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Abstract 

Laser scanning multiphoton microscopy (MPM) has emerged as a powerful tool 
for non-invasive three-dimensional imaging of biological tissue. The localized 
focal region enables confocality without the use of a physical pinhole while 
providing less photobleaching and photodamage compared to confocal laser 
scanning microscopy. As imaging depth increases, the capabilities of MPM 
becomes significantly limited by overwhelming background fluorescence and 
decreased contrast, particularly within highly light scattering tissue. This thesis 
presents two routes for improving the signal in MPM, involving beam shaping of 
the excitation laser, and using functionalized gold-nanoparticles (AuNPs) as 
contrast media. In addition, an experimental MPM system is presented. This 
system was set up to conduct proof-of-principle experiments.  

Theoretical calculations, performed as part of the project, show that annular laser 
beams could reduce out-of-focus fluorescence when performing MPM, 
especially in optically dense media. This novel technique is evaluated both 
mathematically and experimentally. Computer simulations have been performed 
to predict the theoretical viability of the technique, and proof-of-principle 
experimentally performed in tissue phantoms and excised tissue samples have 
been conducted. Initial results demonstrate that the background signal can be 
reduced by the use of annular beams, which will lead to an increased imaging 
depth. Further refinements are required to gain full potential of the approach.  

As an additional approach to improving MPM, spherical AuNPs were explored 
as contrast mediators, through the use of multiphoton induced luminescence 
(MIL). Investigations of AuNPs deposited on gradient substrates show that 
particle aggregation is required in order to give rise to a detectable signal in far-
field MPM. This insight led to the application of a system of 20 nm AuNPs 
functionalized with synthetic peptides in solution. Upon addition of Zn2+, the 
particles aggregate which enables the MIL process. Thus, this system is of 
interest for future development of a switchable contrast media, which will further 
enhance the capabilities of MPM.   

An experimental MPM developed setup was designed and assembled to 
implement the annular beams. It will allow exploration of fluorescence life-time 
imaging and multiphoton induced photodynamic effects in a systematic manner. 
Initial data from the experimental platform are presented. This thesis 
comprehensively demonstrates the potential of improving and expanding the 
possibilities for MPM in biomedical research. 

Keywords: Multiphoton microscopy, Annular beams,  
Gold nanoparticles, Multiphoton induced luminescence
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1 Introduction 
 

Microscopy design has evolved from pieces of equipment constructed 
from two lenses to complex systems comprising of lenses, detectors, 
computers and sophisticated light sources capable of detecting e.g. the 
fluctuations of single molecules [1, 2]. Recent advances in the optical 
microscopy field include powerful techniques such as stimulated 
emission depletion (STED) and photo-activated localization 
microscopy (PALM), which allow for imaging at resolutions below 
the diffraction limit [3-6], allowing miniscule objects, e.g. individual 
proteins, to be studied using optical microscopy. The inventors behind 
these two techniques were awarded with the Nobel Prize in chemistry 
2014.  

In confocal laser scanning microscopy (CLSM), a laser is used to scan 
the sample, pixel by pixel, and computers reconstruct the images in 
3D. In multiphoton microscopy (MPM), quantum effects that initially 
could only be derived in theory [7], are utilized for non-invasive tissue 
imaging, allowing further exploration into the nature of our bodies [8, 
9]. Both techniques have been developed for clinical use [10, 11]1, and 
have shown great potential, not the least within the field of 
dermatology.  

Human skin has been widely recognized as the window to evaluation 
of pathological processes [12]. Due to its large scattering properties, 
the skin is considered the most difficult organ to investigate non-
invasively beyond superficial depths using optical methods. From the 
perspective of optical engineering, developing an optical microscope 
capable of non-invasively visualize and monitor disease progression 
within the skin is a significant milestone, as the applications will 
broadly impact the field of biomedical photonics in general. From a 
pharmacological development perspective, understanding the 
protective and transport mechanisms of the skin allows for the 
development of topically delivered drugs utilizing novel transdermal 

                                                           
1CLSM: VivaScope (Lucid Inc., Rochester, MN, USA) and MPM: 
DermaInspect (JenLab GmbH, Neuengönna, Germany) 
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pathways [13]. From a clinical diagnostics point of view, providing an 
alternative to the diagnostic procedure of biopsy followed by 
histopathology for skin cancer diagnostics can potentially 
revolutionize the diagnostic paradigm [14-23]. 

MPM has shown great potential for investigations in skin [24-29], 
allowing for the detection of auto-fluorescence and exogenous 
contrast media. This allows the visualization of cell structures, as well 
as the distribution of compounds added to the skin [30]. By tuning the 
excitation wavelength to the absorption band of a specific fluorophore, 
selectivity can be achieved. MPM uses near-infrared (NIR) light 
which penetrates the skin more efficiently than the visible light 
commonly used in CLSM [31]. Commonly, the imaging depth is 
limited by the scattering components within the tissue. The imaging 
depth can be extended by increasing the power of the excitation laser. 
However, photo-damage and out-of-focus fluorescence scale with 
laser power, putting a limit to the imaging depth in conventional MPM 
[32]. Another approach is to use contrast agents with bright 
fluorescence. 

Gold nanoparticles (AuNPs), which have been explored within the 
biological research field for more than a decade [33-35], have recently 
gained interest as a contrast agent in MPM. AuNPs carry remarkably 
different properties from gold in bulk state, which is easily visible 
from the color. A solution of AuNPs (“colloidal gold”) can vary in 
color from pale pink to deep red [36] while gold in bulk state has a 
yellowish color. In MPM, they can be visualized based on their ability 
to exhibit multiphoton induced luminescence (MIL) [37, 38], a 
process still not fully understood. Research shows that AuNPs are 
capable of entering human cells, but are not acutely cytotoxic, which 
allows them to be used to enhance the imaging of human tissue [39]. 

This thesis presents the development of a novel MPM platform 
utilizing knowledge from optical engineering and physical chemistry. 
We explored how to visualize deeper into biological specimens by 
modifying the illumination laser beam into an annular beam. Annular 
beams have previously been explored for increased image resolution 
[40-42], while the technique, within the scope of this thesis, was 
explored as a means to reject out-of-focus fluorescence in optically 
dense media. In addition, it was concluded that the luminescence of 
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AuNPs can be controlled by controlling the inter-particle distance, and 
thus creating a switchable contrast media, capable of further enhance 
imaging in biological samples. 
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2 Background 
 

This chapter aims to provide an introduction to optical microscopy in 
general, and laser scanning microscopy in particular. As CLSM and 
MPM are deeply connected, background is provided for both. In 
addition, a general overview of a MPM microscope is provided. 
Fluorescence lifetime imaging (FLIM), an extension of laser scanning 
microscopy, is described in detail, as the technique is implemented on 
the experimental MPM setup. In addition, gold nanoparticles and their 
role in enhancing contrast for microscopy is explained.  

2.1 Light and microscopy 
 

Light has been used in imaginative ways since ancient times. 
Transparent polished crystals has been used to optically magnify 
objects and to focus sunlight to create fire as early as in ancient Greece 
[43]. However, optical microscopy as we know it did not exist until 
the 16th century, when the field was pioneered by people such as the 
Janssen brothers, Galileo, Hooke and van Leeuwenhoek [44, 45]. As 
suggested by the name (from Greek words for “small” and “to view”), 
in the field of microscopy, light is used to view things too small for 
the bare human eye to resolve. The first microscopes used lenses to 
gather the light reflected off, or transmitted through, a large part of the 
sample. This kind of microscope is still widely used today. Further 
progress was made with the invention of the wide-field fluorescence 
microscopy. This technique uses light to excite fluorescent molecules 
(fluorophores) in the sample, which in turn provide signal for image 
formation.  

With the invention of the laser in the 1960’s, scientists had access to 
a source of coherent light with a low bandwidth [46]. This sparked 
several new inventions, such as fiber-optic signal transmission and 
surveying tools, and lasers are found in all parts of our daily lives 
today. However, it would take until 1986 before a fully functioning 
laser scanning microscope was developed [47-49]. 
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2.2 Confocal microscopy 

 
Confocal laser scanning microscopy was developed to improve upon 
widefield fluorescence microscopy, where the out-of-focus 
fluorescence severely degraded the imaging quality. [50] A 
comparison is shown in Figure 2.1, where the same cell is imaged 
using both widefield and confocal fluorescence microscopy. As 
CLSM allows optical sectioning, it also enabled the collection of 
three-dimensional data-sets. Due to the inherent confocality of the 
technique, the out-of-focus signal is normally not present in MPM, but 
shows up at high laser powers. Annular beams, explored in this thesis, 
provide a possible way around this problem. A generalized confocal 
setup is shown in Figure 2.2. 

 

Figure 2.1. A comparison between a), an image acquired using confocal laser 
scanning microscopy and b), one acquired with wide-field fluorescence 
microscopy. The sample imaged is a plasmacytoma cell labelled with anti-
endoplasmin, which binds chiefly to cisternae of the endoplasmic reticulum. 
As the wide-field fluorescence image is constructed from fluorescence signal 
from the entire cell, a high out-of-focus signal is visible. This signal is 
spatially filtered out in CLSM. Scale bar = 10 um [47, 48]. Reprinted with 
permission from [48]. 

In confocal microscopy, the laser beam is scanned across the sample, 
usually using mirrors. The generated fluorescence is detected and 
correlated to a pixel through the position of the mirrors. After the focus 
of the laser is moved, the signal measured from a new point is 
translated to the intensity of a new pixel. A confocal pinhole is used 
to reject out-of-focus fluorescence and ensure that the measured signal 
originates from the focal plane. The focus of the laser is moved over 
a range of depths within the sample to acquire a 3D stack of images 
[51]. The resulting 3D data-matrix allows the volume to be visualized 
in the computer as slices along the spatial dimensions.  

a) b) 
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Figure 2.2. The general principle behind confocal microscopy, where a point 
in the focal plane is imaged at the imaging aperture by utilizing a one-photon 
process. The signal from a point outside the focal plane is largely rejected by 
the aperture. The scan module is placed after the dichroic mirror to keep the 
aperture in focus (descanned detection). Included is also a photo from an 
Argon laser (λ = 488 nm) exciting rhodamine-B dissolved in water, through 
a one-photon process. Finally, a Jablonski diagram which shows the ground 
state S0 and the first excited state S1 of the fluorophore, as well as the 
excitation photon νex and the emitted photon νem. 
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Figure 2.3. The general principle behind MPM. Because of the inherent 
localization of the multiphoton process, all fluorescence is generated in the 
focal plane, and no confocal pinhole is needed, which in turns enables the 
scan module to be placed before the dichroic mirror (non-descanned 
detection). The image also includes a Jablonski diagram which shows the 
ground state S0 and the first excited state S1 of the fluorophore, as well as the 
two excitation photons νex and the emitted photon νem. A photo of a Ti-
Sapphire laser (λ = 800 nm, pulsed) exciting rhodamine-B dissolved in water 
is shown. The focal volume is circled. 
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2.3 Multiphoton microscopy 
 

Much like in CLSM, a laser is used in MPM to excite the fluorophore, 
but instead of using a pin-hole to filter out out-of-focus fluorescence, 
the technique utilizes the properties of a multiphoton process [7, 8]. 
The general principles of a multiphoton process are shown in Figure 
2.3. In this process, low-energy photons are used, such that no one-
photon excitation of the fluorophore can occur. If the photon flux at 
one point is high enough, there exists a real probability that the 
fluorophore will absorb two or more photons almost simultaneously 
through a virtual state. Since the process requires multiple photons, it 
will depend non-linearly on the excitation laser power. If the laser 
power is chosen appropriately, this will only happen at the focus of 
the optical system. The time window for this process is narrow, and 
the photons have to be absorbed within 10-16 s or shorter. The theory 
behind the multiphoton absorption was conceived by Maria Göppert 
Mayer in her PhD thesis in 1930 [7] but could not be actualized until 
the invention of lasers [8]. In the last decade, the technique has rapidly 
found its place in the medical sciences [9, 24, 27, 52, 53]. A 
microscope building upon this process is described in Sections 2.3.2 
and 4.3 of this thesis. 

Contrast in laser scanning microscopy can either be provided by 
endogenous (auto-fluorescence) or exogenous fluorophores. The use 
of endogenous contrast agents comes with the benefit of not having to 
introduce a foreign substance into the sample. Exogenous contrast 
agents added to the sample can provide a stronger signal. The agents 
can be unspecific, like fluorescein, or can be made to specifically bind 
to and label i.e. different cell parts using functionalization with anti-
bodies [54]. When using exogenous contrast agents, the toxicity of the 
agent must be evaluated, as well as how it affects the system 
measured. Many metal nanoparticles are used as contrast agents [55]. 
The ability to selectively visualize components in MPM is important 
for the development of optical microscopy, and is further explored in 
Paper III. 
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2.3.1 Multiphoton microscopy in skin 

 

MPM out-performs CLSM in certain applications, especially when 
imaging in biological tissue, e.g. skin [56], as the longer wavelengths 
used to achieve the lower photon energy falls in the "optical window" 
of biological tissue [57], illustrated in Figure 2.4. In this wavelength 
band, the tissue is not absorbing as much of the light as it does at other 
wavelengths. It has been shown that MPM performs better than CLSM 
in highly scattering biological samples [58]. 

Skin anomalies can be detected by an increase in metabolic activity of 
epithelial cells, which in turn affects the emission intensities of the 
nicotinamide adenine dinucleotide (NADH), and flavine adenine 
dinucleotide (FAD) coenzymes [59]. However, achieving sufficient 
signal levels to distinguish the imaged feature from the background 
might prove to be a challenge. 
 

 

Figure 2.4. Graphs showing the logarithm of the absorption of 
oxyhemoglobin (HbO2), hemoglobin (Hb), and water, all of which are major 
absorbers in skin. In the "optical window" (red), the combined absorption of 
these components is minimal [60, 61]. Used with permission (CC BY 3.0). 
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Other applications of MPM in skin include collagen imaging, using 
second harmonic generation (SHG) [62], and detection of 
protoporphyrin IX in non-melanoma skin cancer [63]. 

2.3.2 A multiphoton microscope 

 

This section describes a general MPM setup from the laser, through 
the optical path and into the sample. An example of such a setup is 
shown in Figure 2.5. The concepts of focal volumes and out-of-focus 
fluorescence will be discussed, as well as the detectors and data 
collection hardware and the software responsible for collecting data 
and controlling the microscope.  

 

Figure 2.5. A typical MPM setup compromised of a pulsed laser, a Pockels 
cell for intensity modulation, a beam expander and scan mirrors to scan the 
beam across the sample. The laser is focused with an objective, which also 
leads the signal back to the detectors (PMTs). The setup include mirrors (M1-
2), lenses (L1-2), dichroic mirrors (DCM) and filters (F1-2). A Pockels cell 
provides a way to modulate the intensity of the laser through an applied 
voltage. 
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2.3.2.1 Optical path 

 

In order to generate the high photon flux needed to achieve a 
detectable multiphoton signal, a pulsed laser is essential (for 
biomedical purposes). The short pulses (typically with a pulse-length 
of ~100 fs) make sure that while the laser can deliver a high peak 
power, the average power is kept low. A higher average laser power 
would lead to damage of the sample, both from increased photo-
damage and from burning [64], while a lower peak power would mean 
that not enough photons arrive at the focal volume at the same time to 
achieve a detectable signal [8]. Commonly, a Ti:Sapphire laser is used 
as an excitation source. 

Scanning is achieved by a pair of galvo mirrors controlled by the data 
acquisition software. The scan mirrors are imaged through a pair of 
lenses (L1-2 in Figure 2.5) to the back aperture of the objective. The 
position of the lenses can be calculated using the equations presented 
by Tsai et al. [65] to ensure a stationary pivoting point for the beam at 
the back aperture of the objective, as illustrated in Figure 2.6. The 
different distances are calculated using the equations 

 �� = �� + �� 

 

(1) 

and   
 �� =	 ���	��� + �� − �� �����

�. (2) 
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Figure 2.6. The laser scanning system consisting of a pair (only one shown) 
of galvo mirrors, a scanning lens (L1 in Figure 2.5), a tube lens (L2 in Figure 
2.5), and the objective. The dashed lines show the outline of a laser beam 
diverted away from the center of the first lens to achieve scanning. 

The mirrors are close enough to each other to be considered co-
localized for the purposes of these calculations.  

A microscope objective is used for focusing the beam into the sample, 
which creates the high photon density needed for a detectable signal 
to be generated. An objective with high numerical aperture (NA) is 
preferred, to obtain a confined focal volume and maximize the 
collection efficiency. NA is illustrated in Figure 2.7a. The NA of an 
objective is a number which describes the relation between the focal 
distance f, the diameter D of the objective, and n, the refractive index 
of the immersion media. NA is defined as 

 �� = � sin� � � �2�, 
 

(3) 

where α is the angle between the optical axis and the ray hitting the 
edge of the objective exit aperture, calculated as  
 � = tan�� �2�	. (4) 

Scan lens (L1)      Tube lens (L2) 

          f1            f2 

Objective lens  

Scan mirrors 

(one of two shown) 

d1                   d2                   d3 

Pivot point 
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n is proportional to the NA. Therefore, a water-immersed objective 
has a higher NA than a dry objective with the same diameter and 
working distance.  

2.3.2.2 Focal volume and point spread function 

 

The exciting light is focused by the microscope objective. Due to the 
wave-nature of light, the focus of the light can never be a point, but 
rather a volume, referred to as the focal volume. A system with a 
minimal focal volume is called a diffraction limited system. The shape 
of the focal volume, and therefore the optical resolution, is described 
by the intensity point spread function (IPSF). The IPSF for a focused 
Gaussian beam can be calculated by fitting Gaussian functions to the 
height and width of the intensity profiles. The 1/e radii for x/y and z 
(see Figure 2.7b) can then be obtained [24, 66] with the equations 

 

��� =	
 !"
!# 0.320&
√2NA 	NA * 0.70.325&
√2NA-..�NA / 0.7

 

 

(5) 

and   
 �0 =	0.532&√2 1 1

� − √�� − NA�3. 
(6) 

 

Figure 2.7. Schematic illustrations of a) the focal volume, and b) the concept 
of NA 
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2.3.2.3 Out-of-focus fluorescence in MPM 

 

The main feature of MPM is, as previously noted, that the signal is 
only generated in the focal volume. It has been shown by Durr et al. 
[32]. However, that this only holds true up to a certain intensity of the 
excitation laser, especially in highly scattering biological samples. 
This effect is schematically illustrated in Figure 2.8. When the 
intensity exceeds this threshold, fluorescence is generated outside of 
the focus of the laser, starting at the sample surface. This fluorescence 
will degrade the image quality and eventually over-shadow the desired 
signal [32, 67]. In this thesis, this problem is addressed through the 
use of annular beams, further described in 3.1.  

 

Figure 2.8. A schematic illustration of the out-of-focus fluorescence, which 
is generated at the surface of the sample when the laser intensity reaches a 
high level.  

2.3.2.4 Data collection 

  

The signal photons generated by the multiphoton process in the 
sample is emitted from the laser focus in a random direction. While 
most of the signal will be scattered and/or absorbed by the sample, 
some of the generated photons will travel back through the objective. 
As the energy of the emitted photons has almost doubled, they can be 
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deflected by a dichroic mirror to the detectors. Only the photons 
reaching the detector can contribute to the result of the measurement, 
and care must be taken to align the detectors with the sample. 

The detectors, often photo-multiplier tubes (PMTs), detect the 
incoming signal, and converts it to an electric current, which in turn is 
read by some kind of hardware, described in the following text. There 
are several ways to read out the detectors. The two ways described 
here were both used in the experimental setup described later.  

The first approach involves reading the accumulated charge from the 
PMTs. A pre-amplifier converts the initial current from the PMTs to 
a voltage, which is read by a voltage meter connected to data 
collection hardware, i.e. a field-programmable gate array (FPGA) 
[68]. The signal measured is proportional to the number of photons 
detected during a short time interval, and can be used to create an 
intensity image. While not the only alternative, the FPGA provides a 
reliable clock, which is used to synchronize the different hardware 
elements with the software, and which makes sure all pixels 
correspond to equal exposure times.  

In the second approach, time-correlated single photon counting 
(TCSPC) can be implemented to count the current bursts generated by 
individual photons [69]. This allowed for a time-resolved data 
collection. For every photon collected, a timestamp is stored, and 
correlated with the time since the last laser pulse. Using TCSPC 
allows for detection of fluorescent lifetimes, a technique described in 
2.5.  

While the TCSPC approach provides time-resolution, the FPGA 
approach could provide a higher photon count, since the currents 
generated by the photons builds up a charge, which is read out at one 
time. In the TCSPC approach, the detectors are read out continuously, 
and a maximum of one photon per pulse can be detected. 
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2.4 Laser beam modulation and spatial light 

modulators 
 

Many applications require modulation of the excitation laser beam. 
The equipment used and the complexity of the modulation vary 
greatly, from a basic shutter to the far more complex spatial light 
modulator (SLM). Four different types of modulators are used in the 
microscopy setup presented in this thesis. All, except the shutter, are 
described here. 

An acousto-optic modulator uses sound (pressure) waves to change 
the optical properties of a material. In ultra-fast lasers, this effect is 
used in the laser cavity to reflect the beam off a moving surface. This 
causes a Doppler-shift in the beam, which helps achieve pulsing of the 
laser (“mode-locking”) where the laser outputs short bursts of energy 
with extremely high peak intensity [70]. 

A Pockels cell is another type of beam modulator. Here, the electro-
optical effect is used to modulate the beam. A voltage is applied over 
a potassium, hydrogen, and phosphorus crystal, which turns the 
polarization of the beam as a function of the applied voltage. When 
combined with a polarizer, this can be used to modulate the intensity 
of the beam [71]. 

The term spatial light modulator is a general term which refers to 
devices which can modulate the phase, polarization or amplitude of 
light, either through reflection or transmission. A reflective SLM acts 
as a pixelated mirror, where every pixel can be individually addressed 
to modulate the reflected light [72]. A transmission SLM works 
similarly, but it is implemented like a filter. Applications include 
optical tweezers [73], and image projection, among many other things 
[74]. By use of a lens system, the SLM can be placed in the Fourier 
plane of an imaging system, and can there be used to project images, 
by using the Fourier transform of said image on the SLM, or to 
emulate filters. A simple setup using a SLM is shown in Figure 2.9. 
Note that the laser is focused at the SLM, which causes a very high 
intensity in a small spot. This can lead to permanent damage on the 
SLM if intensities exceeding the damage threshold are used [75]. 
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Figure 2.9. A SLM in the Fourier plane of an imaging system, allowing it to 
be used as a spatial filter. Dashed line is normal to the SLM surface. 

SLM 

Beam blocker 
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2.5 Fluorescence lifetime imaging microscopy 
 

Fluorescence lifetime imaging microscopy (FLIM) is an extension of 
time-resolved fluorescence spectroscopy and TCSPC, which brings 
the techniques into the imaging domain through the combination with 
laser scanning microscopy. By utilizing the fluorescence decay time 
specific to different fluorescent compounds, further information about 
the studied specimen can be acquired.  

By using fast detectors to measure the time between the pulse and the 
detected photon for a large number of pulses and photons, a 
probability distribution can be obtained. The fluorescence lifetimes 
can now be calculated from these curves by fitting exponential 
functions to it. The functions have the form  

 4 = 5-6� 789 	+	5�6� 78: 	+	. .., 
 

(7) 

where	4 is the intensity at time ;, 5< is the intensity just after the pulse 
and =< is the lifetime of the n-th fluorophore. Several decay curves 
have to be fitted to the distribution, one for each fluorophore that is 

being detected, and are usually calculated as the slope of 	logA4�;	B 
versus	; [69, 76]. As illustrated in Figure 2.10, the information about 
the decay times can be used to color code the intensity image, 
providing a new dimension of information. Using the acquired 
information in this way, information about the chemical composition 
of the sample can be gained, and for example, two fluorophores which 
overlap spectrally, might be distinguishable. 

 

Figure 2.10. As each pixel in the intensity image contains time-resolved data, 
a new image can be generated from this data, in which the color provides 
information about the decay time of the corresponding pixel, while the 
brightness of each pixel still corresponds to the photon intensity. 
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There are several techniques available to achieve FLIM. In the gated 
approach, photons from a single laser pulse are only detected after a 
variable delay, and after several pulses with different delays, the decay 
time for the region of interest can be determined [77]. In time-
correlated single-photon counting (TCSPC), the time between the 
excitation laser pulse and the detected photons are measured for many 
pulses [69]. TCSPC allows for collection of photons from several 
locations in parallel, which is useful for speeding up imaging. 

Fluorescence lifetime imaging is a powerful tool, as the lifetimes are 
insensitive to the actual concentration of the fluorophore but rather 
dependent on the state and environment of the fluorophore. So far, 
FLIM of skin has been adopted to assess the metabolic state of 
biological tissue in response to changes in the microenvironment 
based on changes in the life-time of tissue autofluorescence [78]. 
FLIM also allows the detection of changes in pH, ion concentration, 
and Förster resonance energy transfer (FRET) [79]. FLIM in 
connection to in vivo CLSM has been performed to assess 
fluorescence lifetime of acriflavine administered to skin [80]. In 
addition, FLIM has been applied for investigating cellular update of 
novel photosensitizers [81]. Although the technique is currently 
restricted to investigative studies, it demonstrates great potential in 
determining how cellular accumulation of novel photosensitizers 
takes place.  

The experimental system developed has been equipped with data 
collection hardware capable of performing FLIM. This is achieved by 
reading the detectors at a high speed (10 MHz) and correlating the 
time of the detected photon with a sync pulse from a photodiode at the 
laser cavity. Chapter 5.3 includes FLIM images acquired using the 
system. 
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2.6 Gold nanoparticles 
 

Gold nanoparticles (AuNPs) refer to particles of gold with a diameter 
on a 1-100 nm scale. AuNPs demonstrate potentials for a wide variety 
of applications[82] due to their special features and the possibilities of 
tailoring their optical properties. AuNPs were previously introduced 
as immunolabeling contrast agents for transmission and scanning 
electron microscopy [83-86]. AuNPs are also an attractive method for 
drug delivery [33, 87, 88] and are explored for the purpose of 
photothermal cancer treatment [89-91]. 

Just like molecules can absorb photons through the excitation of 
electrons, nanoparticles of noble metals can absorb photons through 
localized surface plasmon resonance (LSPR), a coherent oscillation of 
the surface conduction electrons [92]. For a nanoparticle with a 
diameter of 20 nm, this absorption has a maximum at 525 nm. The 
characteristics of the absorption is highly dependent on the size and 
shape of the particles. Bringing two or more particles together will 
further change the characteristics through “plasmon coupling”, in 
which the two particle’s electrons can form a larger electron cloud, 
capable of absorbing new wavelengths [93]. 

A major difference from molecules is that while molecules have 
distinct energy levels, the AuNPs have energy bands, much like most 
metal bulk systems. For bulk gold, these form a quasi-continuous band 
structure, but as the particle size shrinks, the bands become more and 
more separated. For AuNPs, there is a band-gap between the 
outermost conducting band, and the remaining bands, which gives rise 
to many of the properties which differentiate AuNPs from gold in bulk 
state [93, 94]. 

While AuNPs in themselves carry many interesting properties, these 
can be expanded further by coating the surface of the particle with 
another substance. By coating the particles with Poly(ethylene glycol) 
(PEG) [95], or thiol compounds [96], the particles can be made more 
stable. Functionalization can also be used to prevent or facilitate 
aggregation. By using secondary anti-bodies in the coating, the 
AuNPs can be made to aggregate around desired features in the 
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sample. They can then be used for image contrast in techniques such 
as SEM [97]. 

The color of AuNPs in solution depends strongly on the size and 
configuration of the particles. Aggregation of AuNPs causes a visible 
shift in the LSPR, in which the peak is red-shifted [98-100], which can 
be seen in Figure 2.11. This effect can be used as a way to measure 
particle size [101]. Functionalized AuNPs are used in some home 
pregnancy tests, among many other things. 

 

Figure 2.11. The LSPR position as a function of AuNP size. Circles show 
calculated values and triangles measured. Reprinted with permission from 
[102]. Copyright 2007 American Chemical Society. 
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2.7 Multiphoton induced luminescence 
 

When exposed to high photon densities, there exists a probability that 
metal nanoparticles will absorb multiple photons and exhibit 
multiphoton induced luminescence (MIL). This effect was first 
observed when studying second harmonics generation in roughened 
noble metals [103]. MIL is not detected from bulk metals, due to the 
continuous distribution of energy levels [104]. However, it is clearly 
visible in nanoparticles, where the small size forces a gap between the 
conducting and the valence band. Due to the dynamic nature of the 
process, no sharp peaks are seen in the emitted spectrum [104, 105]. 
MIL is thoroughly described in Section 3.2.  

The lack of fluorescence when using MPM to image 10 nm AuNPs in 
solution led to further explorations of the particle system. More 
specifically, the role of the internal configuration of the particles on 
the generated MIL signal was investigated using AuNPs deposited in 
a gradient on a substrate (Paper II). Further studies were made on 
functionalized AuNPs in solution, with an internal configuration 
which could be controlled chemically (Paper III). 
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3 Theory and hypothesis 
 

This chapter is intended as an introduction to concepts used 
throughout the thesis, and provide a theoretical background and 
hypothesis to the studies which have been carried out. 

3.1 Annular beams 
 

To increase imaging depth, the laser intensity can be increased for a 
stronger signal. This increases the risk of out-of-focus signal, as 
discussed in Section 2.3.2.3. If the photons are spread over a larger 
area, as in an annular beam, the peak intensity outside of the focal 
volume will decrease, thus decreasing the out-of-focus signal, as 
illustrated in Figure 3.1. The remaining out-of-focus signal generated 
should only originate from molecules located away from the optical 
axis, where the collection efficiency of the objective is lower. When 
the central part of a laser beam is blocked or diverted to the sides of 
the beam, a hole is created in the middle, and the beam is referred to 
as annular. When the blocked portion of the beam becomes large in 
comparison to the full radius of the beam, annular beams form focal 
volumes approaching the self-regenerating Bessel beams, and will 
always show an elongated focal volume compared to a Gaussian beam 
when focused through a microscope objective [41].  

Annular beams have previously been explored for biological 
applications, and the elongated focal volume is used in MPM with 
extended field of view [106, 107]. It has also been concluded that 
annular beams can be used to improve the resolution of laser scanning 
microscopy [40, 42]. However, this is the first time annular beams are 
explored for the purpose of reducing the out-of-focus fluorescence. 

To understand how the annular beam behaves in a MPM, two sets of 
computational models were implemented. In the first set, the behavior 
of the beam as it entered the sample was investigated through a 
geometric approach; in the second, the shape of the focal volume was 
computed using the Fresnel-Kirchhoff approximation. In both sets, the 
inner radius of the annular beam was varied. The variables and 
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coordinates used to describe the focusing beam can be found in Figure 
3.2. 

 

Figure 3.1. A comparison between the profiles, taken along the optical axis, 
of a) a Gaussian and b) an annular beam. F(z) show a hypothetical 
distribution of out-of-focus fluorescence. Image not to scale. 

 

Figure 3.2. A reference for the variables and coordinates used to describe the 
beam radius as the beam focuses. 
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3.1.1 The geometrical approach 

 

The radial Gaussian beam intensity profile is described, using 
coordinates from Figure 3.2, by 

 Ψ′�E	 = F9
GH´J 6��K

LM
NMO

J
, (8) 

 
where P- is the peak power, Q′ is the radial coordinate and R′ is the 
beam width, which decreases as a function of the depth E	through the 
relation  
 

 RS�E	 = 	R �1 − E tan�5- . (9) 

 
Here, R is the beam width at the aperture exit, 5- is the aperture radius 
and � is calculated from the NA (cf. eq. 3, p.12)  

The radial annular beam intensity profile at depth z is described by 
 

 Ψ′�E	 = 	 P-TR′� U1 −
V′
Q′W 6��K

XS�YSHS OJ , (10) 

with the addition of V′, a parameter describing the inner radius of the 
annular beam. In this simulation, the variable V′ depends directly on E 
in the same way as B´ and is defined as 

 

 V′�E	 = 	V K1 − 0 Z[\]
^9 O, (11) 

 

where V	is the radius of the missing disk of laser light in the center of 
the beam at the aperture. The relation b/B, i.e. the relation between the 
inner radius and the full radius of the beam at the lens is used to 
characterize an annular beam throughout the thesis. 
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3.1.2 The Fresnel-Kirchhoff integral 

 

Figure 3.3. The coordinates used in the Fresnel-Kirchhoff integral. For every 
point (r´, θ´, z) located at a distance from the lens, the contribution from each 
area element (r, θ) on the lens is added. The area on the lens is limited by the 
full beam radius and the inner diameter of the beam (b).  

 

The Fresnel Kirchhoff integral [43] can be used to calculate the 
contribution of a light source to a single point, by modelling the source 
as a collection of point sources and summing the contribution from 
each of these point sources, as illustrated in Figure 3.3. The form used 
in this thesis is adapted from work by Liu et al. [108]. The integral is 
given by 

 

 Ψ´_`�QS, aS, E	 = 	 �G0b cΨ´�Q, a, 0	6�
dJefg
h 	Φj�k, 

 (12) 

 

where λ is the wavelength of the laser, Ψ´ is the field amplitude at a 
point on the lens, modelled as in eq. 10. Φj is the phase retardation of 
the lens calculated as 
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 Φj =	6feL
J

hl , (13) 

 

where Q is the radius coordinate on the lens, and f is the focal length 
of the lens. Figure 3.3 provides a visual guide to the variables used. 

R is the distance between the point in space (r’, θ’, z) and the area 
element (r, θ) on the lens surface. 

 m ≈ E +	Q� + Q′� − 2QQ′ cos�a − a′	2E  (14) 

 

In the case of annular beams, all of these equations are combined to 
obtain the following equation: 

 

Ψ´_`�Q´, a´, E	 = 	o- 2T&E 	p �1 − VQ
� �q 6���KX�YH O61r`�X´

J
�_�0�

X´JsXJ
�0 3t- �2TQ´Q&E  Q�Q

H

Y
 (15) 

 

E0 is a constant. t-�u	 = �
�G c 6r� vwx�y�y´	�G

- �a	 is a zeroth order 

Bessel function of the first kind. 

In Paper I, simulations were made to evaluate the effect of annular 
beams on the focal volume and out-of-focus fluorescence in MPM. In 
Paper IV, annular beams were implemented in an experimental MPM 
setup to evaluate the method experimentally on phantoms and excised 
biological specimens. 
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3.2 Theory of MIL 
 

MIL differs from multiphoton absorption in fluorophores in that it is 
not a simultaneous absorption of the photons, but rather a sequential 
absorption of multiple photons. The absorption is followed by 
photoluminescence caused by recombination of conduction band 
electrons with holes in the d-band [105, 109, 110]. This is illustrated 
in Figure 3.4. During the absorption of the first photon, one electron 
from the partially filled sp-band is excited above the Fermi-level, 
leaving an electron hole. This intra-band transition is interpreted to be 
related to the excitations of the plasmon (as will be further discussed 
below). The hole in the sp-band is subsequently filled by an electron 
that is excited from the d-band by the sequential absorption of a 
second photon and can be considered a single particle excitation. The 
sequential process creates an excited system, with energy greater than 
the incoming photon-energy. In competition with other thermalization 
processes, the excited d-hole can decay radiatively giving rise to 
luminescence [110, 111]. When the hole in the d-band is recombined 
with the excited electron in the sp-band, a photon with greater energy 
than that of the single exciting photons is emitted. The sequential two-
photon induced luminescence can be described by [110] 

 ��z{
�; = |z{→z{�~�;	 − �z{=z{ − |�→z{�z{~�;	 

 

(16) 

and   
 ���

�; = |�→z{�z{~�;	 − ��=� . 
 

(17) 

N is the electron density in the sp-band, Nsp and Nd  are the densities 
of holes created below the Fermi-level in the sp and d-bands 

respectively. τsp and τd are the relaxation times of the sp and d-holes. 

F(t) is the photon flux and σ sp->sp and σ d->sp represent the cross 
sections of first and second absorption event. The third term in (17) 
can be neglected as Nsp << N. By changing the pulse length of the 
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exciting photons, the sequential process can be tuned between two-, 
three-, and four-photon processes [93, 110, 112, 113]  

 

Figure 3.4 Schematic diagram of the band structure near the X symmetry 
point of Au illustrating the sequential absorption of two-photons as 
introduced by Imura et al.(24) The first photon excites an electron from the 
conducting sp-band (1), leaving behind a hole which is filled via the 
excitation of an electron from the d-band (2). The dashed line indicates the 
Fermi surface. 

 

Unexpected results acquired during separate experiments performed 
by the Ericson group indicated that spherical AuNPs in solution do not 
exhibit MIL, while a MIL signal was present after the particles had 
been deposited on a substrate. It has been shown that there exists a 
connection between the plasmon resonances and the shape of the 
AuNP [98-100, 104, 114, 115]. This led to the hypothesis that the 
electron clouds surrounding the AuNPs can couple when in close 
proximity, allowing the particles to act together with the absorption 
properties of a larger particle. This is in line with earlier observations 
[109, 116] demonstrating that the plasmon along the long axis of gold 
nanorods is resonantly coupled to the photoinduced luminescence. It 
was hypothesized that the MIL signal from spherical AuNPs could be 
controlled by controlling the inter-particle configuration, which was 
explored in Paper II and III.  
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4 Methods 
 

The aim of this chapter is to provide an overview of the methods used 
for the studies. A more thoroughly description can be found in the 
papers supplemented at the end of the thesis. 

4.1 Mathematical modelling of annular beams 

 
To ensure the performance of the annular beams in a MPM setup, 
simulations were performed. In the first set, the generated background 
was computed through a rough, geometric approach, and in the second 
a high-resolution image of the focal volume was calculated, as 
described in Section 3.1. Both models were evaluated using a range of 
different annular beam parameters. It is important to know how the 
focal volume changes with the shape of the beam, as this shape 
directly determines the resolution of the system.  

4.1.1 The geometric approach 

 

In the geometric approach, the beams were modeled as they entered 
the sample, before the focal plane, to determine the generated out-of-
focus fluorescence. The two different sets of beams were described by 
equations of their respective radial profile, as described earlier in 
Section 3.1. No angular dependency was introduced in either beam. 
Examples of the beams can be found in Figure 4.1. 
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Figure 4.1. Examples of a mathematical representation of a) a Gaussian 
beam, and b) an annular beam. The variable b represents the size of the 
blocked part of the beam. Intensities are normalized to the peak values of 
each image for clarity. 

A series of simulations were performed for different values of V by 
letting E vary from 0 (the objective aperture, exit diameter: 2 mm) to 
a value very close (93%) to the focal distance (2.7 mm, NA=0.8) of 
the objective. In this model, a homogenous media is introduced 
between the objective and the sample volume, and corrections are 
made for light attenuation by exponential factors which depended on 
z. The values for these attenuation functions (150 cm-1) were based on 
work performed by Meglinski et al. [117]. It has been shown that 
scattered light does not contribute to the multiphoton processes and 
scattered light is therefore not taken into account. Instead, only 
ballistic photons are considered [118].  

4.1.2 Mathematical modelling of the focal volume 

 

To calculate the shape of the focal volume, a second set of simulations 
were performed using the mathematical model described in 3.1.1 and 
the integral described in 3.1.2. The coordinates used in the model are 
shown in Figure 3.3. 

The Fresnel-Kirchhoff integral was calculated on a grid (6 x 6 um, 
2001 x 2001 points) around the focus of the laser. In short, the 
contribution from each part of the annular beam as it passed through 
the objective lens was added in each pixel around the focal volume, 

a) b) 
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with phase taken into account. Since the result is rotationally 
symmetrical, only r and z were varied during every run. The inner 
diameter b and the NA of the objective were varied over several runs 
from 0 to 1 with 0.01 increments. Values for the variables were taken 
from the MPM set-up (exit aperture: 2 mm, NA = 0.8, n=1.33, λ = 800 
nm). The model assumes linearly polarized light, which is also used 
in the experimental set-up, but does not take attenuation into account 
due to the short z-interval considered. 

The Bessel function identity was used to reduce computation time by 
allowing MATLAB’s built-in function for Bessel functions. The 
calculations were carried out using MATLAB R2010b (Mathworks, 
Natick, MA). The code used is appended as Appendix A. The models 
described are evaluated in Paper I and form the basis of the 
experiments described in Paper IV. 

4.1.3 Data analysis (simulations) 

 

Data was collected as intensity matrixes in MATLAB, and analyzed 
using the same software. Out-of-focus fluorescence was calculated by 
squaring the pixel intensities at each z-level account for the non-linear 
dependency of the fluorescence on the excitation light. The signal 
contribution from each z-level was then summed. The size of the focal 
volume was determined by finding the full-width-half-maximum of 
the volume along the z and r-axis.  
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4.2 Imaging gold nanoparticles 
 

To be able to investigate how the MIL signal depends on aggregation, 
and explore the feasibility of an AuNP-based, chemically switchable, 
contrast media, two different systems were studied; Plates with 
AuNPs deposited in a gradient (Paper II), and functionalized AuNPs 
in a solution (Paper III).  

4.2.1 AuNP gradient plates 

 

AuNP gradient plates used in Paper II were acquired from Cline 
Scientific [119, 120] to be used in MIL experiments. The plates, 
initially designed to be used for cell culture experiments, were covered 
with 10 nm AuNPs, chemically disposed in a concentration gradient 
across the plate [119, 120]. The gradient plate production process is 
illustrated in Figure 4.2. In reality, the gradient plates are square. 

 

Figure 4.2. Gradient plates were produced by placing a gold substrate 
modified with dithiols is vertically in a cuvette filled with a AuNP solution 
having low ionic strength (red spheres in the image) [119, 121]. A buffer with 
high ionic strength (green and blue spheres) is then layered below the particle 
solution below the edge of the substrate (1), whereupon the ions diffused (2) 
upwards triggering a backfill of particles on the surface (3). Reprinted with 
permission from Paper II, supplementary materials. 

The controlled distribution of particles in a gradient on the plates made 
them suitable for investigations on how MIL depends on particle 

(1) (2) (3) 
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concentration and inter-particle distance. Through scanning electron 
microscopy (SEM) images of reference plates it could be concluded 
that the particles were clustered in the regions with high particle 
concentration. Clustering was also seen in the region with the lowest 
concentration, where a uniform and low concentration was expected. 
Figure 4.3 shows SEM-images of the plates at three different locations 
and particle coverage. 

 

Figure 4.3. SEM images showing the nanoparticle distribution at three 
different sites. Note that clustering is present at high concentrations, as well 
as low concentrations, while the intermediate concentration exhibits little 
clustering. Field of view for each image: 525 x 525 nm. 

The gradient plates were imaged using a commercially available 
MPM (LSM 710 NLO microscope system, Carl Zeiss MicroImaging 
GmbH, Germany), together with a Mai Tai DeepSee tunable NIR 
Ti:Sapphire fs-laser (Spectra-Physics, Newport Corporation, USA). 
Two Plan-Apochromat 20x/1.0 water immersion objective lenses 
were used in the experiments, one lens corrected for a 0.17 mm cover 
glass, and in later experiments, one water immersion lens without 
cover glass correction. Measurements were performed either by 
mounting the gradient plates between an objective glass and a cover 
glass using a custom-made imaging chamber, or directly using the 
water immersion lens. 

The substrates were placed in the microscope and systematically 
investigated by starting in the area with the highest particle coverage 
and moving towards areas with lower coverage. The laser powers used 
ranged from 7.5 mW to 13.5 mW measured at the back aperture of the 
objective lens, depending on experiment and position along the 
substrate. The field of view was 386 x 386 µm. Tiling was performed 
to achieve an assembled image across the whole gradient plate. 
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The signal, and the originating process, was characterized by looking 
at to which power the signal depend on the excitation energy. The 
characterization experiments were performed by imaging the samples 
using varying levels of intensity and recording the signal level. A 
logarithm taken of both sides then reveals the power dependency of 
the signal on the excitation energy. A value above 1 indicate a non-
linear process. This is expressed as 

 ~��� = 54� (18) 
 log ~��� = log 5 + ulog 4, (19) 

 

where FMIL is the measured signal, a is a constant, I is the laser 
intensity and x is the power dependency to be determined. When the 
logarithms are plotted against each other, the power dependency x can 
be read as the slope of the plot. 

The dependency of the MIL signal on the clustering was evaluated by 
comparing the power dependency of the signal on the incoming laser 
light at different locations along the gradient. The degree of clustering 
and particle density as a function of gradient coordinate was calculated 
from SEM images provided, using MATLAB. AFM (Dimension 
3100, Veeco Digital Instruments/Bruker) measurements were 
performed to confirm the particle distributions read from the SEM 
images supplied by the manufacturers of the plates.  

4.2.2 Functionalized AuNPs 

 

AuNPs functionalized using de novo peptides (JR2EC) 2 suspended in 
a Bis-Tris buffer were used to further explore how the effect of 
clustering on signal could be utilized. The particles cluster in the 
presence of Zinc ions (Zn2+) or when the pH deviates from 7. Several 
other di- and tri-valent metal ions induces folding. However, Zn2+ has 
been found to give the strongest effect [122]. Subsequent addition of 
EDTA to the solution containing Zn2+ shields the Zn2+ from the 

                                                           
2 Originally developed by Johan Rydberg and Sarojini 
Viyayalekshmi, and further refined by Karin Enander and Daniel 
Aili at Linköping University. 
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peptide and reverses the aggregation [122, 123]. The particles have 
already been explored for the purpose zinc sensing [124] and 
phosphatase activity detection [125]. Three experiments were 
prepared, using different configurations of chemicals and AuNPs.  

Table 1. The experiments prepared to test the dependency of 
MIL on AuNP aggregation. 

Expected configuration Contents 

Dispersed particles AuNPs, Bis-Tris buffer solution 

Aggregated particles AuNPs, Zn2+, Bis-Tris buffer 
solution 

Particles with reversed 
aggregation 

AuNPs, Zn2+, EDTA, Bis-Tris 
buffer solution 

 

By forcing the particles to cluster, as illustrated in Figure 4.4, the 
particles could be made to absorb the excitation light and exhibit MIL. 
This allowed for a greater control over image contrast. 
 

 

Figure 4.4. The AuNPs aggregate in the presence of Zn2+, allowing the 
electron clouds to couple and support new plasmon resonance modes, which 
in turn allows the particles to absorb the incoming laser radiation and 
generate multiphoton induced luminescence. 

The particles were imaged using a commercial MPM (Section 4.2.1), 
in a custom-made imaging chamber. Additional measurements were 
performed using the experimental microscopy setup, which will be 
described in 4.3. Since this setup is inverted, it provided easier access 
to the sample. The laser power used remained the same as in the 
previous chapter (7.5 mW to 13.5 mW measured at the back aperture) 
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and a wavelength of 800 nm was used to acquire several 3D-stacks of 
images from each sample. UV-Vis spectra were acquired from all 
samples to monitor the plasmon peak shift associated with clustering 
of AuNPs [98-100], using a Cary 50 Bio (Varian). 

It was noted that the signal level increased from particles which were 
repeatedly exposed to the focused laser beam, suggesting a structure 
change. This was confirmed using TEM instruments on particle 
clusters which were allowed to sediment on to TEM-grids and then 
repeatedly imaged. 

4.2.3 Data analysis (AuNPs) 

 

Data from the imaging of AuNPs was collected as .lsm-files (Carl 

Zeiss MicroImaging GmbH, Germany) for the commercial MPM used 

in Paper II and III. Data was exported using Zen 2011 (Carl Zeiss 

MicroImaging GmbH, Germany) as greyscale images and analyzed 

using imageJ (NIH) and MATLAB to determine average intensity and 

slope values (see 4.2.1). Data from the inverted setup used in Paper III 

was collected as .sdt-files using SPCM (Becker&Hickl, Germany). 

This file format is capable of storing the full FLIM-information of the 

image. As only the intensity was of interest, the images were exported 

as intensity matrixes using SPCImage (Becker&Hickl, Germany) for 

further analysis in imageJ. 
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4.3 Experimental MPM 

 

An experimental multiphoton setup was designed and constructed 
primarily with the aim of implementing annular beam and evaluating 
the mathematical models discussed in 4.1, in a series of experiments. 
The system allows for a multitude of different techniques, such as 
FLIM and FCS. A schematic image and a photo of the system are 
shown in Figure 4.5 and Figure 4.6, respectively. The system parts are 
listed in Table 2. 

Table 2. Microscope components, in the order they appear in the signal path. 

Component Model, Manufacturer Specification 

Pulsed laser Tsunami, Spectra physics 80 Hz, 700-1050 
nm 

Photodiode APS-100-01, Becker&Hickl  

Pockels cell 350-80LA, ConOptics  

Beam expander BE05M-B, Thorlabs 5x magnification 

Half-wave plate WPH10E-808, Thorlabs 808 nm 

Spatial light 
modulator 

X10468-02 Lcos-SLM 800 ± 50 nm 

Galvo mirror 
system 

GVS002, Thorlabs 5 mm diameter 

Microscope 
objective 

C "Achroplan" NIR, Carl Zeiss 

Olympus UPlanFLN  

40x/0,8W 
D=0,17 

10x/0.30 

Filters Semrock, Brightline 447/60 nm 
525/50 nm 
580/150 nm 

Photo-multiplier 
tubes 

2x H7422P-40 MOD, 
Hamamatsu 

300 - 720 nm 

Data collection 
cards 

SPC-150, Becker&Hickl 10 MHz 

Software SPCM, Becker&Hickl V.9.67 
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Figure 4.5. Schematic of the experimental MPM setup. It compromised of a 
pulsed laser, a Pockels cell for intensity modulation, a beam expander and 
scan mirrors to scan the beam across the sample. The laser is focused with 
an objective, which also leads the signal back to the detectors (PMTs). The 
setup include mirrors (M1-2), lenses (L1-2), dichroic mirrors (DCM) and 
filters (F1-2). A Pockels cell provides a way to modulate the intensity of the 
laser through a voltage applied over a crystal. 
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Figure 4.6. The experimental MPM setup, with the laser coming towards the 
camera in the left of the picture before being reflected to the right through 
the beam expander and back towards the scanning mirrors and the 
microscope body. 

4.3.1 Implementation of annular beams 

 

Initially, a beam-blocker was used to create an annular beam (Paper 
I). A microscope slide with a small dot of black paint was used to 
physically block the center of the beam. While this caused the beam 
to become annular, it also introduced diffraction problems, and while 
cheap, was difficult to control. A set of experiments were performed 
using the beam-blocker. 

For the following studies (Paper IV), a phase-only SLM, introduced 
in Section 2.4, was used to modulate the incoming light into an annular 
beam. Several works already details the creation of annular beams 
using SLMs, for the purpose of i.e. laser drilling[126], and for STED 
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microscopy [3, 127]. However, both of these application use beams 
less suitable as an excitation source, as they are either non-collimated 
or does not focus to a point. Instead, in this study, a collimated beam 
was created by deflecting the beam in the areas where no intensity was 
desired. The pattern used is shown in Figure 4.7. The triangular-wave-
like areas causes a gradient shift in the phase of the reflected light, 
which changes the direction of the wave-front through interference. 
The undesired part of the beam is directed towards a beam-blocker. 
Approximately 25% of the laser power is deflected in this process. 
Increasing the initial laser power can compensate for this. 

 

Figure 4.7. A phase-pattern used on the SLM to deflect unwanted intensity 
to the side. The light hitting the black areas in unaltered and reflected further 
into the microscope. αi = αr ≠ αd. 

Several approaches for creating an annular beam using a SLM were 
evaluated. While using a Fourier transform of a ring as a pattern 
successfully created a ring-shaped beam, the beam was focused and 
diverged beyond the focusing plane, rendering this approach sub-
optimal.  

By using a more direct approach, in which a ring was created by 
reflecting the desired parts of the beam while intentionally scrambling 
the other parts, a more collimated annular beam could be created. The 
shape of the beam was evaluated using a beam profiler placed at the 
back aperture.  

 

 

αi αr αi 

αd 
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4.3.1.1 Power matching 

 

When the central part of the laser beam is blocked or diverted, 
intensity is naturally lost. To compensate for this, the initial intensity 
was increased by lowering the voltage over the Pockels cell. 
Calibration curves were created by measuring the intensity at the back 
aperture for annular and Gaussian beams respectively. One such 
curve, made for an annular beam with b/B=0.4, is shown in Figure 4.8. 
As can be seen, the intensity loss at the back aperture can easily be 
compensated for by adjusting the Pockels cell, and thereby changing 
the intensity before the SLM. 

  

Figure 4.8. A calibration curve showing the intensity at the back aperture 
when using a set voltage at the Pockels cell and an annular beam (b/B=0.4) 
and a Gaussian beam respectively. 

4.3.2 Custom data collection and software 

 

During the development of the experimental system, custom-made 
detector read-out and data collection software was implemented using 
a FPGA. The detectors were connected to a pre-amplifier, which in 
turn was read using a modular system based around a field-
programmable gate array (FPGA) module (NI cRIO-9075, National 
Instruments). An input module (NI cRIO-9205) was connected and 
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controlled by the FPGA, which reads the pre-amplifier and transmits 
the data to the software. 

Custom software was designed using LabVIEW to allow the user to 
control settings for the image and save the collected data. The 
interface is shown in Figure 4.9. While simple, it provides 
functionality, such as physical zoom and live histogram manipulation. 

  



4. Methods 
 

44 
 

 

Figure 4.9. The custom interface designed in LabVIEW. It features controls 
for zoom and displacement of the beam as well as histogram modifications 
and file saving. The distortion in the right side of the collected images is from 
data collected during mirror fly-back. Image shows starch grains stained with 
rhodamine B. 
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While the custom software has been replaced with commercial 
software capable of TCSPC and FLIM, its design and implementation 
has provided valuable knowledge in LabVIEW software design, as 
well as the basic functionalities of a MPM system. This knowledge 
has proven especially useful for understanding the results from the 
FLIM system. 
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4.3.3 Implementation of commercial software 

 

The detectors used in the experimental setup are capable of TCSPC, 
allowing the acquisition of FLIM images using the technique detailed 
in Chapter 2.5. The acquisition of FLIM images requires high-speed 
data collection hardware and software. Two data collection cards 
(SPC-150) were bought from Becker&Hickl. In addition, hardware to 
control the scan mirrors (GVD – 120), and software (SPCM) for data 
collection and analysis were acquired. A photo-diode was used to 
synchronize the software with the laser. The signal was routed through 
a cable of a length which corresponds to the desired lag to compensate 
for the time-lag of the synchronization signal. The hardware and 
software is described in great detail in the hand book available from 
Becker&Hickl [128], and will not be detailed here. 

The new hardware and software have allowed not only the acquisition 
of FLIM images, but also greater control over how non-FLIM images 
are collected.  

4.3.4 Stage control for image acquisition 

 

The microscope stage (Microstage and nano-ZL500, MadCityLabs) is 
controllable through LabVIEW software. This allowed for advanced 
sample control beyond simply finding a new region of interest (ROI). 
Using software developed within the group, the sample could be 
moved in set patterns to achieve larger ROIs, using tile scanning, and 
z-stacks. The software facilitates the use of the system for photo-
activation samples in controlled and repeatable patterns, and can be 
used for automating imaging of 96-well plates.  

4.3.5 Phantom preparation 

 

To allow for easier access to samples, and to evaluate the effect of 
different parameters, artificial samples, phantoms, were prepared with 
properties mimicking those of skin. The phantoms were used to 
characterize the system. 
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4.3.5.1 Non-scattering phantoms 

 

Phantoms were prepared by adding agar powder to a solution of 
fluorescein (1 µM, Sigma-Aldrich) and sub-resolution fluorescent 
micro-spheres (FluoSpheres® carboxylate- modified microspheres, 
0.17 µm, deep red fluorescent (633/660)) in water at 90°C, which 
forms a gel when cooled. A schematic overview is shown in Figure 
4.10. These samples were used to test the parameters of the 
microscope setup as detailed in Paper I. The purpose of the micro-
spheres was to provide a strong fluorescence signal which could be 
detected in the red channel of the microscope, while the fluorescein 
simulated the auto-fluorescence from the tissue. When scanning a 
micro-bead, a portion of the incoming laser light would excite the 
fluorescein before reaching the focal volume, which generated a 
detectable green fluorescence, thus mimicking the out-of-focus 
background fluorescence in skin. These phantoms were simple, and 
lacked a scattering component. 

 

Figure 4.10. a) A schematic figure showing the excitation of a red bead 
embedded in green gel and b) a MPM image of a scattering phantom. Due to 
the filters chosen, the green gel’s fluorescence signal shows mainly in the 
green channel, while the red bead’s fluorescence shows up mainly in the red 
channel.  

4.3.5.2 Scattering phantoms 

 

To better mimic tissue scattering properties, a similar custom 
fluorescent scattering phantom was prepared by dissolving 1% weight 
fraction of agar in 1x PBS. Fluorescein and TiO2 were added into the 

a) b) 
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agar solution to yield a 0.1 mM Fluorescein and 10 mg/mL TiO2 in 
the phantom. The addition of TiO2 serves as the scattering component. 
Through transmission experiments, it could be concluded that this 
amount corresponds to a scattering of ~40cm-1, approximately 3 times 
less than a normal epidermal layer of skin [117, 129, 130]). A piece of 
medical gauze was stained for 5 minutes in a 1 mM RhodamineB-ITC 
solution at room temperature. The excess staining solution was 
removed through rising with 1x PBS. The stained gauze was 
embedded in the agar gel solution, and the solution was allowed to 
solidify, yielding the final phantom specimen. 

4.3.5.3 Skin sample preparation 

 
To evaluate the system’s performance when imaging biological tissue, 
excised normal human skin, acquired from breast reduction surgeries 
at the Sahlgrenska University hospital, was used in the proof-of-
principle experiments. Skin samples were imaged under different 
conditions including: 1) unstained freshly excised specimen, 2) 
unstained frozen excised specimen, and 3) RhodamineB-ITC solution 
stained frozen excised specimen.  

For unstained freshly excised specimens, the auto-fluorescence in the 
epidermis and the dermis were both intact, and visible in the green 
channel. For unstained frozen excised specimens, the epidermis 
autofluorescence is lost, but autofluorescence from the collagen fibers 
in the dermis can be clearly visualized in the green channel. No signal 
can be seen in the red channel.  

In RhodamineB-ITC stained frozen excised specimens, the epidermis 
is stained and therefore visible in the red channel. Due to the limited 
penetration of the exogenous fluorescence compound, the dermal 
layer is not stained by RhodamineB-ITC and does not contribute 
fluorescence signal to the red channel. The autofluorescence from the 
collagen fibers in the dermis can be visualized in the green channel. 
The freshly excised specimens were stored at 4ºC, protected from 
light. The frozen specimens were stored at -20ºC. Upon completion of 
the characterization experiments, the skin specimens were discarded 
according to regulations for biohazardous material defined by the 
University of Gothenburg. 
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4.3.6 Data analysis (Annular beams) 

 

Data was collected as .sdt-files using SPCM (Becker&Hickl, 

Germany) and exported as intensity matrixes using SPCImage 

(Becker&Hickl, Germany) for further analysis in imageJ and 

MATLAB. The signal in the red channel originates from a 

combination of signal from the stained features and cross-talk from 

the fluorescein background. Similarly, the green channel contain a 

combination of fluorescein signal and cross-talk. For the purposes of 

the study, the cross-talk is assumed to be negligible, and a signal-to-

background ratio is defined as a ratio between the intensity of the two 

channels, and used to evaluate the performance of the system. 
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5 Results 
 

The following chapter contains a summary of the results presented in 
Paper I-IV, in addition to current work in progress. A more thorough 
presentation is available in the appended papers. 

5.1 Exploring annular beams (Paper I and IV) 
 

The annular beams described in Section 3.1 were implemented on the 
experimental system described in Section 4.3. Initially, a beam 
blocker was used to create the annular beams, and the technique was 
evaluated on non-scattering tissue phantoms (Paper I). The setup was 
improved upon by exchanging the beam blocker for a SLM, and 
adding a scattering component to the phantoms (Paper IV). 
Simulations were made and presented in Paper I, and later improved 
upon, as presented in Paper IV. 

5.1.1 Simulations of the focal volume 

 

Calculations using the geometric approach has shown how the out-of-
focus intensity is expected to be distributed in a scattering media after 
corrections have been made for scattering, absorption, and the signals 
quadratic dependency on the incoming laser intensity. According to 
these calculations, the annular approach provides a theoretical 
reduction of out-of-focus intensity over a Gaussian beam. This effect 
is a function of the inner diameter, and results are presented in Figure 
5.1. It can be seen that the generated out-of-focus fluorescence is less 
for annular beams with a b/B ratio of around 40%. However, it should 
be noted that annular beams also changes the focal volume, which is 
considered in the following simulations. 
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Figure 5.1. The out-of-focus fluorescence generated when focusing a beam 
of equal intensity, as a function of the b/B ratio. 

Further calculations were made to ensure that annular beams can 
produce focal volumes comparable to that of the more commonly used 
Gaussian beam. The Fresnel-Kirchhoff integral (eq. 12, sec. 4.1.2) 
was calculated using MATLAB, and some of the result can be seen in  
Figure 5.2. A series of models were run, and the parameter 
determining the inner radius of the beam was varied. The axial beam 
profiles were then compared for the different values and are shown in 
Figure 5.3. When about 40% of the inner radius was blocked, the beam 
still produces a focal volume of comparable size to that of a Gaussian 
beam, while larger values give a significant axial elongation.  
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Figure 5.2. The intensity distribution (I) in and around the focal volume for 
a theoretical simulation of an annular beam where a varied portion of the 
beam is blocked, as modeled by the Fresnel-Kirchhoff integral.  
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Figure 5.3. The theoretical intensity distribution in and around the focal volume 
along the optical axis. b/B refers to the fraction of the full radius which has been 
blocked. When the shapes of the profiles are compared, it is clear that a ratio of 
40% only marginally affects the beam profile.  

5.1.2 Implementation of annular beams 

 

The annular beam setup (described in Chapter 4.3) has been 
implemented to evaluate the imaging performance in phantoms and 
excised skin specimens. 

5.1.2.1 Beam blocker & non-scattering phantoms (Paper I) 

 

Experiments using the non-scattering phantoms described in Chapter 
4.3.5, in combination with a beam blocker, showed a decrease in the 
background fluorescence when using an annular beam instead of a 
Gaussian, at the cost of lower peak intensity in the focal volume. 
These results are shown in Figure 5.4. In this figure, the red channel 
shows the signal from the beads in the focal plane, which represent the 
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desired signal. The green channel contains the fluorescence generated 
from the gel. When the beam scans through a bead, all of the green 
signal originates from out-of-focus fluorescence. The results show 
that this undesired signal drops more than the desired signal when 
using annular beams. 
 

 
Figure 5.4. Images obtained from a sample phantom comprising fluorescein 
and red microspheres dissolved in agar, acquired using an experimental 
MPM set-up showing the same region in both channels. The red channel (a) 
shows the fluorescence from several micro-spheres in the focal plane, while 
the green channel (b) corresponds to the fluorescein signal, generated both in 
the focus as well as background. The bar chart (c) demonstrates the decrease 
in the signal of the green channel when switching from Gaussian to an 
annular beam. Field of view: ~200 x 200 µm. 

5.1.2.2 SLM with scattering phantoms and skin (Paper IV) 

 

One of the pattern used in the measurements performed is detailed in 
Figure 5.5, along with the corresponding beam profile. This was the 
pattern used in the measurements presented below. As can be seen, the 
annular beam is not perfect. 
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Figure 5.5. A pattern (left) sent to the SLM to produce an annular beam and 
the resulting intensity profile (right). The beam have a b/B ratio of 
approximately 0.4. 

 
Experiments have been made on phantoms with an added scattering 
component, also described in Section 4.3.5, as well as on excised skin, 
as detailed in 4.3.5.3. Figure 5.6 shows the side-by-side comparison 
of MPM images of the fluorescent scattering phantom obtained using 
annular vs. Gaussian illumination with matching power (~15 mW at 
the back aperture) at ~450 µm sub-surface.  The stained gauze fibers 
contribute to the signal in the red channel while the Fluorescein signal 
is seen in the gel surrounding the fibers in the green channel. As 
shown, the Gaussian images have prominent hazy background not 
present in the annular images. 
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Figure 5.6. MPM images of a gel-based scattering fluorescent phantom using 
power-matched annular and Gaussian illumination at ~450µm sub-surface. 
The rhodamineB-ITC stained gauze fibers (fluorescent in the red channel) 
are embedded in a fluorescein stained agar gel (fluorescent in the green 
channel). Field of view  ~250 x 250µm. 

Figure 5.7 shows the side-by-side comparison of MPM images of an 
unstained excised human skin at two different depths within the 
dermis. The autofluorescence generated by the elastin and collagen 
from the dermis is clearly visualized. Some fluorescence can be 
observed in the red channel due to the inherent porphyrin content of 
the skin (not shown). At shallow depths with matching power (~20 
mW at the back aperture), the imaging performance is comparable 
using annular and Gaussian illumination (Figure 5.7a). However, 
when imaging deeper into optically dense specimen, the imaging 
contrast is comparable for images obtained using annular illumination 
while the contrast is noticeably degraded by the overwhelming 
background in the images obtained with Gaussian illumination (Figure 
5.7b).  
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Figure 5.7. MPM images of an excised unstained normal human skin 
specimen. The autofluorescence generated by the elastin and collagen in the 
dermis can be clearly visualized at the depths of ~45µm (a) and ~80µm (b). 
The use of an annular beam reduces the uniform background which is present 
when imaging with a Gaussian beam. Scale bar = 50µm. 

The reduction of the uniform background signal seen in this first 
proof-of-principle is minor but promising. These results show that it 
is possible to lower the out-of-focus fluorescence using annular 
illumination, and allow for deeper imaging into highly scattering 
tissue. Simulations, along with the work of Durr et al. [32], show the 
out-of-focus fluorescence increasing further at higher laser powers 
than are currently available in the experimental setup. A stronger 
excitation source might lead to data showing a larger improvement, 
and should be implemented. 
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5.2 Exploring AuNPs as contrast media (Paper 

II and III) 
 

Gold nanoparticles, described in Chapter 2.6, 3.2 and 4.2 were used to 
explore MIL, and the MIL signal’s dependency on the particle 
configuration (Paper II). Functionalized AuNPs were used to create a 
controllable contrast agent (Paper III). 

 

5.2.1 Experiments on gradient plates 

 
The aim of this study was to evaluate if gold nanospheres with a 
diameter of 10 nm would give rise to MIL in a mono-dispersed state, 
or if a degree of clustering is needed to detect the particles using 
multiphoton excitation. 

A multiphoton mosaic image taken along the gradient, along with 
SEM images of the corresponding locations, can be found in Figure 
5.8. The figure shows a clear correlation between clustering of 
particles in the far left end of the gradient and a high MIL signal. The 
middle region show a relatively low signal, despite a large 
concentration of (well-dispersed) AuNPs. A signal is seen from the far 
right, where some degree of clustering is present. 
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Figure 5.8. Emission images (560 – 680 nm) from an AuNP gradient plate 
consisting of chemically deposited spherical AuNPs (d = 10 nm) on a glass 
plate (size: 8.7 x 8.5 mm), acquired using MPM. A tile of 22 images scanned 
across the plate (field of view: 0.425 x 9.45 mm) is presented in both false 
color and grayscale (arbitrary units). All settings, i.e. excitation wavelength 
(740 nm), scan speed, gain, and offset were kept constant. SEM images are 
also included (field of view 545 x 545 µm), illustrating the particle 
distribution at different locations across the plate. Unintentional scratches in 
the AuNP layer on the plate surface are observed as irregular dark lines. The 
lower part of the image gives a schematic view of the particle distribution 
and interpretation of MIL generation. 

From the AFM images shown in Figure 5.9, it could be concluded that 
the nanoparticles are predominantly deposited in a mono-layer. This 
implies that the SEM images provided by the plate manufacturers 
provides a good representation of the AuNP distribution. 

 

Figure 5.9. Image acquired using AFM on the a) sparse and b) nanoparticle-
dense side of the gradient, showing that while a few vertical clusters exist, 
the majority of the particles are deposited in a mono-layer. This indicates that 
the SEM images provide a good indication of the particle coverage. 
Reprinted with permission from Paper II, supplementary materials. 
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The SEM images were used to extract the AuNP coverage along the 
gradient. The intensity measured along the gradient were then plotted 
against the AuNP coverage. The results, shown in Figure 5.10, clearly 
show a deviation from a linear relationship between the coverage and 
the signal, for coverages above 13%. This is the region in which AuNP 
clusters are present. 

 

Figure 5.10. Analysis of the emission acquired from three substrates (n=3) 
as function of particle coverage. Maximum coverage measured from the 
SEM images was 37%. Laser power was increased from 7.5 mW to 13.5 mW 
(measured at back aperture of objective lens) to elevate signal from regions 
with low coverage (<13%). Included in the figure is a polynomial and a linear 
fit to demonstrate the deviation from linear dependency. Error bars show 
standard deviation. 

By analyzing the slope value of the signal for different regions of the 
gradient, it was found that a high concentration of particles is not 
necessary to achieve MIL, as long as some particles are clustered. The 
slope values obtained from measurements along the gradient are 
shown in Figure 5.11. As can be seen, the slope value is consistently 
>2 for large clusters, indicating a non-linear process, i.e. MIL.  
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Figure 5.11. Results of the analysis of the MIL-signals dependency on 
cluster size. Measurements have been made along the gradient. The slope 
value, which indicates if the signal originates from a single or multiphoton 
process, show that the multiphoton process (a slope value of ~2) dominate 
for large clusters. 

In addition, a decreasing emission signal similar to rapid bleaching 
was observed during the scanning of the plates. The intensity of the 
emission from the exposed area dropped to 30% of the original signal 
after exposure, and recovered to 90% of the original intensity after 3.5 
hours. This is likely due to a combination of melting and photo-
oxidation. The melting irreversibly destroys the structure of the 
sphere, while the photo-oxidation temporaily removes the electron 
cloud needed to absorb the excitation beam. The particles recover 
when they are reduced by the surrounding water. 

We can conclude that the degree of clustering plays an important role 
in the generation of MIL in gold nanospheres, which provided grounds 
for our further exploration of the topic, further detailed in the next 
Section. As discussed in Section 3.2, the particles close proximity 
allows for new plasmon modes, which in turn allows for a higher intra-
band transition rate |z{→z{	. This causes more holes in the d-band and 

an enhancement to the MIL signal.  
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5.2.2 Theoretical insights 

 

The study revealed a clearer image of the process behind MIL. These 
new results are presented in Figure 5.12. The results expand upon the 
work by Imura et al. [109]. In particular, it provides an explanation 
for the relaxation processes involved in MIL. The nature of the 
process, together with the band structure of gold, explains why the 
efficiency of MIL depends on the absorption at the laser wavelength, 
and not at half the wavelength, which is the case for multi-photon 
excitation of fluorophores. This is motivated by Imura, using a 
polarization argument, and is here shown both theoretically and 
experimentally.  The clustering of AuNPs red-shifts the absorption 
peak, which increases the absorption in the NIR range, where the 
absorptions explored here take place. These results are further detailed 
in Paper II. 

 
 
Figure 5.12. Schematic diagram of the electron transfers during MIL of AuNPs near 
the X (a) and L (b) symmetry points. Band structure was calculated by Eckardt et al. 
[131]. The process behind MIL is conceptually illustrated as a sequential absorption 
[109, 110] of two NIR photons (800 nm, approx. 1.5 eV). The absorption of the first 
photon (1) creates a hole below the Fermi-level through an intra-band indirect transition 
of a conducting electron within the sp-band. Through a subsequent photon (2) 
absorption, this whole is filled from the d-band. The luminescence is represented as an 
inter-band transition occurring when a sp-band electron refills the hole in the d-band. 
The bent arrows imply that electronic transitions are coupled to phonon excitations. The 
dashed arrow indicate that thermalization and scattering might precede transition [111, 
115]. EF indicates the Fermi surface. Used with permission from Paper II [132]. 
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5.2.3 Functionalized gold nanoparticles 

 

Further experiments were made in order to utilize the dependency of 
MIL on particle distance for imaging, using AuNPs functionalized 
with custom peptides. To evaluate the controlled, Zn2+-mediated 
aggregation of the functionalized AuNPs, UV-Vis measurements were 
performed. The results can be seen in Figure 5.13. The graphs show a 
significant shift in the LSPR-peak, indicating an aggregation of the 
particles in the presence of Zn2+ [101]. The addition of EDTA to the 
solution reversed the aggregation and produced an absorption spectra 
identical in shape to that of the AuNPs before the addition of Zn2+ 

(data not shown). 

 

Figure 5.13. The effect of Zn2+ addition illustrated by a) absorption spectra 
taken before the addition of Zn2+, 2 minutes after the addition and 60 minutes 
after the addition of Zn2+, showing the shift in the LSPR peak, and b) the 
increased absorption at the laser wavelength (800 nm). 

Multiphoton volume scans of the sets of solutions show a clear change 
in MIL signal from the mono-dispersed particles to the clusters. One 
such scan is shown in Figure 5.14. As can be seen in the figure, no 
distinguishable signal is seen for the mono-dispersed particles, while 
the clusters are clearly visible. This implies that the MIL signal 
heavily depends on particle configuration for 20 nm AuNPs. 

a) b) 
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Figure 5.14. A representative image of a), monodispersed AuNPs and b) the 
same concentration of AuNPs, with added Zn2+ to facilitate the aggregation. 
A deposition of AuNPs clusters can be seen in the lower part of image b), 
indicating a sedimentation of the clusters. It is however clear from the image 
that sedimentation is not needed for a detectable signal. Field of view: 424 x 
424 x 151 µm. 

To evaluate the structure change during measurements, TEM was 
performed on the grid, and the resulting images (Figure 5.15) show a 
clear change in structure of the exposed nanoparticles. Initially, the 
internal structure is lost as the peptide binding the particles together is 
denatured. This causes closer clustering. Prolonged exposure causes 
the particles to melt together and form larger spheres. Both of these 
effects results in a particle system with a greater absorption in the NIR 
region, which in turn gives rise to a higher MIL signal. 

 

Figure 5.15. TEM of 20 nm AuNPs on a TEM grid. The particles have 
sedimented after aggregating in the presence of Zn2+, due to their peptide 
functionalization. Repeated imaging of the right side of the grid exposes the 
particles sedimented here to energy levels high enough to change their 
properties. Images of the TEM-grid show physical changes in the exposed 
particles, indicating smaller inter-particle distances, and more evidently, the 
combination of smaller particles into bigger particles (diameter 
approximately 100 nm) through melting. Field of view: 2.1 x 2.1 µm at 9500x 
magnification. Scale bar: 1 µm. 

a) b) 
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These results stand in contrast to the results obtained using gradient 
plates, where a bleaching was seen. This is most likely due to the fact 
that the particles remained fixed on the gradient plates, and could not 
cluster further, while the functionalized particles could form larger 
clusters during exposure, and thus increase their absorption further. 
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5.3 Implementation of experimental imaging 

system 
 

The experimental imaging system designed for the purpose of 
evaluating annular beams in MPM has the potential of being used for 
a multitude of purposes. Some examples of initial studies are 
presented here. 

5.3.1 Multiphoton FLIM 

 

The TCSPC capabilities of the system allows for multiphoton FLIM 

imaging, in which an additional dimension is added to the image 

through the recording and calculation of the decay times of the 

different fluorophores. An example of such an image is shown in 

Figure 5.16. The image shows a projection of images taken in a skin 

sample. Clear differences in decay times can be seen. 

 

Figure 5.16. a) the sum of a stack of images taken of superficial skin cells. 
Different decay times, represented by color, can be seen for different parts of 
the skin. b) shows a magnification of one of the images, showing a possible 
Dermodex (skin mite).  Image made using Becker&Hickl software. Field of 
view for full image: 250x250 µm. 

 

a) b) 
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5.3.2 Imaging of biofilms 

 

So far, the primary application of the system, outside the experiments 
detailed so far in this thesis, has been the imaging of biofilms, as part 
of the EU-project Cyclon-HIT to study anti-microbial resistance. The 
biofilms were stained with SYTO 9/PI and imaged after two days. 
Resulting images are shown in Figure 5.17. As shown in the image, 
biofilms can be visualized using the setup, allowing tracking of 
growth and decay of whole films. An on-stage incubator (Ibidis 
10918), including temperature, CO2, and flow control, has recently 
been installed to allow for continuous monitoring of biofilm growth 
for future longitudinal studies. 

 

Figure 5.17. Biofilms of bacteria imaged using the experimental setup. The 
bacteria are live/dead stained using SYTO 9/PI, with live cells in the left 
channel and dead in the right. Approximate field of view: 1000 x 1000 µm. 

5.3.3 Controlled photo-activation 

 

By using the automated stage, samples were exposed to laser radiation 
in a controlled pattern. This will eventually be used for photo-
activation experiments, where whole bio-films will be exposed and 
then imaged, both using the experimental system. The patterns were 
evaluated using stained microscope slides, which bleaches when 
exposed to strong laser light. An image of such a slide, bleached in a 
pattern, is shown in Figure 5.18, where dark squares can be seen. 
These squares correspond to areas where the slide has been exposed. 
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Figure 5.18. A photo-bleached microscopy slide, showing a pattern achieved 
by moving the stage after each exposure. This allows the system to perform 
photo-activation of cells in a controlled manner. Approximate field of view: 
1000 x 1000 µm. 

An experimental system is ideal for integrating novel methods into an 
already functioning microscope setup, and work is ongoing to further 
utilize this asset.  
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6 Discussion & Conclusions 
 

In this thesis, I have explored a methodology based on introducing 
annular shaped laser beam in MPM with the aim to reduce out-of-
focus generated background signal and increase imaging depth. I have 
also shown how spherical AuNPs can be utilized as controllable 
contrast media based on MIL, by changing the inter-particle distance. 

Mathematical models of annular beams were constructed, showing 
that 40% of the beam radius can be blocked while preserving an 
acceptable axial resolution. The technique was implemented in an 
experimental system using a beam-blocker and, later, a SLM to 
modulate the beam. Acquired results, primarily in tissue phantoms, 
but also in excised tissue, show that the technique can be used to 
reduce out-of-focus fluorescence. Further experiments are under way 
to quantify this effect, using higher laser powers and a more precise 
control of the laser beam. A higher laser power will result in a higher 
fluorescence generation at the sample surface. This should make the 
effects of annular beams clearer, and allow imaging even further into 
skin samples. A greater imaging depth will allow non-invasive 
imaging of previously unreachable cell layers, which is essential for 
the understanding of the processes behind e.g. malignant melanoma. 
A goal of the work detailed in this thesis has been to investigate if 
annular beams can be used to increase imaging depth in biological 
tissue. Results indicate that this is the case. However; the effect has 
yet to be fully quantified, along with the parameters which determines 
its efficiency.  

The experiments performed on spherical 10-20 nm AuNPs highlighted 
the large dependency of MIL on cluster size and internal 
configuration. It was found that MIL was only detectable from clusters 
of at least two particles, and for inter-particle distances of one particle 
diameter or below. This was used to implement a switchable contrast 
agent for MPM, by using AuNPs with controllable aggregation. This 
not only shows the potential of the two techniques combined, but also 
provides a way to sense e.g. pH and ion concentration changes using 
non-invasive microscopy. Access to better contrast agents is desired 
within the field of microscopy, and the successes of the PALM 
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technique, which builds upon a different approach to switchable 
contrast agents, show the importance of dynamic contrast media. In 
theory, the system could be used to build a contrast agent inside a 
sample, by letting dispersed particles diffuse in, and subsequently 
aggregating the particles. 

A main focus of this thesis is the design and development of a 
customized MPM. The setup comprises optical elements and data 
acquisition using custom and commercially available software. This 
experimental platform will allow the research group to further explore 
non-linear optics through modifications of the optical path, i.e. the 
implementation of annular beams. 

The work presented in this thesis has resulted in several findings of 
importance. New applications of annular beams has been explored, as 
well as new ways of generating and evaluating said beams. The 
available knowledge of MIL has been expanded upon with further 
experiments. These experiments not only confirm the underlying 
processes behind MIL, but also highlight the possible applications of 
AuNPs in MPM. 

In conclusion, by exploring novel ways to enhance imaging contrast 
in MPM for medical imaging, new techniques have been established 
to enhance the performance of not only MPM, but of laser scanning 
microscopes in general.  
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7 Outlook 
 

The projects presented here by no means conclude the development of 
MPM. Rather, they serve as stepping stones for future developments, 
with potential implications for other laser scanning microscopy 
techniques.  

For the experimental setup, the work carried out by Durr et al. [32] 
indicates that the technique should be more efficient at higher laser 
powers than the 800 mW currently available in the system. Optimizing 
the optics and using a more powerful laser could show a more 
significant improvement. Care should be taken to avoid damage on the 
SLM from to high intensities. With a higher excitation power, the 
imaging depth can potentially be extended to the levels where models 
show a greater impact of the modifications to the laser beam. 

Every optical element in the optical path adds a bit of dispersion to the 
laser pulse. As the technique relies on a pulse which is narrow in the 
time domain, this effect will degrade image quality. The dispersion 
can be measured and quantified with an auto-correlator. An easy 
modification to lower the dispersion is to replace the wave-plate with 
a set of two mirrors which also turns the polarization 90°. The 
dispersion can also be compensated for with the introduction of a 
pulse-compressor. More experiments should be made to further 
quantify the effect, and several more SLM patterns should be 
calculated and evaluated. Preferably, this would be done using the 
beam profiler for direct digital feedback. 

The AuNPs show potential as a contrast agent, but so far, the 
measurements have only been done in solution. The concept should 
be tried in a more complex sample, where conditions are 
inhomogeneous, to evaluate the practical functionality of the system. 
Preferably, a biological sample should be used to highlight the 
potential of the approach. A sample which undergoes changes in pH 
should be explored, to evaluate the particles potency as a pH-indicator, 
as described by Aili et al. [122]. The experiments done proves that 
AuNPs can be used as controllable contrast agents. This result holds 
true for similar systems of AuNPs, functionalized to aggregate under 
different conditions, which should also be explored. 
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Annular beams and switchable contrast both offer new possibilities to 
the field of MPM. More importantly, they do so in parallel with other 
techniques currently in development, such as optical clearing [133] 
and three-photon microscopy [134]. The knowledge gained here about 
the processes involved when using annular beams could easily be 
implemented together with other methods to improve MPM, even 
those which already uses beam modulation. A successful 
implementation of annular beams will allow for greater imaging 
depths, possibly reaching new cell layers in skin, as well as the 
important layer V neurons in the human brain, which will prove 
valuable for medical research.  

The approach of controlling MIL through aggregation could also be 
used together with many of the advanced microscopy techniques 
available today. It has the potential to allow non-invasive read-out of 
nanoparticle sensors, as well as increased image quality through 
switchable contrast.  
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Appendix A 

 

3.1.1 The geometrical approach 
 

%close all 

clear all 

clc 

global w P0 b 

 

 

att=15000; %scattering 

pf=2;NA = 0.8;n = 1.33;a0 = 0.002;std=0.0015;P0 = 1; %set parameters 

z = 0.0001:0.00005:0.0025;alpha = asin(NA/n); 

%create grid and Gaussian collection window 

[X,Y] = meshgrid(-pf*a0:0.00001:pf*a0, -pf*a0:0.00001:pf*a0); 

[THETA,R] = cart2pol(X,Y); 

gauss=exp( (-X.^2-Y.^2)/std^2 ); 

 

w0=[0.0019 0.0017 0.0015 0.0012 0.0010 0.0009];%compensated beamwaists 

rat=[0 0.2 0.4 0.6 0.8 0.95];%ratios 

b_vec = rat.*w0; %inner diameters 

 

Mgauss=zeros(size(R,1),size(R,2),length(z),length(b_vec));%initialize 

Mann=zeros(size(R,1),size(R,2),length(z),length(b_vec)); 

 

end_plot=length(z);%15; 

find(gauss((size(gauss,1)-1)/2,:)>... 

    (max(gauss((size(gauss,1)-1)/2,:))/2),1,'first')%FWHM of Gauss surface 

 

Int_tot=zeros(length(b_vec),length(z),2);%initialize 

Int_tot_sq=zeros(length(b_vec),length(z),2); 

Int_tot_G=zeros(length(b_vec),length(z),2); 

Int_tot_G_e=zeros(length(b_vec),length(z),2); 

h = waitbar(0,'Progress'); 

 

for b_counter=1:length(b_vec)%for every inner radius 

    waitbar(0,h,[num2str(b_counter),'/6 done']); 

    b = b_vec(b_counter); %set parameters 

    w=w0(b_counter); 

 

    Ig = Igauss(R,THETA);%calculate surfaces 

    Id = Idonut(R,THETA); 

    Id(R<b) = 0; 

    %Find FWHM 

    find(Id((size(Id,1)-1)/2,:)>(max(Id((size(Id,1)-1)/2,:))/2),1,'first') 

    wv = w*(1-z*tan(alpha)/a0); %parameters that depend on z 

    bv = b*(1-z*tan(alpha)/a0); 

 

    for j=1:length(z) %step into the sample 

        waitbar(j/length(z),h) 

        w = wv(j); %set parameters again 

        b = bv(j); 

        Ig = Igauss(R,THETA); %calculate the intensity 

        Id = Idonut(R,THETA); 

        Id(R<b) = 0; 

 

        Mgauss(:,:,j,b_counter)=Ig; %store for offline analysis 

        Mann(:,:,j,b_counter)=Id; 

        %sum and calculate signals 

        Int_tot(b_counter,j,:)=[sum(Ig(:)) sum(Id(:))]; 



        Int_tot_sq(b_counter,j,:)=[sum(Ig(:).^2) sum(Id(:).^2)]; 

        Int_tot_G(b_counter,j,:)=[sum(sum((Ig.^2).*gauss)) ... 

            sum(sum((Id.^2).*gauss))]; 

        Int_tot_G_e(b_counter,j,:)=[Int_tot_G(b_counter,j,1).*... 

            exp(-2*z(j)*att) Int_tot_G(b_counter,j,2).*exp(-2*z(j)*att)]; 

    end 

 

end 

close(h) 

 

c_vec=['b' 'r' 'g' 'k' 'c' 'm'];%color vector 

 

figure%plot the results 

subplot(1,4,1) 

hold on 

plot(Int_tot_G_e(1,1:end_plot,1)) 

title('sum Int w Gauss and exp') 

for i = 2:6 

    plot(Int_tot_G_e(i,1:end_plot,2),c_vec(i)) 

end 

 

subplot(1,4,2) 

hold on 

plot(log10(Int_tot_G_e(1,1:end_plot,1))) 

title('log sum Int w Gauss and exp') 

for i = 2:6 

    plot(log10(Int_tot_G_e(i,1:end_plot,2)),c_vec(i)) 

end 

subplot(1,4,3) 

bar_data=sum(Int_tot_G_e(:,1:end_plot,2),2); 

bar_data(1,:)=sum(Int_tot_G_e(1,1:end_plot,1),2); 

 

bar(bar_data) 

title('sum of OOF') 

ylim([0 max(bar_data(:))]) 

 

subplot(1,4,4) 

surf(gauss) 

shading interp 

title([num2str(std),' ',num2str(att),' ',num2str(end_plot)]) 

shg 

 

figure %make a nice graph 

 

bar(rat,bar_data) 

colormap hot 

xlim([-0.2 1.2]) 

set(gca,'XTickLabel','') 

set(gca,'YTickLabel','') 

 

function y = Idonut(r0,theta0) 
global w P0 b 
y = P0/(pi*w^2).*(1-b./r0).*exp(-2.*((r0-b)/w).^2); 
 

function y = Igauss(r0,theta0) 
global w P0 
y = P0/(pi*w^2).*exp(-2.*(r0/w).^2); 

   



%close all 
clear variables 
currentTimeAndDate = now; 
currentDate = datestr(currentTimeAndDate); 
currentDate=strrep(currentDate,' ',''); 
currentDate=strrep(currentDate,':','')%Savethedate 

  
global r z w k F b 

  
w0=[0.0019 0.0017 0.0015 0.0012 0.0010 0.0009]; %compensated beam waists 

  
a = 0.002;n=1.33; 

  
size_r=6; %um 
size_z=6; 
reso_r=300; 
reso_z=300;%points 
r_vec1=linspace(-size_r/1E6,size_r/1E6,reso_r*2+1); 
r_vec2=0;%linspace(-size_r/1E6,size_r/1E6,reso_r*2+1); 
k = 2*pi/800E-9; %Propagation number 

  
[X,Y] = meshgrid(r_vec1,r_vec2); 
[THETA,R] = cart2pol(X,Y); 
result_matrix=zeros(4,size(R,1),size(R,2),reso_z); 

  
bf=0; 
bfVec=[0 0.2 0.4 0.6 0.8 0.95]; %ratios to test 

  
%bfVec=0; 
h=waitbar(0,'initializing...'); 
fname=['runstart',num2str(currentDate),... 
    'data_block',num2str(currentDate),'.mat'];%for saving 
%% for every inner radius blocked 
for bfrac=bfVec  
    bf=bf+1; 
    for NA = 0.8 
        w=w0(bf); 
        F=a/(tan(asin(NA/n))); 
        z_vec=linspace(-size_z/1E6,size_z/1E6,reso_z*2+1); 

         
        zi=z_vec+F*ones(1,length(z_vec)); 
        b=a*bfrac; 
        tic 
        timet=0; 
        ttotal=length(zi); 

         
        for z=zi 

             
            timet=timet+1; 

             
            waitbar(0,h,[num2str(bf),'/',num2str(length(bfVec)),... 
                ' ',num2str(timet),'/',num2str(ttotal)]) 
            E0 =  1; 
            y = zeros(1,length(r_vec1)); 
            sub_t=0; 
            sub_tt=size(R,1)*size(R,2)/4; 
            %h2=waitbar(0,num2str(z)); 
            for j = 1:(size(R,1)+1)/2 %calculate on grid 
                for ke = 1:(size(R,2)+1)/2 



                     
                    sub_t=sub_t+1; 
                    waitbar(sub_t/sub_tt,h) 

                     
                    r = R(j,ke); 
                    Psi = E0*k/z*quadgk(@fun3_160204, b, a); 
                    y(ke) = abs(Psi^2); 

                     
                    result_matrix(bf,j,ke,timet)=y(ke); 
                end 
            end 

             
            mirrortry=result_matrix(bf,1:(size(R,1)+1)/2,1:... 
                (size(R,2)+1)/2,timet); 
            result_matrix(bf,(size(R,1)+1)/2:end,1:... 
                (size(R,2)+1)/2,timet)=flipud(squeeze(mirrortry)); 
            result_matrix(bf,:,(size(R,2)+1)/2:end,timet)... 
                =fliplr(squeeze(result_matrix(bf,:,1:... 
                (size(R,2)+1)/2,timet))); 

            
        end 
        toc 

         
    end 
end 
close(h) 
save(fname,'result_matrix') 

 
function Y = fun3_160204(r0) 
global r z w k F b 

  
xvec = k*r0*r/z; 

  
y1 = sqrt(1-b./r0).*exp(((r0-b)/w).^2); 
y2 = exp(1i*k*(r0.^2/2/F-z-(r0.^2+r^2)/2/z)); 

  
Y=zeros(1,length(xvec)); 
for j = 1:length(xvec) 
    x=xvec(j); 
    y = besselj(0,x); 
    y = 1/2/pi *y; 
    Y(j) = y; 
end 
y3 = Y; 
Y = y1.*y2.*y3; 

 


