by gently 

blowing off any debris using compressed tertrafluoroethane  (POWERCLEAN 

                                                         
 

21  PM100, THORLABS Inc, USA 
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400) and then wiping with lens cleaning tissue wetted with 100 % isopropanol 

solution (drop and drag method). The TIRFx60 objective lens was cleaned in 

the same way. The optical power meter head was mounted on the objective lens 

and secured with adhesive tape to ensure the sensor position was constant 

during all measurements. Special attention was paid to prevent any external 

light from reaching the optical power meter head. All electronic components of 

the microscope system were turned on prior to any measurements to ensure 

the same conditions during the experiments.  Before measurements the sensor 

was zeroed and appropriate wavelength correction was set up for each laser 

line separately. Measurements were taken straight after the laser source was 

turned on. The power of the laser was adjusted to approx. 350-500 µW in the 

very first seconds of the 1st measurement. For all measurements “Statistic 

Display” was utilised - the statistic display shows simultaneously extreme, 

average and standard deviation measurement values over time (5 min interval 

for 1st hour, and 30 min intervals for the next 9 hr). The Display Refresh Rate 

was set up for 3/s. Single (10 hr) measurement was performed per day, after 

measurements laser was turned off and cooled down for ~20 min (fan ON) and 

then overnight (fan OFF). Before and after each measurement the room 

temperature was measured (21 ± 2.2 °C) and controlled by the laboratory air 

conditioning system. 

 

Figure 16:  488nm laser line power measurement series over a time of 10 hr. 
Each measurement was taken on separate days.  



Page 51 of 171 
 
 

 

The 488 nm laser power stabilized (<2 % difference in power) 2.5 hours 

after switching on. I assume that this length of time is required to warm up (and 

equilibrate) not only the laser itself but also the microscope and all other 

optical elements which will affect measurements. Measurements shown in this 

thesis were collected after a 3 hr warm up time. 

 

2.2.3 Stage drift examination. 

 

To monitor z-axis stage drift of the TIRFM system, time lapse 

measurements of fluorescence intensity from FITC solutions were performed. 

Room temperature was set to 21 °C ± 2 °C and controlled by the lab air-

conditioning system 24 hr prior to the experiment. All components of the 

microscope system were switched on 3 hr before measurements were taken, to 

warm up (Figure 16).  Into each of the 8 wells of the microscope slide22 650 μl 

of the FITC solution in PBS at a concentration of 1.72×10-5 M was introduced. 

The slide was sealed with the lid to prevent solvent evaporation, and placed on 

the microscope stage insert and brought into focus. Measurements were then 

taken in TIRF mode. Exposure time was set to 10 ms per frame to avoid 

photobleaching of FITC. Every 10 min one frame was taken over a 10 hr period 

of time. Images were analysed using ImageJ 1.46r software. The average 

fluorescence intensity was calculated from the integrated area of 512×512 

pixels per frame. Figure 17 shows average values between the three sets of 

data. Each set of data was taken on another day within one week. Each time the 

system was turned off after the experiment and turned on next day before new 

one.  

                                                         
 

22  Sterile Lab-Tec chambered coverglass, made out of polystyrene chambers and 
 borosilicate coverglass, 0.7 cm2/well. 
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Figure 17:  Normalized fluorescence intensity of FITC solution @ 1.72×10-5 M as 
a function of time. Error bars were calculated from triplicate 
measurements on different samples. 

 

Small deviations between individual measurements over the total 

experiment time may indicate some focal drift.  However the combined effect of 

the photobleaching of FITC and discussed earlier inconsistency in the excitation 

light stability are more likely responsible for the drop of the signal over the 

course of 10 hr therefore I can assume that the focal drift of the system is 

negligible. It was arbitrarily assumed that intensity errors of ~5% for 10 hr 

measurements indicated and confirmed suitable system performance.  
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2.3 Preparation before adsorption experiments. 

2.3.1 Focus determination for zero-contrast samples. 

 

 The focus determination is a serious issue when dealing with 

homogeneous, zero-contrast samples (Figure 18). There is a need to develop a 

method which ensures identical sampling conditions between measurements. 

An example of a typical TIRF microscopic image, in this case fluorescently 

labelled beads is represented in Figure 18a. The crisp edges and sharp23 

circular images confirm correct focus alignment.  An image of BSA molecules 

adsorbed on a glass surface is shown in Figure 18b. However, as coverage was 

uniform, and the individual BSA molecules were much smaller than the lateral 

resolution, no features/contrast elements were visable in the TIRF image. 

Because of the lack of high contrast features with which to validate focus, this 

type of image cannot be used for analysis without precise and specified image 

collection conditions. This paragraph presents a focusing method by means of 

which reproducible and accurate data is collected. 

 

 

Figure 18: a) TIRF image of fluorescently labelled beads, b) zero-contrast image 
of a FITC labelled BSA absorbed onto chemically modified 
hydrophobic glass surface. 

 

                                                         
 

23  Arbitrarily evaluated by visual observation. 
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 Due to the nature of TIRFM measurements (selective excitation of a 

nanometre scale region of the sample), even small variations of the focus can 

cause significant changes in the measured signal. The presented method 

enables determination of the correct objective lens position (focus) for zero-

contrast samples.  

 The method is based on a z-axis scan collection. The TIRFM system was 

aligned to operate in TIR mode according to the solvent/coverslip refractive 

indices (PBS buffer and borosilicate glass respectively), excitation laser 

wavelength 488 nm and a matching filter cube for FITC see section 2.1.2.  

An empty 8-well chamber was placed on the microscope stage and one 

well was filled with PBS solution (500 μl). The emission intensity was measured 

in TIRF mode as the distance between the objective lens and the coverslip was 

varied from 800-1190 μm with a 1 μm resolution (Figure 19a). 

 

Figure 19: a) Reflected light intensity variation of the PBS solution between 
three measurements (black, red, and green) as a result of different 
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positions of the objective lens from the coverslip. Between z-position 
1000 and 1200 one can expect it to plateau rather than increase in 
intensity. b) Fluorescence intensity variations of the FITC solution 
between three measurement legend same as above. 

 

 After measurement of the PBS solution, FITC solution was added to the 

same well, and was mixed by pipetting up and down numerous times to yield a 

final concentration of 1×10-5M. The fluorescence intensity measurement for the 

FITC solution was conducted in the same manner as for the PBS solution 

(Figure 19b). Finally, a metal sphere (φ = 0.6 mm) was immersed into the FITC 

solution in the centre of the FOV. Using epifluorescence mode this time the 

measurement was repeated. The position of the objective lens where the image 

of the metal sphere contact point with the coverslip was in focus (red frame, 

Figure 20), is similar to the peak position in the case of the PBS and FITC 

solutions (standard deviation ~0.71μm).  
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Figure 20: Wide field images of the metal sphere vertex (diameter 0.6 mm) at 
different objective lens distances from the coverslip. In the red 
framed image the position of the objective lens when just the metal 
sphere vertex is in focus (visual observation). The intensity centroids 
on the panel above are due to surface roughness of the metal sphere. 

 

The above described set of measurements was repeated three times and 

all results shown in Table 3  exhibit the same relationship. 
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Table 3 Determination of the focus position of the objective lens for the PBS, 
FITC solutions and the Metal Sphere. 

 Focus position [µm] 

Sample № PBS FITC 
Metal 

Sphere 

1 

1071 1071 

1071 1070 1071 

1073 1072 

Mean 1071.3 1071.3 
St. dev. 

0.17 

2 

1077 1076 

1076 1078 1076 

1078 1076 

Mean 1077.7 1076.0 
St. dev. 

0.98 

3 

1060 1058 

1059 1060 1058 

1060 1058 

Mean 1060.0 1058.0 
St. dev. 

1.00 

 

 It was noticed that tracking the changes in the light signal measured 

when altering the objective lens position one can observe a characteristic peak 

from the PBS buffer solution at ~1077.7 μm (Figure 19a), which is located at 

the same position as the peak maximum from the FITC solution (Figure 19b). 

Only the intensity of the peak between measurements varies significantly due to 

the fluorescent or non- fluorescent character of the PBS and FITC solutions. I 

believe that maximum intensity was measured when the objective lens is 

focused right above the surface of the coverslip. To validate this hypothesis a 

contrast agent was required. I decided to use a metal sphere as an object with 

minimum coverslip surface contact point which can be visualised, therefore 

confirming the position of the objective lens while in focus above the coverslip.  

The results presented above prove that the method for focusing zero-

contrast samples is valid and very precise. The differences between focus 

positions for different types of samples is less than ±1 μm, which is in a range of 

one movement step of the objective lens z-axis adjustment and therefore can be 

neglected.  
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2.3.2 Sample flow system design and characteristics. 

 

The sampling system was designed and built by me to provide a controllable 

system for generating protein-surface layers for TIRF analysis.  To do this it had 

to be capable of reproducibly delivering fluorophores, buffer, and/or labelled 

proteins onto different surfaces. The sampling system is capable of selectively 

flowing two different aqueous solutions24 over a coverslip surface in two 

alternate modes. Mode one is the flow of the buffer solution from reservoir 1, 

through the flow chamber, and finally waste container W, (Figure 21a). Mode 

2 is a closed cycle flow of the fluorescent solution from reservoir 2, through the 

flow chamber and back to the same reservoir (Figure 21b). This system is 

capable of meeting the requirements of the adsorption experimental 

methodology, see section 2.3.3.  The first mode provides a continuous flow of 

fresh buffer solution which is required for rinsing and removing the 

fluorescence bulk solution (after adsorption time) from the flow chamber, and 

mode 2 guarantees continuous flow of the same fluorescent solution during  

incubation process. The flow system consists of three main components:  

 

 Reservoirs (1, 2, and W) 

 Peristaltic pump [P]  

 Flow chamber 

                                                         
 

24  Can be easily altered to selective flow up to four solutions, by replacing reservoir one 
 with 3-port Manifold (World Precision Instruments, Item #: 14059-2). 
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Figure 21: Schematic representation of the flow system where [P] is the 
peristaltic pump, [W] is the waste container and reservoir 1 and 2 
are for the buffer and fluorescent solutions respectively. a) shows 
continuous flow of the buffer solution from reservoir 1 through the 
flow chamber, b) shows the closed flow of the fluorescent solution to 
and from reservoir 2, c,d) shows continuous flow of the buffer 
solution through the flow chamber. 

 All the components of the system were connected via 0.8 mm silicone 

tubing (Ibidi®) and assorted Luer valves (World Precision Instruments). 

Sterile, disposable reservoirs 1 and 2 (Falcon™ 50 ml Conical Centrifuge Tubes 

from Fischer Scientific), made of polypropylene, which are suitable for proteins, 

nucleic acids, and DNA samples due to the hydrophobic, biologically inert 

surface are suitable for good cell and protein recovery25. The first reservoir 

contained the buffer wash and the second the fluorescent solution. Reservoir W 

was utilised as a waste container (capacity 500 ml). The minimum and 

maximum flow rates of the MasterFlex® peristaltic pump [P] were measured at 

                                                         
 

25  Product data sheet, www.fishersci.ie. 
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0.36±0.01 ml/min, and 2.57±0.04 ml/min respectively. The main component of 

the sample system is a two-element flow chamber Figure 22. The top element of 

the chamber was a sterile bottomless channel slide with a self-adhesive 

underside to which different substrates can be mounted (sticky-Slide I Luer 

from ibidi®). The channel was 0.1 mm high, 50 mm long which provides a 25 μl 

channel volume. The bottom part of the chamber was a microscope coverslip 

directly attached to the top element. 

 

Figure 22: Flow chamber. Self-adhesive top cover with flow channel26 and 
microscope coverslip at the bottom. 

 

2.3.3 Measurement methodology. 

 

The adsorption of monolayers on the glass coverslip was monitored by 

TIRF imaging and measuring the fluorescence emission intensity. In each case a 

time series of images were collected.  

 

Before the sampling (TIRF mode);  

                                                         
 

26  Adapted partially from https://ibidi.com. 
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 The excitation/emission was selected using a filter cube appropriate for 

FITC with an excitation 470-495 nm bandpass filter and a 505 nm 

dichroic mirror.  

 The laser beam was introduced above the critical angle of 62.47 ° 

producing a theoretical dp of less than 198 nm using refractive indices 

for BK7 glass/ OLYMPUS® immersion oil, buffer solution of 

1.522/1.5237 and 1.3355 @ 488 nm respectively [105].  

 24 hours before data collection, room temperature was set to ~21 °C  

(lab air-conditioning system) to avoid thermal expansion of the optical 

components.   

 All electrical devices were turned on 2.5 hr before measurements for 

thermal equilibration. (This was especially important for laser power 

stability which required almost 150 min of warming up for equilibration 

see (Figure 16).   

 Before measurements all solutions used in the experiment were 

equilibrated at room temperature.   

 The fibre port alignment, adjusting the input angle, centring the laser 

beam position as well as focusing the laser on the BFP were all aligned 

before the experiment, following step by step, the manufacturer 

manuals. 

 All the imaging analyses were carried out using the cellR software 

provided with the Olympus instrument. Spectral data collected by the 

spectrophotometer was analysed and corrected using Origin software27. 

  

                                                         
 

27  Origin® 7.0 SR0, v7.0220 (B220). 
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3 Alignment jig (A-JIG) for rapid AOI measurement 

and control of the system performance. 

 

 In this chapter a simple microscopy stage adapter for measuring the AOI 

for objective-based TIRFM is presented. The Alignment-Jig (A-JIG) was designed 

using free software and fabricated using low cost commercial 3D printer from 

thermoplastic polyester - polylactic acid (PLA). This simple tool is made up of a 

circular base plate with a coverslip holder, to which a side arm with a vertical 

screen for displaying the laser spot is fitted. The A-JIG has been designed to hold 

a hemispherical prism in contact with a coverslip to ensure precise 

measurements at the same focal plane as used for imaging experiments. Using 

the A-JIG one can track deflection of the laser beam by observation of the laser 

spot on the spot screen. Knowing the exact distances of the laser spot from the 

centre of a hemispherical prism in z and x-y directions enables one to calculate 

exact AOI of the laser beam with a simple trigonometric equation. Using this 

tool one can rapidly measure the AOI and thus calculate penetration depths of 

the EW for visible excitation light source.  

 

3.1 Introduction. 

 

 The availability of easy to use, commercial, total internal reflection 

fluorescence microscopy (TIRFM) systems have become a valuable tool for 

visualising structures and processes close (< 200 nm) to the surface of 

transparent materials [106].  Objective lens-based TIRFM has become popular 

and largely superseded prism-based designs as a consequence of the seemingly 

simplified alignment procedures and more favourable access to the sample.  

Outstanding, single-molecule sensitivity achievable with TIRFM  based 

imaging, allows researchers to study various biological phenomena such as 
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localization, tracking and conformation changes of a single biomolecule [27, 28]. 

For such advanced studies the dp and intensity profile of EW used for 

fluorophore excitation must be precisely defined. Critical to the success of TIRF 

imaging has been the ability to reproducibly and accurately ensure that the 

incident light impinges on the sample-coverslip interface at the appropriate 

AOI, to generate the required dp.  

TIRFM is conceptually very simple (the creation and utilization of a 

surface electromagnetic wave) however not so in practice.  It has been 

recognized by many researchers that numerous technical challenges exist that 

need to be carefully considered to provide truly quantitative as well as 

qualitative observation [3, 36, 107, 108].    

 Deviations or errors during alignment of a through-the-objective lens 

TIRFM system can lead to a variety of problems including lack of repeatability 

and stability of the EW. Significant impact on the measured signal is due to the 

uniformity of the x-y distribution of the EW created by TIR of the excitation 

light. The better the quality of the EW the better signal detected. High quality 

EW is marked by uniform distribution of intensity in the x-y focal plane within 

the volume of a sample in conjunction with its exponential decay in z direction 

as well as precisely determined dp (see equation 2, 3 respectively) across the 

entire FOV. Uniform distribution of the EW in all directions is dependent on: 1.) 

a correctly focused laser beam at the back focal plane (BFP) of the objective 

lens; 2.) diameter and homogeneity of the laser beam; 3.) defined refractive 

indices of coverslip/sample system; and 4.) a precisely positioned 

standard/sample on the microscope stage (perpendicular to the z direction). 

The determination of precise penetration depths can only be calculated by 

accurately measured AOIs. In contrast to the laser alignment which is relatively 

straightforward and easy to perform, precise determination of the AOI of the 

laser beam is challenging and can easily be incorrectly assessed. Both sampling 

methodology and AOI measurements of the laser beam need to be carefully 

conducted which is very time consuming. Therefore there was a need to design 

and manufacture a “2 in 1” alignment/sampling stage tool which would meet all 

the above mentioned conditions, provide an accurate measurement and control 
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of the AOI before and after experiments. Additionally, in this chapter I would 

like to resolve doubts behind correct AOI measurements for TIRFM. 

 

3.2 Precautions in (AOI) measurements. 

 

The biggest advantage of TIRFM over any other diffraction-limited28 [109] 

microscopy technique is the superior axial resolution generated by EW 

excitation.  Theoretically the dp of the EW is defined as the distance for which 

the excitation intensity has exponentially decayed to 1/e of I0 (equation 3).  The 

dp in TIRF is determined by the AOI θi, and the refractive indices n1 and n2. Even 

small errors in the determination of the AOI, especially when close to the 

critical angle, will lead to very large errors in dp calculations. Therefore special 

precautions are needed (Figure 23). 

                                                         
 

28  Diffraction limit of a microscope approximated by Ernst Karl Abbe in 1873, used for 
 calculation of the resolvable feature/object size. 



Page 65 of 171 
 
 

 

Figure 23: Plots of dp as a function of angle of incidence (Equation 3).  The curve 
in a) shows theoretically calculated dp for λ = 488 nm with refractive 
indices of 1.52 and 1.33 for glass and water respectively. The steep 
slope in the range 61 ° - 62 ° illustrates how sensitive dp is to the 
angle of incidence (exponential character).  A disparity of 0.8° for θi 
≥ θc results in ~ 1300 nm variation in penetration depth, on the 
other hand, the same difference for θi ≤ θmax will result in just ~ 2 
nm variation.  The plot in b) illustrates the sensitivity of dp to indices 
of refraction at angles close to θc, e.g. for the same λ, n1 and θi = 63 ° 
but different values of n2 equal 1.33, 1.34 and 1.35, calculated dp will 
be 158 nm, 211 nm and 468 nm respectively. For θi ≥ 68 ° difference 
in dp oscillate within 13 nm or less. 

 



Page 66 of 171 
 
 

Although there are over 170 publications based on TIRFM techniques in 

recent years, only a few feature a full description of the determination of laser 

AOI or the so called supplementary measurement of AOI [3, 110]. Authors of the 

above mentioned publications investigated TIRFM EW calibration or direct 

measurement of the EW profile using novel methods, and also elimination of 

unwanted far-field excitation in objective lens-type TIRF, however these require 

additional equipment and are time consuming. The most simple and 

straightforward measurements of AOI are those based on the half ball lens 

technique (HBL). This technique was used as well to eliminate unwanted far-

field excitation, identifying sources of non-evanescent excitation light [1], and to 

characterise TIRFM system performance [111].  The same “prism technique” 

but using a triangular prism rather than a hemispherical prism was used for EW 

calibration using tilted fluorescent microtubules [2], as well as for direct 

measurement of the EW profile in objective lens-based TIRF [26].   

In these reports I found it easy to perform these methods for AOI 

measurements, however in some publications there was no coverslip between 

the objective lens, immersion oil and the prism.  In the chapter “Total Internal 

Reflection Fluorescence (TIRF) Microscopy” by K.N. Fish, AOI measurements 

obtained with a coverslip and hemi-spherical glass prism are described [106].  I 

would like to clarify this matter and show how utilization of the coverslip is 

critical for correct AOI measurements.   

 All TIRF excitation light alignment has to be done with the objective lens 

focused on the top of the coverslip. The intercept of the laser beam through the 

hemispherical prism is depicted with the black dashed line in Figure 24a.  
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Figure 24:  Ray tracking through hemispherical prism during AOI 
measurements. a) Red dashed line represents a hemispherical prism 
placed directly onto the microscope stage, solid black line represents 
the correct set up with a coverslip placed under the lens, b) ray 
tracing for the correct set up – no error in the measurement, c) 
incorrect set up (without coverslip) – additional error indicated by 
the red arch. 

 

 When the light ray passes through the centre of the prism base with a 

coverslip present, it exits without any refraction despite the AOI (α) as shown 

by the green arrow in Figure 24a. Light rays passing through the same position 

without the presence of a coverslip causes the light to undergo significant 

refraction (φ) (blue arrow in Figure 24a), which can result in additional errors 

in AOI determinations (red arc in Figure 24c). 
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Table 4: Calculated discrepancies due to AOI measurements made without a 
coverslip (thickness #1.0 ~0.15mm). α angle of incidence of the 
excitation light ray, φ angle of refraction (error), β & γ auxiliary 
angles for calculations, x offset of the excitation light ray from the 
centre of the prism. 

AOI cos α sin α x [µm] β γ sin γ arc sin γ φ 

0 1.000 0.000 0 90 0.00 0.000 0.000 0.00 

20 0.940 0.342 55 70 0.30 0.005 0.006 0.35 

40 0.766 0.643 128 50 0.59 0.010 0.012 0.68 

60 0.500 0.866 263 30 0.85 0.015 0.017 0.98 

61 0.485 0.875 274 29 0.87 0.015 0.017 0.99 

62 0.469 0.883 286 28 0.88 0.015 0.017 1.00 

63 0.454 0.891 298 27 0.89 0.016 0.018 1.01 

64 0.438 0.899 312 26 0.90 0.016 0.018 1.03 

65 0.423 0.906 326 25 0.91 0.016 0.018 1.04 

66 0.407 0.914 341 24 0.92 0.016 0.018 1.05 

67 0.391 0.921 358 23 0.93 0.016 0.019 1.06 

68 0.375 0.927 376 22 0.94 0.016 0.019 1.07 

69 0.358 0.934 396 21 0.95 0.017 0.019 1.08 

70 0.342 0.940 418 20 0.96 0.017 0.019 1.09 

71 0.326 0.946 441 19 0.97 0.017 0.019 1.10 

72 0.309 0.951 468 18 0.98 0.017 0.019 1.11 

73 0.292 0.956 497 17 0.98 0.017 0.020 1.12 

75 0.259 0.966 567 15 1.00 0.017 0.020 1.14 

 

Average discrepancy in TIRF range (depicted in blue) is equal to ~1.06 ° 

±0.042°. This order of underestimation will result in large dp miscalculations 

close to the critical angle (up to 400 nm), negligible for the angles equal or close 

to the maximum angle (2 nm). 

 

3.2.1 A-JIG design considerations - summary. 

 

The alignment jig (A-JIG) was carefully designed by me to meet the 

conditions required for both AOI and experimental measurements mentioned 
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above. Table 5 contains both functional and physical requirements which were 

taken into consideration during the design process of the A-JIG. 

AOI measurements are correct only if: 

 the system is precisely focused on the top surface of the coverslip 

 they are performed on the same coverslip as the experiment 

 they are measured on the same microscope stage insert as the 

experiment.  

Table 5: A-JIG design requirement factsheet. 

 Design feature Requirement Reason 

P
h

ys
ic

al
 p

ar
am

et
er

s 

Round shape with 
external diameter  

110 mm 

Need to match widely 
used standard 

microscope stage 
insert (radius 55 mm) 

Common size of the 
round microscope 

stage inserts 

Inner aperture 
dimensions 25×75 

mm 

Inner aperture needs 
to match standard 

coverslip dimensions, 
as well as standard 

size multiwell plates 
and flow chambers 

Measured AOI is valid 
and precise if and only 

if was performed on 
the same coverslip as 

experiment 

18 cm long “spot 
display” 

Spot display need to 
be long enough to 

cover full range of AOI 
from θc  to θmax 

(NA1.45, 𝜆𝑒𝑥𝑐   488 nm, 
n1 /n1 =1.33/1.518 ) 

Compatibility with 
type of the objective 
lens, excitation light 

wavelength and 
refractive indices 

Made out of 
Polyactic acid 

(PLA) 

Thermally and 
mechanically stable 

material 

Distance between 
centre of the leans and 

the “spot screen” 
needs to be fixed in a 
range of temperature 

(20 - 37°C) 

Black colour 
To eliminate external 

light 
To avoid spurious 

reflections 

Lens holder 

Hemispherical lens 
needs to be in the 

same  distance from 
the centre of the 

objective lens to the 
“spot screen” 

Immobilise the lens 
during stage insert 

manipulation as well 
as taking the 

measurements 
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F
u

n
ct

io
n

al
 p

ar
am

et
er

s 

Bifunctional 
 As a sampling 

stage 
 As an AOI 

measuring 
tool 

 Sample need to be 
fixed on the same 
microscope stage 
as lens that was 
used for AOI 
measurement 

 Possibility of 
checking stability 
of the setup after 
experiment 

Differences in 
thickness between the 

microscope stage 
inserts will cause an 

error in AOI 
measurement 

Hemispherical 
prism 

Perpendicular 
propagation of the 

laser beam from the 
centre of the prism 

towards “spot screen” 

Difficulties with 
precise positioning of 
the triangular prisms 

 

 

3.2.2 Fabrication of the A-JIG.  

 

 The model of the A-JIG shown in Figure 25 was designed using the free 

online software TINKERCAD (www.tinkercad.com), which is an easy, browser-

based 3D modelling tool. The A-JIG consists of two elements. First the round 

shape “base” of 110 mm diameter, and 2 mm thickness (to match standard 

microscope stage flat adaptor dimensions), a rectangular shaped inner aperture 

of dimensions 25×75 mm, surrounded by a 3 mm high T-shape collar to 

maintain the sample at an exact position and equipped with a longitudinal 180 

mm “spot screen” with a 1 mm graded scale. The second element was a lens 

holder 5×25mm, with the half cylindrical 5 mm radius notch located in the 

middle of the longest edge of the holder. The purpose of the holder is to fix a 

hemispherical lens (Edmund Optics, BK7 glass, stock number #45-937) in the 

correct position, in this case precisely 150 mm from the centre of the lens to the 

edge of the “spot screen”. To ensure desirable physical and functional 
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properties as outlined in Table 5, the parts were fabricated29 from a black 

coloured polylactic acid (PLA)[112, 113] feedstock using a Ulitimaker2 3D 

printer30 which had a resolution of 200 μm.  The PLA material gave adequate 

thermal and mechanical stability for the purposes of the alignment 

requirements[114]. 

 

Figure 25:  TIRF Alignment A-JIG for precise angle of incidence measurements.  
Glass components are turquoise coloured. On the right side visible 
(blue) laser beam focused on the “spot screen”. 

 

3.2.3 AOI measurements with the A-JIG. 

 

 Prior to any AOI measurements being made there were several 

alignments that were required to be completed. Step-by-step instructions from 

                                                         
 

29  Manufactured by library service. 
30  Ulitmaker B.V., Watermoleenweg 2, Geldermalsen, Netherlands. 
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the manufacturer were followed for the fibre port alignment, adjustment of the 

input angle as well as centring the position and focus of the laser beam31. A 

number of checks were also performed to determine that the system was ready 

for use, namely; focus uniformity in the xy plane, drift on the microscope stage, 

and the stability of the laser power. Failure to complete any of these will 

negatively affect the AOI measurements.  

The alignment of the laser beam was performed on the A-JIG after all 

inital checks had been completed (Figure 25). The refractive index matched 

immersion oil (n=1.518) was introduced to the objective lens and the 

previously prepared coverslip was placed on the stage. To eliminate the layer of 

air and to prevent any mismatch between refractive indexes, a small quantity of 

the same immersion oil was placed on the top surface between the coverslip 

and the hemispherical lens. The lens holder was fixed on the stage to ensure the 

correct  distance between the lens and the A-JIG screen.  The laser shutter was 

opened and the objective lens was focused on the edge of the mark under the 

hemispherical lens in the same way like depicted in Figure 15 then the 

microscope stage was moved to match the laser beam position with the centre 

of the lens to confirm parallel beam propagation (θi=0°). 

The beam was then gradually moved off centre. One can observe how the 

beam exiting the lens is tilted more and more towards the left to the moment it 

strikes the top of the insert screen. This moment is the starting point for AOI 

measurement. The height of the beam (visible on the A-JIG screen, Figure 25) 

was recorded as a function of the micrometre screw position reading in 0.01 

mm intervals until the laser spot shape on the screen became oval and blurry32, 

and then disappeared.   

                                                         
 

31  OLYMPUS® service instructions (Triple-line Multi-Port TIRFM Illumination Combiner 
 IX2_MPITIRTL. 
32  The moment when it was not possible to unambiguously determine the location of the 
 laser spot with accuracy of 0.5mm. 
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Figure 26: Height (mm) position of the laser beam spot plotted as a function of 
the micrometre screw reading (left y axis).  

 

Results depicted in Figure 26, indicate the perfect linear relationship between 

micrometre screw readings and the height position of the beam spot. The y-axis 

(on the right side) shows the calculated angle of incidence θi using 

trigonometry. The vertical and horizontal arrows represent the “TIR region” for 

both y (82 mm) and x (reading № 57) axes values respectively.   

Knowing the exact AOI of the laser beam I can read the penetration 

depth from the plot of theoretically calculated values using equation 3 see 

Figure 23a. 

To validate the AOIs estimated with the A-JIG a FITC solution 

(C=1.764×10-5M) was used for visualization of the decreasing fluorescence 

intensity according to the changes of AOI of the laser beam.  To each of the 8 

wells of the microscopy slide #1, 650 μl of the FITC solution was introduced. 

These were then placed on the A-JIG and brought into focus. Measurements 

were taken for a range of AOIs between ~55° - 72° to provide epifluorescence 

to TIRF images for  dp down to 69 nm (λ= 488 nm, ref. Indices= 1.518 & 1.333 

for glass & FITC sol. respectively). The exposure time was arbitrarily set to 10 

ms per frame to avoid photobleaching of the FITC molecules. Before the next 

image was taken, the micrometre screw was turned for one graduation to move 
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the laser beam. Average fluorescence intensity was calculated from integrated 

area (512×512 pixels per frame) using ImageJ software.   

 

Figure 27: FITC solution excited by the laser beam at different angles of 
incidence.  

The largest error bar corresponding to reading № 56 & 57 (Figure 27) indicates 

that the laser beam position closest  (61.36° from AOI calibration graph for 

№57) to the critical angle (61.20 °), however , the value was higher than that 

predicted for this system. Plots show clearly that the calculated dp  values agree 

well with the experiment but that there is a small variation (for the region 

where the dp approaches the maximum possible value). True TIRF is really one 

present at θi > 62°. 

 

3.3 Results and discussion. 

 

 The 3D printing A-JIG described here is an inexpensive method of 

producing a bifunctional sampling/aligning platform. This platform has been 

used in our lab for alignment, determination and control of AOIs. The A-JIG is 



Page 75 of 171 
 
 

compatible with the microscope stage of the inverted microscope. This can be 

employed for the determination and control of AOIs of different visible 

excitation light sources (laser, arc lamp etc.), as well as a variety of samples 

with different refractive indices. The described A-JIG platform is compatible 

with other types of commonly used TIRF-oil objective lenses (different 

specification; NA, WD, magnitude, etc.), however the calculated AOIs will 

change according to the different objective lens, immersion oil, coverslip, and 

hemispherical lens refractive indices used.  

The presented design resolves the difficulties with positioning, centring 

and adjusting a prism for a uniaxial measuring system. A hemispherical prism 

replaces the commonly used triangular prisms [3], which provided an easier 

and more accurate method for parallel propagation of the laser beam towards 

the “spot screen”. The compact A-JIG with click in lens holder ensures a constant 

and accurate fixed distance between the lens, and the “spot screen” necessary 

for precise trigonometric calculations of AOIs.  A-JIG is made out of PLA with a 

crystallinity of ~ 37%, a melting temperature of  173-178 °C and tensile 

modulus of 2.7-16 GPa [115]. Thermal expansion, fatigue strength, rigidity and 

material toughness remains reasonably unchanged in the temperature range of 

up to 40 °C which satisfies the environment conditions for most experiments. 

Design of the A-JIG allows correct and precise measurements of the AOIs before 

experimental measurements (section 3.2) as well as a control check, between 

and after measurements (Figure 28). 



Page 76 of 171 
 
 

 

Figure 28: A-JIG can be used with a variety of different microscope slides and 
widely used silicone isolators. First row - as an example of possibility 
to check AOI consistency (before, during and after the time of the 
experiment/sampling). Second row displays compatibility of the A-
JIG with an 8-well slide as well as flowing chamber cell. Right down 
corner, visualisation of the NBL design sampling holder/incubator. 
Due to its design a coverslips are “suspended” in the air during 
sampling, incubation and sample manipulation, thereby eliminate 
any possibility of coverslip contamination and mechanical damage. 

 

 The procedure for AOI measurements described here shows a detailed 

and straightforward step-by-step process to obtain precise and accurate values. 

This method yielded results with a high level of good reproducibility (~1–0.3 

%) and accuracy shown by the calculated R2 value (0.999)33 determined from 

plotting the position of the laser beam as a function of the micrometre screw 

reading, see Figure 26. 

 Focus uniformity across the sample is ensured by completing a check in 

the x-y plane to show that the coverslip is at a perpendicular position to the axis 

of the objective barrel (section 2.2.1). To determine that the hardware is 

working optimally, an examination of stage drift to prevent loss of focus for 

zero-contrast samples is carried out and sufficient time is given to the laser to 

                                                         
 

33  Coefficient of determination is a statistical measure of how well the regression 
 predictions approximate the real data points. 
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warm up to prevent inconsistencies in the power (section 2.2.3 and 2.2.2). 

These are necessary to prevent errors occurring in fluorescence signal 

detection.  

The drop in fluorescence intensity of the FITC solution as a function of 

the AOI shows clearly the critical angle (Figure 27). The largest error bar 

corresponds to reading number 58 (d = 61.36 °) indicating that the laser beam 

position was close or equal to the critical angle (61.20 °). This is the region 

where the dp reaches the maximum possible value for TIRF region. The AOIs 

calculated using the A-JIG are the theoretically predicted values which were 

partially confirmed (identification of the critical angle and maximum angle) by 

analysing the fluorescence intensity of the FITC solution. Using this technique I 

can determine the AOIs of any TIRF systems. 

 

3.4 Conclusions. 

 

The A-JIG is inexpensive, versatile and simple to use for rapid 

measurements of AOIs. The A-JIG design resolves the difficulties with 

positioning a prism for AOI measurements. The compact “one-piece” a-JIG with 

click in prism holder ensures a constant and accurate fixed distance between 

the prism, and the “spot screen” necessary for the AOI trigonometric 

calculations. This method yielded results with a high level of good 

reproducibility <1% and high accuracy R2=0.999, determined from plotting the 

position of the laser beam as a function of the micrometre screw reading. 

Theoretically predicted values and calculated values using the NBL 3D printed 

stage are in agreement and were confirmed by fluorescence intensity analysis of 

the FITC solution.  

 This A-JIG configuration as described here is suitable for a wide range of 

common excitation wavelengths and a combination of different refractive 

indices. The use of commercial 3D printers also allows one to build bespoke A-



Page 78 of 171 
 
 

JIGs which can be easily modified to suit any inverted trough the objective TIRF 

microscope. 

 Finally, as the A-Jig is easy to use and fit for purpose, it is therefore a very 

simple and quick process to verify AOI/image adjustment on a daily basis. More 

importantly before, during, and after imaging experiments to validate that the 

system has performed correctly. This ability to easily measure AOI and thus 

model the dp will be useful for helping to validate TIRF imaging experiments.  
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4 TIRF microscopy EW calibration using a metal 

sphere and negative imaging technique.  

4.1 Introduction. 

 As already stated in the introduction to chapter 3, TIRFM has become an 

indispensable tool for investigating a nanometre thin zone of a sample 

(measured from the surface of the coverslip) due to well-defined EW 

propagation in z-direction. For many applications, the exact determination of 

the EW profile and dp is not essential, e.g. qualitative studies in molecular 

biology like tracing drug delivery systems, monitoring cell adhesion to the 

biomaterials, or morphology changes close to the plasma membrane [116-118]. 

In these cases dp of the EW, is often deliberately left undetermined or very 

roughly estimated [1, 2]. However, inaccurate estimation of dp leads to 

erroneous spatial information, which is notably important for qualitative 

analyses, for instance tracing molecular motion in the z-direction. Therefore, 

precisely measured dp is critical to obtain any quantitative data using TIRFM. 

 Many attempts have been made to accurately determine dp, lateral 

imaging uniformity, and to precisely characterize the EW decay profile. In 2004 

two separate groups [10, 119] obtained single exponential intensity profiles in 

the z-direction with dp in agreement with the theoretical values. Sarkar et al. 

used an atomic force microscope to calibrate the distance-dependent intensity 

decay of an EW by measuring its transfer function34. This transfer function was 

then used to convert the vertical motions of a fluorescent particle into 

displacement. This group demonstrated the use of the calibrated EW to resolve 

the ~20 nm step increases in the length of a small protein (ubiquitin, molecular 

weight 8.5 kDa) during forced unfolding. Harlepp et al. in turn worked with 

prism based TIRF, combined with fluorescence correlation spectroscopy (FCS). 

                                                         
 

34  The transfer function is used in the mathematical analysis of systems, particularly using 
 the block diagram technique. 
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They showed dp consistent with the theory, however their method leaves the 

intensity profile of the EW uncharacterized.  

  

  Along with an increasing number of more exacting TIRFM applications, 

it will be very useful to have a set of easier to perform, simpler methods to 

reproducibly and accurately measure dp, as well as EW uniformity at different 

excitation wavelengths. In this chapter an alternative/complementary 

technique to those presented in chapter 3, A-JIG technique for dp measurement 

is introduced.  

 

 The aim of this experiment was to develop a simple and robust 

alternative method for EW in situ examination. Here I present a method, where 

the dp of the EW can be measured directly by microscopic observation of a 

metal sphere (MS) (with a diameter much greater than the FOV) located in a 

solution of fluorescein isothiocyanate isomer I (Figure 29b).  

 

 

Figure 29: Representations of different dp in three horizontal planes in the 
sphere. a) 2D images of the metal sphere sections p1, p2, p3 (not to 
scale),  b) The 3D representation of the metal sphere sections (in 



Page 81 of 171 
 
 

blue) located at different distances from the sphere vertex (contact 
point), and c) z – distance, as equivalent of the dp. 

 The concept behind this method is to image the non-fluorescent MS 

immersed in a fluorescent solution at different planes (Figure 29b), and from 

these images calculate MS radius in the given x-y plane (Figure 29a).  From this 

using the Pythagorean Theorem (Figure 29c) one can accurately calculate the dp 

and/or determine the AOI.  Another important factor in the use of a MS is that 

the metal sphere is much denser than the liquid medium and therefore will 

remain sitting on the coverslip surface. This provides an unambiguous fixed 

contact point with the coverslip as opposed to reported in literature 

fluorescently labelled polystyrene beads (Brownian motion). Optionally any 

other opaque, non-metal, non-fluorescent with substantial weight, bead can 

potentially be used here.  

 This novel method requires no complex instrumentation or adapters in 

comparison to the method by Sarkar et al. [10], or altered/expensive software 

and special analysis techniques as used by Gell et al. [2], nor tedious sample 

preparations [26].   

 

4.2 Equipment and methods. 

4.2.1 Materials. 

 

Fluorescein isothiocyanate isomer I and Phosphate buffered saline (PBS) 

tablets (0.01 M phosphate buffer, 0.0027 M potassium chloride, 0.137 M sodium 

chloride, pH 7.4) were obtained from Sigma and used as received. Common 

chemicals like dimethyl sulfoxide (DMSO) spectroscopic grade, 2-propanol 

Chromasolv® and methanol Chromasolv® were from Sigma-Aldrich. The 

reagents were used without further purification. All solutions were made up 

with high purity water, Chromasolv® Plus for HPLC from Sigma-Aldrich and 
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filtered with a sterile filter cup Stericup™ Express Plus membrane from 

Millipore with a 0.22 µm pore size.  The 8-well chambers with BK7 glass bottom 

#1.0 were obtained from VWR. The metal sphere 695.6 μm (± 0.5 μm 

instrument accuracy) was obtained from a rollerball pen uni-ball SIGNO 

Mitsubishi Pencil CO, was measured 9 times in different directions using a 

micrometre screw (Mitutoyo 156-105, NO.293-766-30) to determinate the 

diameter. 

 

4.2.2 Sample preparation. 

 

To prepare the required fluorescence solution, 0.020g of FITC was first 

dissolved in 4 ml DMSO (bulk solution). An appropriate amount of the bulk 

solution was then added to the PBS buffer solution to final concentration 

(C=1.72×10-5 M). To prepare the PBS buffer (pH 7.4), five tablets were 

dissolved in 1 L of high purity water to yield a solution at a final concentration 

0.01 M. All buffer solutions were degassed ultrasonically for 20 minutes prior to 

use [120]. The reason for degassing buffer solutions is that molecular oxygen 

acts as a fluorescence quenching agent of most fluorophores including 

Fluorescein and its derivatives [84, 121, 122]. All solutions were used within 

one week of preparation due to their limited stability over time. 

  The MS was placed in a 1.5 ml sterile Eppendorf tube (polypropylene) 

filled with isopropanol and vortexed for two minutes. It was then rinsed with an 

excess of HPW three times and dried at room temperature. At the start of an 

experiment two reservoirs of the 8-well chamber slide, were filled with FITC 

and PBS solutions (as a non-fluorescent control) respectively. The clean and dry 

MS was placed directly on the bottom of the reservoir filled with FITC solution. 

FITC solutions were prepared fresh on the same day. The microscope stage with 

the 8-well chamber slide during the experiment was covered with blackout 

fabric (BK5 from THORLABS) to protect the solution from any external light 

sources. 
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4.2.3 Optical set up and Image acquisition. 

 

 Measurements were taken using an inverted TIRF microscope system 

(section 2.1). Before sampling, all parameters which may affect or compromise 

the quality of collected data were realigned and adjusted. The optical table level 

was checked using a spirit level before the experiment (corrected if needed). 

The fibre port alignment, centring the laser beam position as well as focusing 

the laser on the BFP were all checked and realigned, following step by step 

Olympus service manuals35. The system was checked for laser power stability, 

stage drift, and focus uniformity in the XY plane as described in section 2.2. 

Ambient temperature was set up for 21 °C a day before the experiment using 

the laboratory air conditioning system. The temperature variation was 

monitored during the course of the experiment and was found to be ±1 °C. To 

assure laser power stability during data collection the system was turned on 

and allowed to warm-up for 150 mins before use. 

 For each image set, the MS contact point was located in the centre of the 

FOV and brought into focus, this part was carried out in EPI-mode with minimal 

illumination power to avoid photobleaching of the FITC solution. The MS36 was 

then imaged at six different arbitrarily chosen AOIs (dp; 278 nm, 198 nm, 141 

nm, 116 nm, 81 nm, and 69 nm)37. A stack of 10 images was acquired for each 

AOI (exposure time 200 ms). The average image was inverted for analysis, all 

measurements were performed in triplicate38.  All imaging analyses were done 

with ImageJ, and cellR imaging software provided with the Olympus instrument. 

The data was analysed and corrected using Origin software.   

 

                                                         
 

35  www. Olympus-lifescience.com 
36  All data was collected using the same solid metal sphere. 
37  dp estimation based on the triangular prism method described in ref. 

 [26. Mattheyses, A.L. and D. Axelrod, Direct measurement of the evanescent field 
profile produced by objective-based total internal reflection fluorescence. Journal of 
Biomedical Optics, 2006. 11(1).] 

38  None of the raw images were discarded. 
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4.2.4 Image analysis. 

 

Horizontal planes through the MS depicted as p1 – p3 (Figure 29b), are 

represented by different size circles on the images recorded at various dp of the 

EW (Figure 29a). An increase in their diameter can be observed as a function of 

increasing dp due to the geometrical dependence between them (Figure 29c). 

The dp and therefore AOI can be calculated from the measured radius of the 

sphere. These can then be compared with theoretical calculations, tabularised 

and used as a calibrated scale for the microscope systems daily use. 

 

 

Figure 30: Simplified graph of the image processing. Input - stack of 10 raw 
images (p1-p10) of the metal sphere located in the centre of the image 
surrounded by fluorescent FITC solution. Step 1, stack averaging. 
Step 2, image inversion. Step 3, determination of the metal sphere 
contact point localization (red spot). 
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Figure 31: Simplified graph of the image processing (continuation). Step 4, 
background estimation by averaging intensity of the pixels between 
red circles (10 pixels apart from each other). Step 5, image of the 
metal sphere after background subtraction. Step 6, 15×15 kernel 
matrix used for image smoothing. Step 7, representation of ROIs, 20 
and 70 pixels radius from metal sphere contact point coordinates. 
Step 8, results of the image processing – plot of the intensity 
distribution from the centre of the sphere towards it edges. 
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Image analysis began by taking the data from one plane (one dp) and 

then averaging the intensity of a stack of 10 images collected as raw data 

(512×512 pixel, 16-bit), (Figure 30 “input”). The averaged image was 

inverted39 (Figure 30, Step 2). The inversion of the image was necessary to 

facilitate background subtraction with the free ImageJ software.  As a result of 

image inversion the pixel corresponding to the sphere contact point will now 

have the maximum intensity.  The coordinates (x, y) of the sphere contact point 

(bottom vertex of the metal sphere) was determined to one-pixel accuracy by 

finding the maximum intensity see (Figure 30, Step 3). Location of the MS 

contact point was necessary for background intensity determination. The 

background was calculated by averaging the intensity of all the pixels between 

10 – 20 pixels (red arrow) from the visible edge of the MS in all directions 

(Figure 32).  

 

Figure 32: Schematic representation of the background area (doughnut shape 
within dashed line) for the MS image analysis (not to scale).  

                                                         
 

39 Inverting an image effectively involves “flipping” the intensities: making the higher 
 intensity lower, and the lower values higher. For 8-bit images in ImageJ, Invert function 
 always uses min = 0 and max = 255, regardless of the data values. For 16-bit image, the 
 actual minimum and maximum are used, thereby this command is suitable in our 
 analysis.    
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The background was then subtracted from every pixel in the image 

(Figure 31, step 5). As a result I obtained a relatively crisp image with reduced 

background noise. The next step was the convolution of the image using a 

15×15 normalize kernel40. Then the intensity profile distribution (70 pixels 

long) was measured from the centre of the sphere vertex towards the edges in 

all directions41, shown in (Figure 31, step 7). From the inverted and normalised 

intensity profile distribution, the MS radius was calculated and compared with 

theoretically calculated values (Figure 37).  

 

4.3 Results and discussion. 

 

 The advantage of this method is its simplicity, which allows calculations 

of dp in minutes. Here I present the measurement of the EW dp for the FITC 

solution with excitation at λ=488 nm. However, I believe that using the same 

methodology one can estimate the dp for different wavelengths of the excitation 

light using different fluorophores. For example, the dp at λ=405 nm can be 

estimated with Coumarin solution and for λ=561 nm with Rhodamine 6G. This 

is very important in the case of Multicolor TIRF when similar or the same dp is 

required [123]. This method also eliminates any issues with tedious sample 

preparation because I use only two components (fluorophore solution and 

metal sphere), in comparison to the methods presented in the literature.          

                                                         
 

40  The kernel is a matrix whose centre corresponds to the source pixel and the other 
 elements correspond to neighbouring pixels. The destination pixel is calculated by 
 multiplying each source pixel by its corresponding kernel coefficient and adding the 
 results. There is no arbitrary limit to the size of the kernel but it must be square and 
 have an odd width. The kernel shown is a 15 × 15, which does smoothing in one 
 operation. 
41  Average intensity from seventy doughnut-shaped regions of interest were recorded. 
 The ROIs were created with an inner radius from 1 pixel to 70 pixels. Each of the ROI is 
 1 pixel wide. Concentric ROIs were translated according to maximum intensity pixel 
 coordinate (metal sphere vertex location) for each image. These ROIs recorded the 
 average intensity of all pixels that fall within the same one pixel wide of the radius from 
 the metal sphere vertex. 
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Gell et al. for example employed tilted microtubules fixed in an agarose gel. 

There were multiple steps involved in the sample preparation of the 

microtubules including polymerization, labelling and microtubule 

immobilization in the gel with an antifading agent. Determination of the 

microtubule tilt angle also required simultaneous imaging in both arc-lamp 

epifluorescence illumination and TIRF modes [2]. Matching refractive indices 

between the sample and the solution reported by Mattheyses et al. was 

eliminated  due to the use of a non-transparent MS [26], therefore Brownian 

motions of micro-samples was overcome as a result of the weight of the metal 

sphere [2, 26, 111, 124] 

 Here the axial intensity profile of the MS was used to estimate the radius 

of the circle projected by the MS at different AOI for further dp calculations. 

Note that similarly to fluorescent polypropylene beads, it is not only the 

intensity of the excitation EW (plus additional scattering) that is measured and 

plotted by this technique, it is in fact the sum product of the intensity of 

excitation and the efficiency of emission collection [26]. Both of these terms are 

functions of the light emitting fluorophores located at z-distances from the 

coverslip within EW and a scatter zone.  

 

Figure 33 Drawing (to scale) of the MS (black solid line) with depicted two 
penetration depths; maximum dp = 278 nm (red dotted line) and 
minimum dp = 69 nm (blue dotted line) and assigned to them limits 
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where the measured intensities droped to the value 1/e (~37%) of 
the intensity at the distance z=0 (red and blue solid lines 
respectively).  

 By imaging a MS with given radius at dp = 69 nm (Figure 33), one can 

expect a drastic change in detected signal distribution from pixel №~22 (blue 

dotted/solid line). From this exact point the EW is not limited anymore by the 

MS dimension (black solid line). Therefore, instead of an increasing trend in 

signal intensity (pixel №1-22), one should observe rather continuously “flat” 

linear signal (pixel №22-70). It is due to the fact that the signal entirely 

originates from FITC bulk solution and is not altered or affected anymore by the 

presence of the MS. The same effect should be visible while imaging the MS with 

any other penetration depths (e.g. presented here dp = 278 nm, in red), 

however an inflection point in this case should be present at larger distances 

from the MS vertex (intersection of red, doted/solid line). These hypotheses 

were confirmed by an experiment presented in this chapter, however with 

more clear evidence for smaller penetration depths (Figure 36), probably due 

to the larger contribution of the scatter effect associated with larger penetration 

depths or from surface roughness [26].  

 In addition, normalised signal originating from “under” the sphere 

region for all penetration depths should overlap perfectly for all dp>dp(min). In 

my approach this “under the sphere” region was calculated as 1-30 pixels, 

according to pixel/MS radius size, and the lowest dp (min)= 69 nm, which in this 

case was the limiting factor.  

 The normalised intensities of the signal detected under the MS in the 

experiment overlapped almost perfectly (Figure 34b, c), for all penetration 

depths as expected. This confirms the high accuracy of the image analysis 

approach and good system performance. However out of trend results were 

somewhat observed for penetration depths 141 and 116 nm (overlapped 

curves, Figure 35). This was probably caused by a hardware issue related to 

micrometre screw42.  

                                                         
 

42  It was noted during the experiments that while adjusting AOIs corresponding to these 
 penetration depths, the micrometre screw required greater force to turn. 
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Figure 34 Plot of; a) raw, and b-c) normalised intensity profiles from the first 
30 pixels from the MS vertex in all direction, as a function of a 
distance. The error bars represents standard error of the mean for a 
triplicate measurement of three datasets. 
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 Intensity profiles from the centre of the MS for each dp were determined 

as described in the paragraph above. The lowest detected signal corresponding 

to the sphere vertex (pixel №1), in each case vary (Figure 35), and increases 

with increasing values of dp in agreement to the theoretical predictions 

(Equation 2). Standard error of the mean Se(yEr±) for the signal intensity 

(three data sets, each in triplicate) as shown by the error bars increases as the 

distance increases from the sphere vertex (Figure 35 and Figure 56a-c43). I 

hypothesize that such a trend is due to: the greater relative noise contribution 

in the low intensity values, and increasing amount of pixels within particular 

ROIs area44. For example ROI1 with 1 pixel radius consists of 4 pixels, ROI2 with 

2 pixels radius consists of 8 pixels, whereas ROI70 with a 70 pixel radius is made 

up of 416 pixels. However the increasing number of pixels is just partially 

responsible for the increase in the value of the standard deviation of the signal 

detected.  

 

 

Figure 35 Plot of the raw intensity profiles from the analysed images of the MS 
as a function of distance from the sphere vertex (distance = 0 pixel) 

                                                         
 

43  Appendix. 
44  Uneven distribution of the EW over a FOV plus Gaussian distribution of the excitation 
 laser beam.  
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towards the sphere edge (depicted length 70 pixels). The error bars 
represents standard error of the mean for a triplicate measurement 
of three datasets.  

   

Greater influence of such an appearance is due to spatial representation 

of the particular ROIs in the z-direction. ROI1 represents signal from the very 

bottom of the sphere where a uniform signal is detected due to the exponential 

character of the EW, whereas for example ROI20 represents signal from the 

upper section of the sphere where excitation field is much weaker and might be 

affected by light scatter.  Note that as the z-distance increases, the EW 

contribution decreases and presumed scattered light dominates the excitation 

field.  

 

 

Figure 36: Plot of the averaged and normalised intensity profiles (converted) of 
the MS as a function of distance from the sphere vertex for different 
penetration depths from 69-278 nm. The inflection points were 
estimated according to the first derivative calculations (figure 
insert). 
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Averaged and normalized z-dependent profiles of the MS (Figure 36) 

were used for penetration depth estimation. The inflection point of each curve 

is related directly to the value of dp, and was evaluated by the calculation of the 

1st derivative for each curve (Figure 36 insert). The distances between the first 

pixel and the points of inflection were measured. These distances directly 

represent the radius of the imaged MS as a function of dp.  

 

Figure 37: Sphere radius as a function of angle of incidence, theoretically 
computed (black dots) and experimentally assessed (white circles, 
with associated 1st order exponential decay – red curve). 

The experimentally determined mean of the sphere radius versus AOI of 

the six different dp are shown in Figure 37. Error bars on the ordinate are the 

standard error of the mean radius measurement. The expected theoretical 

relationship is shown as black dots. The differences in sphere radius observed 

from the experimental data are probably due to various contributions of 

additional scatter effect (10 %), described in the literature [2, 26].  

The data shows that for all AOIs, the penetration depths are in relatively 

good agreement with theory. However I must emphasized at this point that the 

penetration depths used here for results comparison were estimated using 

triangular prism based method, which is certainly fraught by errors (see 

chapter 3). Moreover in estimates for the refractive indices of the cover glass 
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and immersion oil one must expect some discrepancies. This is of high 

importance especially for long penetration depths (AOIs close to critical angle), 

since precise refractive indices are crucial in predicting the dp.  This is 

significant because estimates for the refractive index of the materials used are 

often only available for one wavelength at one temperature and are difficult to 

measure. Additionally the presented method of inflection point estimation 

might not have been precise enough and other alternative mathematical 

approach is needed. 

 

4.4 Concluions. 

 

 I have shown how a simple metal ball combined with fluorophore 

solution might be used as a technique for dp calculation of the EW generated by 

through the objective TIRFM system, moreover this method can be used with 

prism based systems. The described method is practically cost free, versatile, 

and very simple to use for rapid estimation of dp in situ. Results shown here are 

in relatively good agreement (error 9-30%) with theoretical values. However I 

suspect that the prism based method for dp calculation, used here for data 

comparisons, might render presented results due to well known prism 

technique drawbacks. Therefore a more reliable, accurate and precise standard 

for our MS technique evaluation is required. In conclusion, the results 

demonstrate the possibility to extract experimental EW illumination dp in 

TIRFM microscopy using MS technique.  

 In addition, these findings illustrate the importance of an in situ method 

to directly measure the true dp. The simplicity of the presented method, 

compared with previous approaches, means that TIRFM dp calibration could be 

performed routinely in practically no time. Because no index matching is 

required, the refractive index of the surrounding medium can easily be changed 

to mimic the conditions of the biological experiments being performed. 

Uncertainty regarding to the contact point with the coverslip associated with 



Page 95 of 171 
 
 

the labelled polystyrene beds model was eliminated by the substantial weight of 

the MS. 

 MS with diameter >650μm has the potential to investigate samples with 

much better spatial resolution (from 0.5 – 50nm as a function of FOV size) than 

this provided by an EW itself, due to physical reduction of the visualised zone 

by the MS geometry. However, this might be achievable only for a small FOV 

around the MS vertex up to ~170 μm2 at dp=69nm. In vitro MS based 

measurement of dp are straightforward, and excludes the need/use of any 

fluorescent-labelling procedures.  

 In the future, this MS technique may thus provide an interesting 

alternative to fluorescent beads in microscope calibration. 
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5 Facile preparation of Fluorescein monolayers for 

TIRF microscopy setup and alignment.  

5.1 Introduction. 

 

Many applications of fluorescence microscopy require accurate and 

reproducible quantification of signal intensity [99, 100].  Measurement of 

fluorescence intensity by means of microscopy has been widely used in biology 

[125], medicine [126], and research [127]. However despite enormous technical 

progress in all aspects of fluorescence microscopy, very few generally accepted 

scales for signal quantification have been developed [103, 128]. This 

shortcoming limits the use of fluorescence microscopy in areas where 

standardization is essential such as biological research and clinical diagnosis 

[129].  

As outlined in section 1.2, an EW is used for fluorophore visualisation at 

nm ranges above the coverslip surface. Issues arise when the same sample is 

imaged on two different microscopes, or even on the same microscope, at 

different times.  Small changes in the microscope’s alignment or the 

environmental conditions of the laboratory can lead to significantly different 

results.  This is because the detected signal is a sum of the emission from the 

fluorophores excited within a theoretically calculated dp of the EW as well as 

fluorophores excited by the scattered light. If this dp changes, the result will of 

course be different. The standards most commonly used for these 

measurements are fluorescently labelled polypropylene beads and fluorescent 

solutions.  However, these standards have some drawbacks; the fluorescently 

labelled beads do not adequately mimic the conditions of the layers being 

imaged and the fluorescent solutions produce a signal that is the result of 

several different fluorophore populations (bound fluorophores and 

fluorophores free in solution).  These drawbacks can be eliminated by the use of 
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a standard that is located at the interface of the glass slide, well within the dp of 

the EW.  

The fabrication of a FITC fluorescent monolayer on a glass slide that is 

characterised by a uniform, stable fluorescence signal, with a high quantum 

yield, across the entire volume has been developed here.  This approach 

ensures that only fluorescence originating within the dp of the EW is recorded. 

These monolayers should have very similar photophysical behaviour to the 

samples of interest (proteins) in terms of signal intensity, surface coverage, and 

photophysical stability.  The monolayers should be easy to make and replicate 

as closely as possible the optical setup of the experiment.  In this way the 

standards can be used to confirm the optical setup of the TIRF experiment prior 

to implementation. 

Fluorescein and its derivative, FITC are inexpensive fluorophores widely 

used in biology. Aqueous solutions of FITC (Figure 8 and Figure 7) are well 

known to exist in several different protolytic forms (di-anionic, anionic, neutral 

and cationic), depending on the solution pH.  Each form has different emission 

characteristics [51].  At near neutral pH (between ∼6 and ∼8) aqueous 

solutions of FITC contain neutral, mono-anion, and di-anion forms [130].  For 

fluorescein the three pKa values are in the range 2.00-2.25 (cation/lactone), 

4.23-4.4 (lactone/mono-anion), and 6.31-6.7 (mono-/di-anion) and are 

environmentally sensitive. FITC is very similar with reported pKa values of 2.05 

± 0.03, 4.35 ± 0.02, and 6.62 ± 0.01 (ionic strength of 0.05 M). Changing the 

physicochemical environment and placing FITC in a more hydrophobic 

environment (e.g. CPC micelles) shifts the pKa significantly to: 1.36 ± 0.18; 4.31 

± 0.01; and 6.00 ± 0.01. One might expect that FITC adsorption on glass 

surfaces may induce some change in species composition and that FITC bound 

to proteins would also undergo some changes because of environmental factors. 

Furthermore, significant effects will be induced by the close proximity of other 

fluorophores on the surface because of non-radiative quenching and energy 

transfer. However, the adsorption behaviour of FITC on glass with different 

surface chemistries (section 1.5) remains unknown.  I want to examine the 

behaviour of FITC monolayers under a range of different pH and surface 
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chemistry conditions for subsequent alignment and validation of total internal 

reflection fluorescence microscopy measurements.   

Here I present a simple methodology for the preparation of a fluorescent 

standard made out of FITC molecules adsorbed onto a glass surface.  These 

monolayers can be used for alignment and validation of TIRFM systems.  Using 

fluorescent monolayers allows us to estimate with high accuracy the correct 

position of the objective, ensure perfect focus right above the coverslip for zero-

contrast samples as well as confirm that the AOI of excitation light provides 

expected dp.  Furthermore, I provide a preliminary photophysical 

characterisation of these monolayers produced on different surface chemistries 

with different pH environments. These monolayers were very reproducible 

with well-defined photobleaching properties which can facilitate the selection 

of the optimum experimental conditions for TIRFM analysis of low contrast 

and/or weakly fluorescent samples. Finally, one FITC monolayer displayed very 

strange behaviour providing an apparently unbleachable monolayer that may 

have a wide range of uses in TIRF microscopy and surface science. 

Herein, I provide a preliminary photophysical characterisation of these 

monolayers produced on different surface chemistries with different pH 

environments.  

 

5.2 Material and methods. 

 

Fluorescein isothiocyanate isomer I (FITC), Phosphate buffered saline 

(PBS) tablets (0.01 M phosphate buffer, 0.0027 M potassium chloride, 0.137 M 

sodium chloride, pH 7.4), and sodium phosphate dibasic were obtained from 

Sigma-Aldrich and used as received.  Sulphuric acid 98% was obtained from 

BDH.  Common chemicals like dichlorodimethylsilane, carbonate bicarbonate 

buffer with azide, citric acid, dimethyl sulfoxide (DMSO) spectroscopic grade, 

Perdrogen™ 30% H2O2 (w/w), trichloroethylene A.C.S reagent, 2-propanol 

Chromasolv®, RBS 25 detergent and methanol Chromasolv® were from Sigma-
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Aldrich.  All reagents were used without further purification. Solutions were 

made up with high purity water, Chromasolv® Plus for HPLC from Sigma-

Aldrich. 

FITC solutions were prepared as previously described in section 4.2.2.  

These were then used to prepare buffered solutions with a final FITC 

concentration of 1.72×10–5 M and were prepared fresh each day.  Carbonate 

bicarbonate buffer at pH 9.6 was prepared by dissolving 10 tablets in 1000 ml 

of high purity water (HPW). PBS buffer at pH 7.4 was prepared by dissolving 5 

tablets in HPW to yield a final concentration of 0.01M. Citrate/phosphate buffer 

was prepared by mixing 10.3 ml of 0.2 M Na2HPO4 and ~ 9.7 ml of 0.1 M citric 

acid for a final pH 5.0.  All buffers were used within one week of preparation.   

 

5.2.1 TIRF Instrumentation. 

 

Measurements were taken using an inverted Olympus TIRF microscope 

(Chapter 2). For the FITC experiments the laser beam was introduced at the 

critical angle of 62.47 ° producing a theoretical dp of less than 198 nm using 

refractive indices for BK7 glass/immersion oil and buffer solution of 

1.522/1.5237 and 1.3355 @ 488 nm respectively [105]. Room temperature was 

set up for 21 °C ± 1.5 °C (lab air-conditioning system) 24h before data 

collection to ensure thermal equilibration of the optical components.  Before 

measurements, all solutions used in the experiment were allowed to equilibrate 

to room temperature.  All imaging analyses were performed using the cellR 

software provided with the Olympus instrument. Spectral data collected by the 

spectrophotometer were analysed and corrected using Origin software. 
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5.2.2 Apparatus for monolayer preparation. 

 

A sampling system was designed to flow aqueous solutions 

(buffers/fluorophores) over the coverslip surfaces. Full description of the 

system is given in section 2.3.2. Here I used BK7 microscope coverslips 

(unmodified, hydrophilic or hydrophobic) attached to the flow chamber.  The 

system contained two reservoirs (Figure 22 a), which were filled at the start of 

an experiment. One contained the buffer wash and the second the fluorophore 

solution. All buffer solutions used in the experiment as well as those for FITC 

solution preparation were filtered using a vacuum driven sterile filter cup 

(Stericup™ Express Plus) with a 0.22 µm pore size membrane from Millipore. 

Finally the solutions were degassed using an ultrasonic bath to remove 

molecular oxygen. 

 

5.2.3 Substrate surface preparation. 

 

Borosilicate microscope coverslips N#1.0 (VWR International) were 

used as the primary substrate. Hydrophilic surfaces were prepared by first 

sonicating the slides for 1 hour in a 2 % (v/v) solution of alkaline RBS 35 

detergent.  They were dried in air at room temperature for ~ 15 min and placed 

in special coverslip glass cylinders (each coverslip into one slot), and soaked for 

3 hours in piranha solution (3:7, v/v, H2O2:H2SO4). The slides were then rinsed 

three times with HPW, followed by sonication for 1 hour in HPW, before a final 

rinse and storage in fresh HPW until use. This treatment gives a hydrophilic 

surface with a contact angle for water based solutions that is close to zero. The 

hydrophilic surface is believed to consist of an nm thin, hydrated oxide layer 

with a large number of silanol groups. These groups are amphoteric, being both 

proton acceptors and donors, with a point of zero charge (pzc) close to pH 3.0 
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[131]. The hydrophilic surface is negatively charged, having a possibility to bind 

cations at neutral pH.  

Hydrophilic surfaces were converted to hydrophobic surface substrates 

as follows: slides were removed from the HPW and then dried overnight in air 

at 80 °C (the slides were dried before the organosilane reaction as the 

chemicals required are very sensitive to moisture). They were sonicated in a 

2% solution of dimethyl-dichlorosilane in trichloroethylene for 3 hours before 

rinsing with trichloroethylene ×3, methanol ×3 and finally HPW.  The 

hydrophobic surfaces were stored in methanol solution at room temperature 

prior to use. The methylation process gives a surface covered with methyl 

groups covalently bound to the glass surface by silicone-oxygen bounds [132]. 

The hydrophobicity and hydrophilicity were qualitatively assessed using water 

contact angles measured (triplicate) using the Bartell and Zuidema method and 

a digital camera [133].  The contact angles were approximately 5.8°±4.1°, 

54.6°±2.7° and 86.7°±4.5° for the hydrophilic, unmodified, and hydrophobic 

surfaces, respectively. 

 

5.2.4 Monolayer preparation. 

 

To begin the FITC adsorption experiment, the flow chamber (Figure 

22) was allowed to equilibrate with the appropriate buffer for 5 minutes at 

constant flow (0.36 ml/min) Figure 21a, followed by the introduction of FITC 

solution for a 30 minute incubation time (close circulation, Figure 21b). After 

incubation, the FITC solution was replaced by a constant flow (0.36 ml/min) of 

fresh buffer for 10 minutes (Figure 21c). In general, it took less than an hour 

for FITC molecules to adsorb on the glass surface.  During preliminary 

experiments the fluorophore solution was allowed to circulate for several 

hours.  Further experimentation confirmed that the same result could be 

achieved with fluorophore incubation times of ~30 minutes.   
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5.3 Measurement procedures. 

 

In general two types of measurement were made on the TIRF setup:  first 

a wide-field image of the surface from which a total integrated fluorescence 

intensity was calculated (integration area 0.02 mm2), and second uncorrected 

emission spectra were collected using the Ocean Optics USB 4000 spectrometer.  

The fluorescence emission intensity over the FOV was measured by imaging the 

buffer solution (0-5 min), FITC bulk solution (5-35 min), and FITC monolayer 

(45-65 min).  

 For the first 5 minutes 5 measurements (image) were collected.  These 

measurements served as a confirmation that the flow system was not 

fluorophore contaminated and that there was no leak from the second 

circulation system containing the FITC solution.  

 Once imaging of the buffer solution was complete the FITC solution was 

then introduced to the flow chamber for 30 minutes incubation time.  

During this incubation period six measurements were taken at five 

minute intervals.  The time delay was necessary to avoid photobleaching 

of the emerging FITC layer.   

 Immediately after the incubation time, buffer solution was re-introduced 

to the flow chamber once again to remove the FITC bulk solution from 

the cavity of the chamber. Chamber flushing was maintained for 10 

minutes with the same fluid flow rate as during the FITC incubation 

phase. 

 After flushing the peristaltic pump was turned off and photobleaching 

measurements of the FITC monolayer were started.  For a period of 20 

minutes the monolayer was illuminated by the 488 nm laser 240 times 

with 250 ms exposures, which gave 60 seconds exposure time in total 

(irradiation of the sample 2.87 Wcm-2). 

 Microscope stage with the same sample was moved along the Y axis to 

another region of interest (ROI) and spectral measurements were taken.  

Excitation of the monolayer was performed as described in the previous 
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point but with an integration time of 30 second per spectrum. All the 

measurements described above were recorded as a result of emission 

intensity integrated over an area of 0.02 mm2 of the monolayer sample. 

All experimental datasets are comprised of triplicate measurements for 

three different glass surfaces (hydrophilic, unmodified, and 

hydrophobic) at three different pH’s (5.0, 7.4 and 9.6). 

 

5.4 Results and discussion. 

 

TIRFM wide field imaging and single point spectroscopy were used to 

analyse various FITC monolayers. Due to a precisely aligned and calibrated 

TIRFM system (see chapter 2 and 3) it was possible to collect both images and 

spectral data with remarkable consistency across all samples. These were 

prepared and measured in triplicate on different days over 12 months for the 

complete set of data presented here. An example of raw and normalised 

fluorescence emission intensity  isotherms for FITC solution adsorbed onto a 

hydrophobic glass surface at pH 9.6 are shown in Figure 38a), and b) 

respectively. In the same figure one can see raw c), and normalised d) 

fluorescence emission spectra of the FITC monolayer.  In both cases after 

normalization of the raw data it was clear that the emission spectra, as well as 

adsorption isotherms overlapped perfectly for the triplicate measurements. 

This confirms that the monolayers were virtually identical and the TIRFM 

system was prepared for the measurements correctly.   
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Figure 38: FITC adsorption and photobleaching isotherm, raw data (a), 
normalised isotherms of FITC absorbed on the glass surface (b), raw 
fluorescence emission spectra of FITC monolayer (c), and normalised 
spectra of the monolayer adsorbed onto a hydrophobic glass surface 
at pH 9.6 (d). 

 

Similar results were observed for monolayers created at pH 5.0 and 7.4. 

However the variation of ~ 0-5 % (see Table 6) in the absolute intensity 

between triplicate measurements occurred. This can be attributed to several 

factors; TIRFM alignments, excitation intensity fluctuations, EW distribution, 

scatter light, sample preparation, coverslip functionalization, etc. 
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Table 6:  Mean values of the signal intensity and associate errors for FITC 
isotherms between triplicate measurements. yEr± is the standard 
deviation of the mean. 

 
pH 9.6 pH 7.4 pH 5.0 

 
GLASS SURFACE MEAN yEr± % MEAN yEr± % MEAN yEr± % SIGNAL ORIGIN 

HYDROPHOBIC 

505 0.8 0.2 487 2.1 0.4 490 0.1 0 CONTROL 

3031 152.1 5.0 4454 68.2 1.5 3439 236.9 6.9 INCUBATION 

861 18.1 2.1 1206 29.6 2.5 2380 3.1 0.1 PHOTOBLEACHING 

UNMODIFIED 

478 0.4 0.1 488 0.2 0.0 473 0.6 0.1 CONTROL 

1857 22.6 1.2 2070 17.8 0.9 699 13.8 2.0 INCUBATION 

530 3.9 0.7 589 4.3 0.7 534 0.4 0.1 PHOTOBLEACHING 

HYDROPHILIC 

467 0.2 0.0 470 0.3 0.1 465 0.6 0.1 CONTROL 

1705 7 0.4 1397 11.4 0.8 478 0.4 0.1 INCUBATION 

463 0.2 0 466 0.1 0 458 0.1 0 PHOTOBLEACHING 

 

Presented here are nine different fluorophore-surface combinations 

generated on hydrophilic, hydrophobic, and unmodified glass surfaces at three 

pH values, which produce significantly different responses as might be expected 

[4]. In each case TIRF imaging showed that the emission intensity and 

photobleaching rates of FITC monolayers were dependent on both the solution 

pH and the wetting properties of the glass surface (related to degree of 

coverage).  However during the buffer wash control phase (t=0-5 minutes), in 

all cases, the detected signal was ~ 500 a. u. (arbitrary units), which was the 

average pixel intensity from the 512×512 pixel image.  Notably this value was 

consistent across all samples (Figure 40, Figure 41 and Figure 44). The 

standard deviation of the mean (yEr±), of this signal was in the range of 0-0.5% 

across each and every image, which indicated superior system stability.   

 The signal intensity was almost the same both before and after 

the incubation phase for hydrophilic surfaces at each of the pH values, there 

was also no upward trend in the isotherms during the incubation phase.  
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Figure 39: Spectra of the buffer solution after incubation  of the FITC solution 
over a hydrophilic surface at each pH (5.0, 7.4 and 9.6), with the 
spectrum of the buffer before incubation in blue. 

 

In addition, the spectral data for all pH after incubation and washing of the FITC 

solution over a hydrophilic surface overlapped almost perfectly, with the 

spectrum of the buffer before incubation (Figure 39).  This indicating that there 

was no FITC adsorption on these surfaces, and the only signal detected 

originates from the buffer solution. Furthermore “hydrophilic” measurements 

provided data about the emission intensity of the freely diffusing fluorophores 

in the bulk solution above the surface (t=5-35 minutes). This is due to 

hydrophilic surfaces consisting of a nanometre thick hydroxylated layer that 

resists adsorption [131, 134]. Consequently as a result of this we can be 

confident that the bulk FITC solution has an emission intensity of ~1700 a.u. 

and ~1400 a.u. for pH 9.6 and 7.4 respectively (Figure 40c and Figure 41c). 



Page 107 of 171 
 
 

 

Figure 40:  Integrated emission intensity from TIRFM images showing 
monolayer formation at hydrophobic (a), unmodified (b), and 
hydrophilic surfaces (c) and the photobleaching rates. Normalized 
emission intensity for all surface types at pH 9.6 (d).  

 On the other hand, using this reasoning we can assume that FITC 

monolayers on the hydrophobic surfaces at the same pH values contribute a 

maximum signal of ~1700 a.u. at pH 9.6 and ~2900 a.u. at pH 7.4 (Figure 40a 

and Figure 41a). In the case of unmodified surfaces the fluorescence intensity 

contribution from adsorbed FITC molecules during the incubation phase was 

relatively lower ~850 a.u. for both pH values (Figure 40b and Figure 41b). After 

the buffer wash, the monolayers at pH 9.6 and 7.4 had very low peak intensities 

above baseline up to ~400 a.u., and at pH 5.0 detected signal intensity was even 

worse ~100 a.u. above the baseline.  Moreover the intensity of the FITC 

monolayer adsorbed onto the unmodified glass surface at pH 7.4/9.6 had a 

signal intensity ~50 % lower than the signal obtained from the hydrophobic 
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glass surface. Therefore we can conclude that the unmodified surfaces were 

unsuitable for preparing fluorescent monolayers for all pH. 

 

 

Figure 41: Integrated emission intensity from TIRFM images showing 
monolayer formation at hydrophobic (a), unmodified (b), and 
hydrophilic surfaces (c) and the raw photobleaching rates. 
Normalized emission intensity for all surface types at pH 7.4 (d). 

 

During the incubation time at pH 9.6 for the hydrophobic surface we 

observed a ~27% increase in the measured fluorescence signal. At pH 7.4 a 

smaller but consistent signal increase over time indicated slower coverage. This 

comprised of the signal from both the adsorbed and freely diffusing FITC in the 

layer excited by the EW (~200 nm) above the surface. The maximum intensity 

observed during incubation was determined by two factors: the FITC protolytic 

forms present (related to the pH value) and the degree of surface coverage 

(related to the surface type).  The profile in this phase gave an indication of the 

rate of monolayer formation which was determined by surface chemistry and 
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the protolytic forms present (all other conditions being identical). At these pH 

values, FITC (like fluorescein) exists as a mixture of neutral, mono-anion, and 

di-anion forms, all of which will have different QY thus changes in monolayer 

emission intensity may arise from the adsorption of specific FITC forms onto 

different surfaces [51-53]. I measured and compared the emission spectra of 

both FITC and fluorescein and confirmed that they followed the same behaviour 

and had almost identical spectra (Figure 42).  

 

 

Figure 42 Comparison of emission spectra from fluorescein (a) and FITC (b) in 
solution. Back dash line pH 9.6, red dash line pH 7.4, and blue dash 
line pH 5.0. 

 

The major FITC form present in pH 5.0 solution was the mono-anion, whereas 

the di-anion from was dominant at pH 7.4 and 9.6. The reported quantum yields 
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for fluorescein were ~0 (neutral form), ~0.37±0.2 (mono-anion), and ~0.93 

(di-anion) in buffer [51]. However, the neutral form can exist as three different 

isomers: quinoid, zwitterion, and lactone which in solution were present in a 

15:15:70 ratio [4]. Only the quinoid is fluorescent with a QY of ~0.29 which was 

comparable to the mono-anion. We expect that a similar trend occurred with 

FITC however, there was very little literature/data about either fluorophore on 

glass surfaces. Overall monolayer formation at pH 7.4/9.6 on unmodified and 

hydrophobic surfaces followed fairly standard adsorption models as has been 

described in the literature [86, 87, 135]. A slight decrease in emission intensity 

was observed for the unmodified surface during the latter stages of incubation 

and this was probably due to the fast monolayer establishment and weak 

photobleaching effect (exposure time of 1.5 s). We also cannot eliminate the 

possibility of the adsorbed molecules diffusion [136].  

 After the buffer wash (t=35-45 minutes) unbound FITC was removed 

and the monolayer (under static buffer condition) was imaged 240 times at 

250ms exposure time in 5 seconds intervals. It was noted that significantly 

lower signal intensities were measured (decrease ~50%) in comparison to the 

incubation time (t=5-35 minutes). This was the proof that the detected signal 

originated only from the monolayer. Emission intensities were ~3× higher from 

hydrophobic monolayers (pH 9.6/7.4) compared to the unmodified glass 

surfaces. This implied that for both pH values surface coverage was much 

greater on hydrophobic surfaces assuming that the protolytic population 

distribution remains the same between bulk and surface. For both surface types 

monolayers undergoes rapid bleaching (from t>45 minutes) over a 20 minute 

period of imaging, however at slightly different rates (Figure 40d, Figure 41d). 

Similar effect on the photobleaching rates of the FITC adsorbed on the silica 

surfaces was reported by Imhof et al. [137], and agreed with the simulations 

proposed by Song et al. [138]. For these instances, bleaching was attributed to 

processes involving the triplet state; dye-to-dye (D-D), and dye to oxygen (D-O) 

combined together [139]. we assume that in the cases of hydrophobic and 

unmodified surfaces the D-D process was dominant, due to the high surface 

coverage for both pH.  However bleaching from hydrophobic surfaces was 
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slower than measured from unmodified surfaces (Figure 43), due to surface 

different coverage and presence of the protolytic forms. This was confirmed by 

normalised steady-state emission spectra (Figure 47a-d), which showed small 

spectral variation indicative of protolytic population differences.  

 

 

Figure 43 Photobleaching curves showing the relative decrease of the FITC 
fluorescence as a function of exposure time. 

 

I can conclude here that FITC adsorbed onto hydrophobic surface at pH 7.4 

creates a monolayer which exhibits the best properties in terms of high 

intensity level and photobleaching rates, probably due to the fact that at this pH, 

binding was relatively strong and QY of the adsorbed  FITC mono- and di-anion 

protolytic forms were relatively large. Moreover the bleaching profiles were 

very reproducible and thus can serve as convenient, easy and an inexpensive 

test sample to calibrate TIRFM alignment, collection efficiency, and imaging 

parameters to reduce photobleaching prior to undertaking experiments with 

expensively labelled biological targets.  

For pH 5.0 the interaction of the FITC with the surfaces was very strange 

and there is only clear evidence for fluorophore adsorption onto the 

hydrophobic surface (Figure 44a, d).  
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Figure 44: Integrated emission intensity from TIRFM images showing 
monolayer formation and the raw photobleaching rates at pH 5.0 on 
(a) hydrophobic, (b) unmodified, and (c) hydrophilic surfaces, (d) 
shows the normalized emission intensity for all surface type at pH 
5.0. 

 

In case of unmodified and hydrophilic surfaces almost no emission was 

detected (Figure 44b, c) similarly as for pH 7.4 and 9.6. At pH 5.0 FITC in 

solution is expected to be present in two protolytic forms mainly mono-anion 

with small contribution of neutral form [4, 51, 53].  Very weak signal detected 

from the bulk solution during the incubation time indicated that it was only a 

small amount of mono-anion presented or/and there was a boundary 

hydroxylated layer preventing free FITC approaching the EW zone. In the case 

of unmodified surface weak regressing signal was detected. It was possible that 

the boundary layer created by surface bound water could prevent mono-anion 

adsorption on the glass surface [140, 141]. However despite the water layer 
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bound which typically is in the size range ~1-2 nm, FITC could still be present 

and excited by the EW zone[142].  

Strong signal was detected during the incubation time for the 

hydrophobic surface (Figure 44d), which indicates the presence of different 

protolytic forms adsorbed on the glass surface compared to the bulk solution. 

The shape of the isotherm during the incubation time (Figure 44a) was similar 

to the TIRF plots reported by Robeson et al. for FITC-RNase-A adsorbed on 

polystyrene, which indicates the presence of concentration quenching [143]. 

We hypostatize that due to the high surface coverage we observed 

concentration quenching during the incubation time, which means that FITC 

molecules were located in close proximity within the Förster radius  ~50Å 

[144]. After 10 minutes of the incubation, signal from the adsorbed layer 

displayed a constant intensity (of ~3100 a.u.). It is well known that the ratio of 

different FITC protolytic forms and their QY in bulk solution might change 

under the adsorption process to the glass surface, as well as that the 

hydrophobic interaction elevated the neutral quinoid form formation in 

micelles [138], while in solution non-fluorescent neutral lactone was promoted 

[4].  We hypothesize that under adsorption, FITC neutral form adopted a 

quinoid structure, therefore producing significant emission driven by 

hydrophobic-hydrophobic interactions. The other possibility was that FITC 

mono-anion form adsorbed onto the surface as was reported by Maeda et al., 

who study FITC layers on platinum substrate [145]. By interpretation of 

spectral and modelling data they came to the conclusion that the investigated 

monolayers were composed from FITC mono-anion and neutral form 

exclusively, although fluorescence emission was attributed only to the mono-

anion form. It is worth emphasizing at this point that they investigated 

monolayers deposited onto platinum substrate, therefore quenching and 

surface plasmon effects might also contribute to the emission properties of the 

monolayers.  

Surprisingly the behaviour of the “hydrophobic” monolayer at pH 5.0 

was extremely photostable with no signs of photobleaching. This was not an 

isolated result and this behaviour was observed several times during replicated 
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measurements over almost two years. Observed emission from these 

monolayers was sufficiently high ~2500 a.u. indicating good surface coverage 

and relatively high QY.  

However, knowing the bleaching mechanism for FITC one will expect 

both D-D and D-O mechanisms to take place, instead there was an increase in 

the fluorescence intensity form ~68% to ~77% over the duration (t>45 

minutes) of the exposure time (Figure 44a). Such a trend could be explained by 

the  fluorescence recovery after photobleaching (FRAP), involving triplet state 

recovery rather than a diffusion based process, but a 10 minute period of time 

between measurements ruled that hypothesis out [146]. Recovery of FITC 

signal from surfaces has been reported previously where anionic fluorescent 

forms were regenerated by alkaline washes [145, 147]. We suspect that similar 

effect occurred changing surface equilibrium between (lactone, zwitteron) and 

fluorescent (quinoid) neutral form of FITC combined with the possible presence 

of mono-anion form.  During the photobleaching (t=45 – 65) for the first five 

minutes I observed an increase in the detected signal, which can be a result of 

two processes. Firstly the photoactivation of a FITC monolayer during the initial 

irradiation process which leads to the increase in emission. The other 

explanation could be the photobleaching caused by  irradiation for these 5 

minutes affected the rate of  concentration quenching by the increased 

distances between emitting fluorophores similar to that reported for FITC-

RNse-A [143]. However at some point in this process a decrease in emission 

should occur, due to a continuous monolayer bleaching, this was not observed 

in this case. 

The exact basis for these observations is unknown. We hypothesise that 

some form of excited state process is involved, however this requires further 

detailed investigation. The observed effect was very reproducible across 

different ROIs and samples (Figure 45a).  
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Figure 45 a) Fluorescence recovery at different ROIs for monolayers at pH 5.0 
on hydrophobic surfaces. Error bars are from triplicate 
measurements on different samples; c) Demonstration of monolayer 
surface population change with pH change from 5.0 to 7.4. 

 

In addition when the pH of the buffer above the monolayer was changed from 

5.0 to 7.4 (t=45-55 minutes) the emission properties changed dramatically, 

probably via the generation of dianion form. The detected signal after pH 

change (t=60 min) significantly increased at the very beginning, however 

followed by a rapid photobleaching (Figure 45b) similar to the other 

“hydrophobic” samples at pH 7.4 (Figure 41d). Interestingly, it did not bleach 

down to the baseline as in the case depicted in Figure 41d. This indicates that 

only the dianion was bleached and that the photostable FITC form remained on 

the surface. 
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The normalised emission spectra of buffer, FITC bulk, and FITC monolayer at 

three reported pHs were combined and depicted in Figure 46 to show spectral 

changes during monolayers preparation on the hydrophobic glass surface 

described in this chapter: buffer (t=0-5); bulk (t=5-35);and layer (t=45-65). 

 

 

Figure 46: Normalized fluorescence spectra of buffer (dot), FITC solutions 
(solid), and FITC monolayer (dash) at different pHs (5.0, 7.4 & 9.6). 

 

The emission spectra of FITC monolayers and their bulk solutions showed small 

differences between pH 7.4 and 9.6 (Figure 46), which indicated that the 

emitting species population were very similar and mostly originated from di-

anion and mono-anion at different ratios[4, 51, 52]. For all pH values there was 

a small but significant spectral red shift in the band maximum, as well as in the 

shape of spectra from bulk solution to monolayer (Figure 46). This could be 

explained by selective combination of a change in a protolytic form distribution 

on the surface, and/or the close proximity of adsorbed FITC molecules resulting 

in energy migration [144], and/or change in fluorophore environment when 

surface adsorbed. At pH 9.6/hydrophobic surfaces, the red-shift was the 

smallest ~3nm, which indicated similar protolytic forms in solution and the 
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monolayer (di-anion/mono-anion contribution). At pH 7.4 (the same surface) 

the red-shift was larger, this indicates different mono- and di-anion 

distribution, as well as greater contribution of the mono-anion since its 

emission extends further towards red (longer wavelengths) [4, 51]. For the last 

but not least pH 5.0 red-shift was more significant ~5nm, due to the 

contribution of the concentration quenching which takes place during the 

incubation phase. It is important to note that during the spectral measurements 

with increasing exposure time (Figure 59)45 the spectral shape did not change 

for the monolayers created on the hydrophilic surface at pH 5.0 in contrast to 

the other monolayers (Figure 57, Figure 58)45. Where there was a noticeable 

red-shift in the spectra as a result of photobleaching. Moreover spectral data 

shows clear evidence that with increasing exposure time intensity emission 

increases as well (Figure 59)45. Emission spectra of FITC monolayers adsorbed 

on hydrophobic, unmodified and hydrophilic surfaces are shown in Figure 47.  

 

                                                         
 

45  Appendix. 
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Figure 47 Normalized steady-state spectra of FITC monolayers on different 
surfaces at varying pH. (a, b) pH = 9.6; (c, d): 7.4; and (e, f): 5.0. The 
spectra on the left were normalized to the maximum intensity of the 
hydrophobic surface monolayer. Spectra on the right were 
normalized to the individual spectrum maximum intensity. All 
spectra were uncorrected for instrument response.  

 

Monolayers adsorbed onto hydrophobic and unmodified surfaces are very 

similar but not quite identical, this confirms that similar species were present in 

both cases but with different concentrations at each pH. In contrast, the very 

weak emission spectra recorded from the hydrophilic surfaces were almost 

identical to the spectra from the buffer solutions (Figure 39), which serves as 
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an additional proof to the isotherms data that stable FITC monolayers did not 

form on these surfaces. 

 

5.5 Conclusions. 

 

Reproducible FITC monolayers were easily generated on hydrophobic and 

unmodified glass surfaces and were sufficiently photostable for TIRF setup and 

validation, and the collection of emission spectra using a relatively simple, 

uncooled multichannel fiber optic connected spectrometer.  

I have shown that stable relatively bright, FITC monolayers can be easily 

prepared and analysed on hydrophobic glass surfaces at pH 7.4 and 9.6. The 

well-defined photobleaching profiles[137] of these monolayers provides a 

convenient method for assessing total illumination time available to the 

experimentalist. These monolayers therefore can be used as a simple substrate 

for optimizing alignment and/or image acquisition parameter setup prior to 

imaging expensive or complex biological samples. Moreover, the signal from the 

monolayer can be entirely eliminated “after use” by the blue light irradiation 

within minutes. Additionally FITC monolayers exhibit almost the same spectral 

properties as in the solution (altered by the red shift), which make them 

potentially useful as in situ pH probes [148, 149].  

The apparently unbleachable FITC monolayers at pH 5.0 on hydrophobic 

surfaces provide a very stable substrate which can be used to verify optical 

collection efficiency of different TIRF configurations. It provides a low-cost 

alternative to the use of more expensive photostable fluorophores such as the 

Alexa family [42]. The source of this unique emission at this stage seems to 

originate from the combined emission of both the neutral quinoid and mono-

anion protolytic FITC forms, however the precise mechanism is still unknown, 

therefore further, more detailed photophysical studies are required. 

In all cases, due to the fluorescence signal repeatability, FITC monolayers 

can potentially be used as a control for other molecules deposition studies on 
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hydrophobic and unmodified glass surfaces.  The main advantage is that they 

are very easily prepared, easy to characterise and not expensive.  

To conclude, we see these monolayers as being robust control 

measurements for validation TIRFM systems prior to undertaking protein or 

other fluorescently labelled macromolecules deposition studies on hydrophobic 

and unmodified glass surfaces. The unique hydrophobic/pH 5.0 FITC monolayer 

requires much more detailed photophysical characterization with more 

advanced measurement methods to provide unambiguous explanation for its 

remarkable high photostability. 
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6 Monitoring of a FITC-labelled Bovine Serum 

Albumin layer: adsorption process and properties. 

 

 Albumin is the most abundant soluble protein in the body of all 

vertebrates and is the most influential protein in plasma. Albumins and plasma 

proteins have been investigated extensively by scientists since the Age of 

Pericles (Athens, Ancient Greece) and these studies continue to this day. 

 Notable developments in the understanding of serum and plasma 

proteins occurred in 1946 as a result of the discovery of protein extraction: 

Cohn et al. developed a commercial fraction scheme for the purpose of 

extracting albumin from blood plasma [150]. A comprehensive historical 

perspective from ancient to modern times of albumin biochemistry, genetics, 

and medical applications can be found in a book entitled “All about Albumin” 

[151]. 

 

6.1 Introduction. 

 

The provision of pure and inexpensive bovine serum albumin (BSA), at a 

time when other proteins had to be purified tediously, made BSA the favourite 

model for study by protein chemists. This led to a vast increase in the number of 

scientific studies being added to the literature. According to the Web of Science, 

in the last three decades more than 5000 articles containing the phrase “Bovine 

Serum Albumin” in the title, and 34000 with “BSA” in the topic were published. 

This means that on average, 2.5 recognized scientific articles were published 

per day for last 30 years. So far BSA remains the most widely used model 

protein. Due to its low price and high similarity to Human Serum Albumin 

(HSA), in terms of  amino acid sequence, molar mass, %N, average residue 

mass, and net charge it is used as the low-cost HSA analogue [152, 153]. 
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Differences and similarities of BSA and HSA in relation to fluorescence effects, 

hydrogen ion titration, viscosity, binding isotherms etc., were fully described a  

long time ago [154].  

However, due to continuous progress in the development of new 

analytical techniques a need for novel methods of protein sample design and 

preparation arise. Highly specialised applications of protein utilisation and 

analysis have been outlined in literature since the early nineties due to their 

unique functionality and properties: various protein-protein interaction were 

identified using atomic force microscopy [155]; dynamics of protein 

aggregation at the interface were characterized by single molecule TIRF 

microscopy [156]; PCR DNA amplification from cell samples on microscopic 

coverslips become available [157]; monitoring of self-assembled monolayers 

(SAM) with functionalized terminating groups as model substrates for cell 

adhesion [158], or their resistance to the adsorption of proteins, various 

bacteria and mammalian cells [51, 159-161]; even observation of changes in 

protein adsorption with SAMs order were reported [162]; protein adsorption, 

diffusion, dynamics and aggregation [156] as well as protein release functions 

in microfluidic devices [163] and with polymer materials [164] were intensively 

investigated over past years; proteins were investigated as well as potential 

electronic materials [165]. These are only a few examples of protein adsorption 

studies. For various reasons, like defined surface chemistry or specific physical 

and chemical properties of the sample, researchers required protein samples in 

the form of a monolayer.  However, what’s missing in all of these analytical 

endeavours is the discussion of a reliable fluorescence standard that can ensure 

the collection of consistent data.    

The aim of this experiment was to create an in situ, photostable, 

reproducible layer of fluorescently labelled BSA on glass, which can be utilized 

as a control for BSA interaction studies under different conditions as well as a 

standard for calibration and correction of TIRFM. Many TIRF applications 

require quantitation of signal intensity in reproducible units. To achieve this, 

two conditions must be satisfied by the fluorescence standard. First of all, due 

to the various specific instrumental factors, the same sample imaged on two 
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microscopes or even on the same microscope at different times must produce 

the same readings. To satisfy this, the fluorescence standard (FS) needs to 

exhibit a reproducible fluorescence signal. Secondly, because of the shading 

effect46, areas of the same field may appear brighter than others despite the 

same amount of fluorophores per unit area. This is an artefact of the 

experimental technique.  While it can be minimized by careful adjustment of the 

microscope settings it cannot be erased entirely [166]. To correct for shading, a 

uniform and homogenous fluorophore distribution is needed [128]. 

The development of fluorescence standards for TIRF microscopy systems 

is particularly challenging because it is a single channel measurement being 

performed on nanometre thick samples, and it is very sensitive to the optical 

configuration. For single channel measurement systems like TIRF there can be 

significant variations in the measured signal due to a wide range of factors e.g. 

fluctuating excitation source intensity between measurements, variations in 

sample placement, small variations in TIR angle etc. In addition, for TIRF, 

scattered light above the evanescently excited zone is hard to control and this 

can generate additional, unwanted fluorescence signal.   

Therefore a reproducible FS is required. The “thickness” of the FS (z-

direction) is of critical importance for TIRFM. When the excitation light passes 

through the optical path of any microscope system it generates an individual, 

characteristic scattering pattern of its own. Therefore, it is necessary to design 

and develop a FS with a z-axial dimension smaller than the minimal penetration 

depth of the EW generated by the TIRFM (~70 nm). Otherwise, the FS will 

become a source of additional signal from the fluorophores excited by the 

scattered light. The use of a monolayer standard means that the detected signal 

would not be “contaminated” by scattered light and will originate solely from 

the fluorophores located only within the EW [26]. 

                                                         
 

46  Shading correction for the elimination of non-uniformity of image background intensity 
 is also known as background correction, background flattening, flat-field correction, or 
 shading correction [166. Wu, Q., F. Merchant, and K. Castleman, Microscope image 
processing. 2010: Elsevier.]. 
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Here a robust, reproducible, and inexpensive, method for BSA-FITC 

labelled monolayer formation on the modified glass surface with fixed path 

length and fixed concentration is presented. Different spectral properties of the 

monolayer due to the various protolytic forms of a FITC fluorophore are 

described. Potential applications of the fluorescence protein layer will be 

discussed as well.  

 

6.2 Material and methods. 

 

Fluorescein isothiocyanate isomer I (FITC), Phosphate buffered saline 

(PBS) tablets (0.01 M phosphate buffer, 0.0027 M potassium chloride, 0.137 M 

sodium chloride, pH 7.4), Carbonate bicarbonate buffer with azide pH 9.6, and 

Citrate/phosphate buffer pH 5.0 were all obtained from Sigma-Aldrich and used 

as received. Sulphuric acid 98% was obtained from BDH.  Common chemicals 

like dichlorodimethylsilane, dimethyl sulfoxide (DMSO) spectroscopic grade, 

Perdrogen™ 30% H2O2 (w/w), trichloroethylene A.C.S reagent, 2-propanol 

Chromasolv®, RBS 25 detergent, and methanol Chromasolv® were all from 

Sigma-Aldrich. All reagents were used without further purification. All solutions 

were prepared with high purity water (Chromasolve® Plus for HPLC from 

Sigma-Aldrich).  

For BSA-FITC solutions a stock solution of 1.37×10-5M was prepared 

(dye/protein ratio 2.85, see Appendix C. – sample 5) which was then used  to 

prepare  buffered  solutions  with a final FITC concentration of 3.63×10-6M. 

These were prepared fresh each day.  

To prepare carbonate bicarbonate buffer pH 9.6, PBS buffer pH 7.4 and 

Citrate/phosphate buffer pH 5.0 the appropriate quantities of tablets were 

dissolved in water to a final concentration 0.01 M.  All solutions were used 

within one week of preparation and stored at ~4 °C (between sampling).   



Page 125 of 171 
 
 

6.3 Sampling system. 

 

A sampling (flow) system was developed in house and used for all 

adsorption studies described in this dissertation. A more detailed description of 

the sampling system can be found in section Figure 21. 

 

6.4 TIRF instrumentation. 

 

TIRF instrumentation was prepared and aligned as described in chapter 2, 

paragraph 2.2. The penetration depth was set to 120 nm using the procedure 

described in section 3.2. 

 

6.4.1 BSA layer preparation. 

 

The samples used here are all monolayers of FITC labelled BSA 

molecules adsorbed onto modified microscope coverslips. The coverslips were 

modified to alter their wettability properties. Coverslip modification 

techniques, water contact angle measurements, and results can be found in 

section 5.2.3. BSA layers on three different glass surfaces with three different 

pH values were prepared in triplicate for this study.  

 

Table 7: BSA layers on hydrophilic, unmodified and hydrophobic glass 
surfaces with water contact angles of 5.8±4.1 °, 54.6±2.7 °, and 
86.7±4.5 ° respectively measured at three different pHs were 
examined in triplicate. 
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Glass Surface 

Type 

pH Contact angle 

[°] 5.0 7.4 9.6 

Hydrophilic Sample 1 Sample 2 Sample 3 5.8±4.1 

Unmodified Sample 4 Sample 5 Sample 6 54.6±2.7 

Hydrophobic Sample 7 Sample 8 Sample 9 86.7±4.5 

 

BSA-FITC monolayers were prepared on each surface using the same 

procedures, as outlined here47: 

i. Flow cell preparation – the coverslip was connected to the bottomless 

channel slide with a self-adhesive underside (Figure 22), and placed 

directly on the microscope alignment jig. 

ii. Fluid flow system was connected to the flow cell and fastened to the 

microscope stage with scotch tape.  

iii. Two polypropylene reservoirs were filled with 50 ml of the required 

BSA-FITC solution48 and buffer at the same pH respectively. They were 

connected to the inlet tubing’s of the flow system and the outlet of the 

flow system was connected to the waste reservoir.  

iv. The pump of the system was adjusted to the minimum flow rate and 

turned on. 

v. The solutions were introduced to the flow cell in the following order: 

Buffer (5 minutes), then BSA-FITC (30 minutes), then Buffer (10 

minutes), and then the pump was turned off.  

 

The first 5 minutes of buffer flow serves as a system control, followed by 

30 minutes of the BSA-FITC solution under continuous flow (incubation stage). 

During this time protein molecules should adsorb on the coverslip surface. The 

                                                         
 

47  Detailed description and technical data of the entire flow system can be found in 
 section 2.3.2. 
48  BSA-FITC solution at final molar concentration of 3.63×10-6M, and DOL ~2.9. 
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final step of the sample preparation is flushing the flow cell with the buffer. 

After a 10 minute wash, the BSA-FITC layer was prepared and ready for study. 

 

6.4.2 Measurement methodology. 

 

Two types of measurement on the glass-protein layers were performed:  

1. TIRF imaging of the sample surface (0.02 mm2 FOV) from which the total 

integrated fluorescence intensity was calculated.  

2. Uncorrected emission spectra were collected using an Ocean Optics USB 

4000 spectrometer.  

 

Both types of measurements were performed once, per sample in the 

following order:  

TIRF imaging, then change of the ROI (by slow movement of the microscope 

stage), then spectral data collection, and then repeated three times.  

All measurements were made under the same conditions: excitation 

wavelength 488 nm, laser power 550 μW at the sample,  room temperature 

21±2 °C, an AOI corresponding to a 120 nm penetration depth (checked before 

and after spectral measurements, using the alignment jig), 250 ms exposure 

time per frame. In both cases, the detected signal originates from a 0.02 mm2 

FOV on the sample.  

Analysis Procedure: 

1. Flow-cell filled with the buffer solution. 

2. Sample focussed see section 2.3.1 for detailes. 

3. TIRF imaging. 

4.  Collection of 5 images under constant buffer flow, one every 

 minute. (Total time 5 minutes/ total exp. time 1.25 s). 

5.  Change from buffer flow for BSA-FITC solution. 

6.  Collection of 6 images under constant flow of BSA-FITC solution 

 every 5 minutes. (Total time 30 minutes / total exp. time 1.5 s). 
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7.  Change back to buffer solution, at constant flow for 10 minutes. 

8.  Collection of 240 images, one every 5 s. (Total time 20 minutes 

 total exp. time 60 s). 

9. Spectral data collection. 

10. Spectroscope baseline correction (zeroing). 

11. Translation of the microscope stage to detect signal from different  

sample ROI. 

12. Spectrophotometer set up for 30 s. integration time. 

13. Spectral data collection as described in sub-point 9. (Total time 20 

minutes / total exposure time 60 s.) 

 

6.5 Results and discussion. 

 

The relatively strong fluorescence emission signal present after washing 

the flow cell with an excess of protein-free buffer show that the BSA-FITC 

molecules adsorbed on the glass surface. The origin of the irreversible 

adsorption is mainly a combination of electrostatic and hydrophobic 

interactions, accompanying by conformational changes of albumins on 

adsorption at hydrophobic surfaces [83, 167]. An extensive removal (10 

minutes) of the BSA-FITC bulk solution and weakly adsorbed proteins 

guarantee that the formation of a monolayer consist of only molecules which 

are strongly adsorbed possibly due to conformational changes in their 

structure. The thickness of the adsorbed monolayer would be expected to be 

less than a thickness of the native molecule49 and the thickness will depend on 

whether the protein adsorbs in an end on, or a side on configuration. It was 

reported that at concentrations >0.1 mg/ml the adsorbed layer of HSA (very 

                                                         
 

49  Depends on the orientation of the adsorbed molecules. End-on orientated molecules 
 will result of the maximum monolayer height ~14 nm, in a case of side-on orientation 
 the estimated height is ~4 nm. 
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similar structurally to BSA), has a thickness of ~1.7 nm, which is 55% less than 

a native thickness of the HSA (3.8 nm), this suggest high degree of protein 

unfolding during adsorption [168]. Calculated maximum adsorbed mass of BSA 

(native dimension50) are ~690 ng/cm2 in a case of 100% end-on orientation, 

whereas in a side-on orientation, it would be ~190 ng/cm2. Literature reports 

give the mass of BSA, adsorbed onto surfaces with various water contact angles 

(20-100°) in the range of 220 – 430 ng/cm2 which suggests that BSA monolayer 

adsorption from solutions comprises of both end-on and side-on orientations 

[169]. It was reported that for various polymer and plasma treated surfaces 

which exhibit different hydrophobicity, 100 ppm HSA-FITC solutions yielded 

~4-5 nm thick monolayers whereas for more concentrated 400 ppm solutions a 

thicker ~15 nm layer was formed [170, 171]. The concentration used here was 

3.63×10-6M (241 ppm) which suggest that  the majority of the BSA molecules 

will adsorb in an end-on orientation [172, 173], Therefore we can be confident 

here that in this case the estimated monolayer thickness is certainly less than 

20 nm.  In addition, the preparation conditions were similar to those reported 

by Phan et al. [174] and other authors [84, 175], all of whom report nm layer 

thicknesses in the size range measured by ellipsometry, AFM or other methods 

[73, 169].    

 The variation in the signal detected from three different parts of the 

monolayer located ~5 mm apart  from each other was ~0-5 % (data not 

shown), which is more likely related to the external factors rather than the 

monolayer itself. Nevertheless such a small signal variation suggests that 

monolayers were reasonably homogenous and composed of the same species at 

the same pH and surface combination.  

The averaged and normalised51 fluorescence emission intensity of BSA-

FITC molecules adsorbed onto hydrophobic, unmodified and hydrophilic 

surfaces as a function of time isotherms are shown in Figure 48. All 

combinations of BSA-FITC monolayers presented here generated on the above 

                                                         
 

50  BSA dimensions ~4×4×14 nm. 
51  Normalized to the average maximum fluorescence value of the whole data set. In this 
 case to the maximum intensity of the signal for unmodified sample. 
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mentioned surfaces at three pH’s (5.0 – 9.6) and produce significantly different 

responses as might be expected. The only exception from this rule was virtually 

identical emission intensity distribution noticed for monolayers generated on 

unmodified and hydrophobic surfaces at pH 5.0 (Figure 48a). However in each 

case the emission intensity and photobleaching rates detected were dependent 

on solution pH and in line with the increase in hydrophobicity of the surfaces. 

The presented isotherms follow very similar shape and fluorescence intensity 

distribution for incubation and photobleaching phases as reported in literature 

[84, 85].  

In all cases for the control phase (t=0-5 minutes) the detected signal 

was ~500 a.u. which indicates good system stability and reproducibility of data 

collection. These consistent values show as well, that the flow system (section 

2.3.2) designed and used for monolayers preparation was leak-free from the 

second flow circuit which contains BSA-FITC solution, and the flow chamber 

before the incubation phase was not contaminated by any fluorescent agent. 

Therefore the signal detected from the control phase was used as a base line for  

further data interpretation and analysis. 

 The second common feature shown by isotherms for all pH values was a 

similar but not as consistent signal, originating from the BSA_FITC molecules 

adsorbed onto the hydrophilic surfaces after the buffer wash phase (t=35-45 

minutes), (Figure 48). The signal intensities from these layers however were 

very weak ~ 50 – 250 a.u above the base line, with the maximum at t=45 

minutes,  and drops down to the base line level after ~10 minutes of irradiation. 

This might indicate that no or very little adsorption took place for hydrophilic 

surfaces. 
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Figure 48: Normalized adsorption isotherms showing emission intensity of 
BSA-FITC samples at a) pH 5.0, b) 7.4, and c) 9.6 on unmodified, 
hydrophobic and hydrophilic glass surfaces. 

From the spectral data we can conclude that at pH 5.0 the adsorption 

process took place, but it was very inefficient and the surface coverage was 

much lower in comparison to the unmodified and hydrophobic surfaces at the 

same pH (Figure 49d).  
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a b 

c d 

e f 

Figure 49: Integrated average52 emission intensity from TIRF images showing 
monolayer formation at hydrophobic (a), unmodified (b), and 
hydrophilic surfaces (c) and the photobleaching rates. Raw (b), 
normalised to the peak maximum value of unmodified surface (d), 
and normalised spectra to its own maximum value (f). All at pH 5.0. 

Moreover adsorbed FITC-conjugate protolytic forms at pH5.0, which are 

expected to be present as mono-anion and neutral form [4, 51, 53], were 

identical for all types of the surfaces since the spectra for all surfaces 

overlapped almost perfectly (Figure 49f), apart from the intensity for 

                                                         
 

52  Average value between three samples measured independently. 
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hydrophilic surface (Figure 49d) as expected. An additional confirmation for the 

presence of two protolytic FITC-conjugate forms was band fitting of the 

emission curve which clearly showed that there were at least two bands 

present (Figure 6053). This might suggest emission from both mono-anion and 

neutral forms. This also indicates that the BSA conformation was very similar in 

all cases and that only surface coverage was different. In the cases of pH 7.4 and 

9.6 the situation looks slightly different and can appear a bit ambiguous. We 

hypostatize that weak reversible or no FITC_BSA adsorption took place. From 

isotherms one can see very weak signal originated from the adsorbed species, 

with the maximum ~150 and ~50 a.u. for the pH7.4 and 9.6 respectively 

(Figure 50e, Figure 51e).  

 

a b 

c d 

                                                         
 

53  Appendix B. 
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e f 

Figure 50: Integrated average54 emission intensity from TIRF images showing 
monolayer formation at: hydrophobic (a), unmodified (b), and 
hydrophilic surfaces (c) and its photobleaching rates. Average (b), 
normalised to the peak maximum value of unmodified surface (d), 
and normalised spectra to its own maximum value (f). All at pH 7.4 

This might be taken as evidence of negligible surface coverage. However 

the spectra shows that the detected signal originates rather from the buffer 

since presented peak maxima are located further into red region of the 

spectrum (see Figure 50f, Figure 51f and Figure 53 for comparison) the same 

was observed in the case of FITC monolayers described in the previous chapter.  

 

a b 

                                                         
 

54  Average value between three samples measured independently. 
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c d 

e f 

Figure 51: Integrated average55 emission intensity from TIRF images showing 
monolayer formation at hydrophobic (a), unmodified (b), and 
hydrophilic surfaces (c) and its photobleaching rates. Average (b), 
normalised to the peak maximum value of unmodified surface (d), 
and normalised spectra to its own maximum value (f). All at pH 7.4 

 

This ambiguity can be explained by the sequence of the signal detection 

from different ROIs of the sample, for the isotherms as first (ROI 1), and then 

spectra secondly (ROI 3-4). Therefore we suspect that visible fluorescence in 

the isotherms originates from weakly bonded BSA-FITC molecules to the 

surface. Because of the time lapse between measurements (~ 25 minutes 

×4ROI) these weakly bonded molecules might gradually desorb undergoing a 

diffusion process over time slowly detaching from the surface and returning 

into solution. Overall either a lack of or weak reversible adsorption of the BSA-

FITC can be explained by the presence of the hydrated layer on the hydrophilic 

surfaces which causes large changes in adhesion and friction in nanoscale 

                                                         
 

55  Average value between three samples measured independently. 
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contacts [176]. Overall we can conclude that the hydrophilic surfaces were 

unsuitable for preparing fluorescent monolayers for all pH values. 

In contrast to hydrophilic surfaces, reproducible monolayers were 

generated on unmodified and hydrophobic coverslips at all pH values (Figure 

48), with the pH 9.6 layers on hydrophobic surfaces being the brightest and the 

quickest to form. The signal detected from these monolayers after buffer wash 

(t=45 minutes) was much higher compared to the FITC case (chapter 5). These  

higher signal intensities observed in BSA-FITC isotherms in comparison to FITC, 

can be explained by the fact that the solutions used to create monolayers were  

at similar concentrations 1.72×10-5, and 1.37×10-5 M respectively, however  the 

amount of FITC molecules varied significantly since the dye to protein ratio was 

2.85:1. A comparison of these two solutions is depicted in figure (Figure 52a).  

 

Figure 52: a) Normalized (to the BSA-FITC maximum value) fluorescence 
emission spectra for buffer solutions (dot line), FITC solutions (solid 
line), and BSA-FITC solutions (dash line) at pH 5.0, 7.4, and 9.6 
depicted in green, red, and black respectively. b) Normalized spectra 
(to the maximum value of each spectrum) of the buffer, FITC, and 
BSA-FITC solutions 
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One can see that due to the higher concentration of the FITC molecules in 

the protein solution the intensity is stronger, however changes in protolytic the 

forms of FITC between these two are minor. We can conclude here that in a 

solution at pH 7.4 FITC remains in the same protolytic form while conjugated to 

BSA, and it is slightly altered at pH7.4 and 9.6. 

The best monolayers were generated at pH 5.0 (Figure 49) which was 

close to the isoelectric point for BSA, therefore these monolayers were the most 

photostable. What was particularly interesting was the fact that the isotherms 

overlapped almost perfectly for both unmodified and hydrophobic surfaces 

(Figure 48a). It means that the adsorption process in both cases was virtually 

the same and the BSA-FITC molecules behave identically while adsorbing onto 

the glass surface. Therefore similar surface coverage and photobleaching rate 

was observed. In addition to that, photobleaching curves show that emission 

intensity rapidly decreases as time (essentially exposure time) increases [137, 

177], which exhibits an exponential type of decay for both unmodified and 

hydrophobic glass surfaces. Surprisingly a weak fluorescent monolayer was 

formed on the hydrophilic surfaces at pH 5.0 indicating the strong adhesion 

properties of proteins. At this pH monolayers exhibit very different behaviour 

and spectral response compared to FITC monolayers, due to the location of the 

fluorophores within the BSA molecules and not directly adsorbed onto the 

surface.  

The monolayers exhibit superior resistance to photobleaching at both 

pH 7.4 and 9.6 on the hydrophobic surfaces. The photobleaching curves were 

more linear in comparison to the FITC ones, indicating a different mechanism. 

This might be explained by two factors. First of all, the fact that FITC when 

bound to the BSA is likely to be sterically protected, and secondly there was a 

different population of protolytic forms present when bound to protein as was 

clear from the emission spectra (Figure 53).  
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Figure 53 Overlaid, normalized fluorescence spectra of buffer (dotted line) – 
control phase (t=0-5minutes), bulk solution (solid line) - incubation 
phase (t=5-35 minutes), and adsorbed monolayer (dashed line) – 
(at t=45 minutes) for: a) BSA-FITC, and b) FITC, both on 
hydrophobic surfaces at different pH. 

 

Based on the data presented by Hungerford et al.,  the distance between 

FITC molecules conjugated to BSA was ~53 Å for the dye to protein labelling 

ratio 2.85 [144]. For these distances energy migration between FITC molecules 

in each individual BSA protein were significant which in turn caused a reduction 

in the emitted intensity. However the effect was attributed to individual BSA 

molecules and it was unlikely that there was much inter-BSA energy transfer 

due to the significant size of BSA and relatively low labelling ratio used here 

[143]. 

At pH 9.6 the surface type influenced the adsorption process and the BSA-

FITC layer properties the most. The fluorescence intensity from both the 

incubation period (5-35 min), and “photobleaching” period (45-65 min) of the 
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isotherms are easily distinguishable for the hydrophobic and unmodified 

coverslips. Normalised spectra of FITC solution and BSA-FITC solution at pH 9.6 

is red shifted (Figure 52). This shift is more visible in the case of BSA-FITC 

monolayer at the same pH (Figure 50f). We believe that the cause of such effect 

is due to the different percentage contribution of the FITC-conjugate protolytic 

di-anion form within adsorbed BSA molecule. Higher dianion content of the 

BSA-FITC layer adsorbed onto the hydrophobic surface can be used as an 

explanation of the higher signal compare to the unmodified surface. That’s why 

molecules on the hydrophobic surfaces are ~25 % brighter that those adsorbed 

on the unmodified surface (Figure 50d). The difference between the signal from 

the bulk BSA-FITC (5-35 min) and BSA-FITC layer (45th minute) is 33 % and 50 

% less intense for the hydrophobic and unmodified surfaces respectively. This 

difference in signal may result from either: differences in the ratios of the 

mono- and dianion-conjugates attracted to the hydrophobic surface and/or the 

higher rate of coverage on the hydrophobic surface. However, normalized 

spectra for the hydrophobic and unmodified surfaces (Figure 51f) overlap 

perfectly and the emission was strong indicated that the monolayers contained 

mostly the same FITC protolitic forms.  For the pH 7.4, the bulk and 

hydrophobic monolayer spectra were very similar, a small red shift was noted, 

which indicated that the surface and solution populations of protolytic forms 

were very similar (Figure 52b).  However, there was a noticeable difference at 

pH 7.4 between the unmodified and hydrophobic surfaces with the hydrophobic 

monolayer having a noticeable extension into the red (Figure 50f).  BSA at pH 

7.4 (10 mM phosphate buffer) on hydrophobic surfaces is known to have a side-

on surface orientation  and a stronger interaction which may change its 

conformation compared to the unmodified surface where the attractive forces 

were less [178].  This appears to cause less emission from the dianion and a 

more mono-anionic character in the emission.   
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6.6 Conclusions. 

 

Here we have demonstrated a robust methodology used to create a 

monolayer of BSA-FITC molecules on glass surfaces. Three surface types were 

used, hydrophilic, hydrophobic and unmodified. It was found that the 

hydrophilic surfaces did not yield BSA monolayers at any of the three pHs 

measured, due to the presence of a hydrated layer on the glass substrates. It 

was relatively easy, but time-consuming to prepare reproducible BSA-FITC 

monolayers on both hydrophobic and unmodified glass surfaces. These 

substrates showed the presence of homogeneous and uniform monolayers at all 

pHs with similar photobleaching rates for pH 7.6 and 9.6 in contrast to the 

slower rate detected for pH 5.0. The most intense signal was detected for the 

hydrophobic layer at pH 9.6. This is thought to be due to the higher coverage on 

the glass surface and to the presence of a higher percentage of the dianion 

protolytic form of FITC-conjugate. 

We can conclude here that the quality and reproducibility of the 

monolayers is very sensitive to a variety of factors.  First of all BSA-FITC 

labelling ratio which can affect not only the fluorescence emission [144, 179] 

but also the adhesion properties  [42].  Thus, their use as a robust standard 

required very careful labelling, purification, characterization and handling.  

Here we used a single batch of labelled BSA-FITC, ensuring reproducible layer 

formation and the layers were also reasonably photostable over several 

minutes of imaging. We see these monolayers as being robust control 

measurements for validation of TIRF system performance prior to undertaking 

protein deposition studies on hydrophobic or unmodified glass surfaces.   
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7 Conclusions 

 

 The presented research underlined the importance preparation, 

validation and control of the TIRFM system before undertaking experiments 

due to their high impact on the accuracy and precision of the fluorescence signal 

collection. The pre-experimental system check-up protocols were developed for 

focus uniformity across the sample x-y plane, examination of stage drift and 

laser power stability. These are necessary to prevent errors occurring in 

fluorescence signal detection.  

 Moreover an “A-JIG” alignment tool for precise AOI measurements with 

comprehensive SOP was developed. This method yielded results with a high 

level of reproducibility (~1–0.3 %) and accuracy. The A-JIG is inexpensive, 

versatile and simple to use for rapid measurements. The A-JIG design resolves 

the difficulties with positioning a prism for AOI measurements. The compact 

“one-piece” A-JIG with click in prism holder ensures a constant and accurate 

fixed distance between the prism, and the “spot screen” necessary for the AOI 

trigonometric calculations. This method yielded results with a high level of good 

reproducibility <1% and high accuracy R2=0.999, determined from plotting the 

position of the laser beam as a function of the micrometre screw reading. 

Calculated values of the NBL 3D printed A-JIG are in agreement with 

theoretically predicted values and confirmed by analysing fluorescence 

intensity of the FITC solution. This A-JIG configuration as described here is 

suitable for a wide range of common excitation wavelengths and combination of 

different refractive indices. The use of the commercial 3D printers also allows 

one to build bespoke A-JIGs which can be easily modified to suit any inverted 

trough the objective TIRF microscope. Finally, as the A-Jig is easy to use and fit, 

it is therefore a very simple and quick process to verify AOI/image adjustment 

on daily basis. More importantly however before, during, and after imaging 

experiments to validate that the system has performed correctly. This ability to 

easily measure AOI and thus model the dp will be useful for helping validate 

TIRF imaging experiments. 
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  A solid state calibration standard was presented for in situ EW 

characterization. The MS method can be utilized as a rapid, cost effective and 

relatively precise probe for dp validation for any TIRFM system. The method is 

versatile, applicable for entire vis-region of the spectrum, as distinct from 

widely used fluorescent micro and nano-beads applicable only for examination 

of specific wavelengths. In addition, my findings illustrate the importance of an 

in situ method to directly measure the true dp. The simplicity of the method, 

compared with previous approaches, means that TIRFM dp calibration could be 

performed routinely in practically no time. Because no index matching is 

required, the refractive index of the surrounding medium can easily be changed 

to mimic the conditions of the biological experiments being performed. 

Uncertainty regarding to the contact point with the coverslip associated with 

the labelled polystyrene beds model were eliminated by the substantial weight 

of the MS.  

The MS with diameter >650μm has the potential to provide much better spatial 

resolution (from 0.5 – 50nm as a function of FOV size) than this provided by an 

EW itself, due to physical reduction of the visualised zone by the MS geometry. 

However, this might be achievable only for a small FOV around the MS vertex up 

to ~170 μm2 at dp=69nm. In vitro MS based measurement of dp are 

straightforward, and excludes the need/use of any fluorescent-labelling 

procedures. In the future I would like to explore EW calibration using an MS 

technique by checking its performance and compatibility with various laser 

lines as well as white light sources. There is a need as well to validate this novel 

technique using more precise measurements of AOI's (as a reference point) for 

example using an improved A-JIG.  I would like to utilise an A-JIG "spot screen" 

possibly with more precision than a visual observation digital alternative for 

measuring height of the laser spot, which will enhance the accuracy of the 

measurements. 

 I have shown that using spectroscopy incorporated total internal 

reflection fluorescence microscopy system one can precisely study adsorption 
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process and physicochemical properties of the FITC and BSA-FITC molecules on 

modified borosilicate flat glass surfaces. 

 A method for the facile preparation of the FITC and BSA-FITC 

monolayers was developed. After 30 minutes of the continuous flow of the 

aqueous solution of interest above the hydrophobic and unmodified glass 

surfaces, uniform monolayers were detected despite the pH of the solutions. 

Adsorption isotherm analysis reveals no/or negligible signal detected from the 

hydrophilic glass surfaces. This observation was confirmed with spectral data 

analysis. The adsorption process efficiency was dependent on the wettability 

properties of the glass surfaces and increase significantly with the 

hydrophobicity character of the surfaces in both cases. 

The apparently unbleachable FITC monolayers at pH 5.0 on hydrophobic 

surfaces provide a very stable substrate which can be used to verify optical 

collection efficiency of different TIRF configurations. It provides a low-cost 

alternative to the use of more expensive photostable fluorophores such as the 

Alexa family [42]. The source of this unique emission at this stage seems to 

originate from the combined emission of both the neutral quinoid and mono-

anion protolytic FITC forms, however the precise mechanism is still unknown, 

therefore further, more detailed photophysical studies are required. 

In all cases, due to the fluorescence signal repeatability, FITC monolayers 

can potentially be used as a control for other molecules deposition studies on 

hydrophobic and unmodified glass surfaces.  The main advantage is that they 

are very easily prepared, easy to characterise and not expensive.  

To conclude, I see these monolayers as being robust control 

measurements for validation TIRFM systems prior to undertaking protein or 

other fluorescently labelled macromolecules deposition studies on hydrophobic 

and unmodified glass surfaces. Finally, a more detailed photophysical study of 

the “unbleachable” hydrophobic/pH 5 FITC monolayer system is required to 

provide an unambiguous explanation for its very high photostability. 
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Appendix A. 

Tracking the excitation laser beam – an empirical approach. 

 

One of the crucial components of TIR microscopy system responsible for 

uniform EW formation is the excitation light source, usually a CW laser.  A 

procedure for laser alignment is usually provided by the manufacturer. It is 

quite simple to perform and might be suitable for qualitative sample 

observations; however in the case of quantitative analysis or the need for 

higher accuracy measurements extra preparation is required. Commercial TIRF 

oil objective lenses are designed so that the excitation light is focused on the 

BFP of the objective lens (Figure 54a).  By moving the laser beam from the 

centre of the BFP (EPI illumination) towards its edge, the laser beam is 

refracted when passing through each lens in the objective barrel and finally 

emerges the objective lens as refracted by 𝜃𝑖 (Figure 54b).  Theoretically an 

intercept of the refracted or reflected laser beam (by any angle 0 ≤ 𝜃𝑖 ≤ 𝜃𝑚𝑎𝑥) 

and the coverslip should intersect in the middle of the FOV (Figure 54c), 

thereby providing even propagation of the evanescence wave in the best 

possible way.  In practice the situation looks slightly different. 
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Figure 54: a) BFP visualisation of the laser beam movement during angle of 
incidence changes; b) Series of the laser refraction inside objective 
barrel (cross-section);  c) Idealised intersection of the laser beam 
and the coverslip for different angle of incidences. 

The easiest and most appropriate way to realize ray tracking of the 

optical system is to use professional software e.g. ZEMAX. However design 

details (lenses specification as well as lenses set up) of the objective barrels 

used for the TIRFM system remains unknown due to the manufacturer policies. 

In the Olympus TIRF system I used, the laser sources are coupled into 

the microscope using optical fibres. Laser focus and position at the BFP is 

achieved by manipulation of a fibre port adaptor. Following instructions for the 

fiber port alignment, adjusting the input angle, centring the laser beam position, 

as well as focusing the laser beam I noticed that the intercept of the refracted or 

reflected laser beam (by any angle 0 ≤ θi ≤θmax) is not fixed at the same position 

in the middle of the FOV as shown in (Figure 55a). Due to design complexity 

and the amount of lenses in the objective barrel the laser beam undergoes 

refraction through each lens.  This complex optical path is the reason why the 

laser beam on exiting the objective lens is not precisely centred in the middle of 

the FOV, but is offset according to the angle of incidence (Figure 55b). 
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Figure 55: a) Perfectly aligned and fixed intersection of the laser / coverslip at 
the same point despite laser angle of incidence; b) red arrow 
indicates translation of the laser intersection in the xy plane for the 
different angle of incidences; and c) red arc shows refraction of the 
laser beam exiting the hemispherical lens utilized for angle of 
incidence measurements. This additional refraction is not well 
described in the literature. 

This offset is an additional factor affecting AOI measurement precision. 

The intersection point of the incident ray located within the hemispherical 

prism rather than at the surface of the coverslip is responsible for unrestricted 

light refraction (red arc Figure 55c). More detailed tracking of the laser beam 

movement as the angle of incidence changes and its consequences are depicted 

in (Table 8).  This phenomenon, caused by hardware imperfections, needs to be 
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taken into consideration during TIRF system alignment and preparation, 

especially for precise angle of incidence measurement. 

Table 8:  Detailed tracking of the laser beam movement as the AOI changes 
from epi illumination to variable angle epifluorescence (VAEM) and 
finally to TIRF. First column shows an illustration of the movement 
of the laser beam from the centre of the BFP towards its edge.  The 
laser beam undergoes a series of refractions inside the objective 
barrel and finally emerges the objective lens as refracted by θi as 
shown in the second column. An increase of AOI causes translation of 
the maximum intensity of the laser beam towards right site for EPI 
and VAEM (third column, rows 1-3). Lack of homogeneity of the EW 
and uneven distribution across the FOV is depicted in row 4 and 5 
(column 3). 
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Appendix B. 

 

Figure 56: a, b, c – Plots of the intensity profiles (three datasets) from the 
analysed images of the MS as a function of distance from the sphere 
vertex (distance = 0 pixel) towards the sphere edge (depicted length 
70 pixels). The error bars represents standard error of the mean for 
a triplicate measurement.  
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HYDROPHOBIC 

 

UNMODIFIED 

 

HYDROPHILIC 

Figure 57: Raw, average and normalized steady-state emission spectra of FITC 
monolayers on hydrophobic, unmodified and hydrophilic surfaces. 
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HYDROPHOBIC 

 

UNMODIFIED 

 

HYDROPHILIC 

Figure 58: Raw, averaged and normalized steady-state emission spectra of FITC 
monolayers on hydrophobic, unmodified and hydrophilic glass 
surfaces at pH 7.4. The 3 dot spectra represent different exposure 
times from 10 – 30 sec. 
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HYDROPHOBIC 

 

UNMODIFIED  

 

HYDROPHILIC 

Figure 59: Raw, averaged and normalized steady-state emission spectra of FITC 
monolayers at hydrophobic, unmodified and hydrophilic surfaces at 
pH 5.0. The three dot lines show different exposure times from 10 – 
30 sec. 
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Figure 60 Band fitting of the emission curve (black dots) and its perfectly 
overlapped cumulative peak (solid red) @hydrophobic pH 5.0, 
indicating presence of different protolytic FITC-conjugate forms 
(solid green). 
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Appendix C. 

Protein labelling. 

 

The aim of this experiment was to establish an optimum labelling condition 

of BSA with FITC in relation to the highest possible degree of labelling (DOL).  

Four factors were taken into consideration as variables; molar ratio of the 

protein/fluorophore, pH of the reaction mixture, time and temperature of the 

reaction. The ranges of values of the variables used in the experimental design 

are shown in Table 9. 

Table 9: Conditions of the labelling reaction and its range. *pH variations due 
to the changes of the reaction temperature. 

  Condition Range 
molar Protein/Dye ratio 1:10, 1:20, 1:30 1:40 

pH* 8.5-8.59, 9.53-9.70, 10.34-10.60, 
10.62-11.08  

Time [h]  8, 16, 24, 32 
Temperature [°C] 7, 20-25(room temp.), 30, 39 

 

A full factorial experimental design of four different values for each condition 

would result in the need to prepare 256 separate reactions. Due to time 

limitations, the quantities of representative samples were reduced to 16. To 

achieve this I applied a combinatorics method called Greco-Latin square alias 

Euler square or orthogonal Latin square of 4th order.  Using this selection 

process each sample “contains” variables of each condition exactly once, and no 

two samples contain the same pair of variables, see Table 10. 
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Table 10: Tabularised list of samples and their reaction conditions utilised in 
the BSA labelling experiment generated using the Greco-Latin 
method. 

 Temperature 
[°C] 

pH D/P ratio Time [h] 

Sample 
No. 

7 21 30 39 8 9 10 11 10 20 30 40 8 16 24 32 

1                 

2                 
3                 

4                 

5                 

6                 

7                 

8                 

9                 

10                 
11                 

12                 

13                 

14                 
15                 

16                 

 

Three solutions (S1, S2, S3) were prepared immediately before the start 

of each labelling reaction. S1 – BSA, 2 mg/ml stock solution, S2 – FITC, 10 

mg/ml in Dimethyl sulfoxide (DMSO), as label stock solution and S3 – Buffers 

solutions utilised for preparation of S1: Sodium bicarbonate buffer adjusted 

with NaOH to pH 8.5-8.59, Carbonate bicarbonate buffer with sodium azide at 

pH 9.53-9.70, 0.1M Na2CO3x10H2O/0.1M NaHCO3 at pH 10.34–10.60, and finally 

H3BO3/NaOH/KCl at pH 10.6 –11.08.  

Labelling reactions were conducted in 5 ml volumetric flasks wrapped 

with aluminium foil to eliminate the possibility of fluorophore photobleaching 

during the reaction time. In each case an appropriate amount of S2 was slowly 

added to S1 with constant stirring (until the end of the reaction time).  

Separation of the free FITC molecules from BSA was performed using a 

Sephadex G-50 Column (1500-30000 Da) see Figure 61. Separation columns 

were prepared as follow: 50 ml of Millipore water was added to 2.0 g of 
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Sephadex G-50 powder. The mixture was sonicated for 1 min and transferred 

quantitatively into a 25 ml column. The column was washed 3x with PBS buffer 

before use. 

 

 

Figure 61: Separation Column loaded with Sephadex G-50 powder. Image of a 
separation process (under UV light), higher green band represent 
free fluorophores which did not conjugate with BSA lower green 
band represents heavier BSA-FITC molecules, which retention time 
is much shorter due to the size of the molecules. 

 

After the reaction time, the protein solution was transferred directly into 

the separation column, the reaction flask was washed 3× with 1 ml of the 

appropriate buffer solution. During the separation process buffer was 

continuously added (drop wise) onto the Sephadex bed surface to ensure 

continues flow in the column. The labelled BSA (lower band) was collected in 

glass vials (5 fractions). The 5th fraction was visually almost transparent. Poly-

acryalamide Gel Electrophoresis was then used to detect the presence of 

protein and determine the purist fraction.  
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Figure 62: Image of an electrophoresis gel showing a molecular-weight size 
marker (protein ladder) in the left lane, F1-F5 are fractions of FITC 
labelled BSA collected  at different elution times and in the right lane 
unlabelled BSA stock solution. 

 

After successful separation, all five fractions were loaded into dialysis 

membrane (dialysis sack 12 000Da), and introduced into 400 ml of PBS and left 

over 2 days (constant stirring). Before use, dialysis membranes were washed 

with PBS (both sides), and tested for any eventual leak. Eventually after dialysis 

~ 3 ml of the BSA-FITC solution was obtained. 

Analyses of the labelled proteins were based on the UV-Vis spectra. The 

absorption spectrum of each sample was taken in the range 220-700 nm. The 

protein concentrations as well as DOL were calculated as follows:  

 

[𝑷] =  
[𝑨𝟐𝟕𝟖 − (𝑪𝑭 ∙ 𝑨𝒎𝒂𝒙)] ∙ 𝒅𝒊𝒍 𝒇𝒂𝒄𝒕𝒐𝒓

𝜺
 

 

[P]  Protein concentration [M] 

A278   Absorbance of dye-labelled protein at 278 nm 

Amax   Absorbance of a dye solution measured at the wavelength 

maximum for the dye molecule 

CF  0.35 - correction factor 
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ε  44 356 - BSA molar extinction coefficient 

 

𝝆 =  
𝑨𝒎𝒂𝒙 ∙ 𝒅𝒊𝒍 𝒇𝒂𝒄𝒕𝒐𝒓

𝜺' ∙ [𝑷]
 

 

ρ  Degree of labelling (DOL), moles dye per mole protein 

Amax   Absorbance of a dye solution measured at the wavelength maximum 

for the dye molecule 

ε'  68 000 - molar extinction coefficient of the FITC 

[P]  Protein concentration [M] 

 

Protein concentration in the final solution ranged from 1.28 - 4.7×10-5 M. 

Concentration however can be easily increased by controlled solvent 

evaporation under low pressure at room temperature. More significantly 

however was the estimation of the degree of labelling (DOL), which was 

calculated between 2.48 and 3.41 (moles of FITC by mole of BSA).  The lowest 

DOL value was probably due to the minimum amount of dye to protein (10 M) 

in the mixture of reactants. Out of 16 samples, 6 exhibited almost the same DOL 

values  of ~2.9. Three samples out of the above mentioned six, were prepared at 

the highest pH. Calculated protein concentration and DOL values are shown in 

Table 11. 

 

Table 11: Protein concentration and DOL values produced as a result of the 
different labelling reaction conditions, the highest DOL rate marked 
in red, lowest in blue and most common labelling DOL value in green. 
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