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Silver

Recent developments in Nanobiotechnology have given rise to a novel brand of
fluorescent labels, fluorescent metal nanoclusters, e.g., gold and silver nanoclusters.
Generally, high atomic number elements such as silver can attenuate more X-ray and it
can be considered as label in X-ray microtomography. Features such as ultra-small size,
good biocompatibility, non-toxicity and photo-stability made nanoclusters more
attractive as a fluorescent label than conventional fluorophores dye in biological
imaging. The core concept of this thesis is to analyze silver nanoclusters as contrast
agent by the multimodal imaging approaches of X-ray microtomography (MicroCT) and
Optical Projection Tomography (OPT). To estimate the absorption and relation of X-ray
and fluorescent signal by different concentrations of silver nanoclusters in samples.
AgNCs-Agar with different concentrations of AgNCs, diluted with agar and water and
filter paper coated with silver nanoclusters with different dipping time were studied in
this work. The imaging implementation divided into three parts: 1. MicroCT imaging of
samples (both AgNC-Agar and filter paper), 2. Optical imaging of AgNC-Agar samples
by both fluorescent and bright-field modes. 3. MicroCT imaging of samples which were
imaged by OPT first.
Afterward, quantitative approach employed to both microCT and optical images to
evaluate the relation between X-ray energy and light intensity with different
concentrations of AgNCs to assess the amount of X-ray and light absorption by
samples. Ideally, higher ratio of AgNCs revealed brighter microCT images due to more
X-ray absorption.
In sum, our results showed that the tested silver nanoclusters can be used as a label in
both X-ray microtomography and fluorescent OPT since they show contrast in X-ray
and optical images. Moreover, depicted graphs demonstrate the linear correlation
between data from images of both modalities and different amounts of silver material.
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1.INTRODUCTION)

In this work we aim to show for the first time the possibility of the fluorescent silver
nanoclusters as contrast agent in multimodal imaging of OPT and X-ray tomography.
We aim to shed new light on the fluorescent silver nanoclusters as an approach for
labeling in low contrast tissue in biological imaging. In addition, the purpose of this
work is to present microCT images with different contrasts and OPT images of various
concentrations of silver nanoclusters samples diluted in agar and water and filter paper
coated with silver nanoclusters. To illustrate the usefulness of microCT and OPT for
developmental microscopic and optical imaging.
X-ray microtomography (MicroCT) is well-known as a promising image modality
which provides 3D imaging of internal structures of object from different angles. The
method is non-destructive and non-invasive with high spatial resolution. The technique
is feasible for preclinical applications either in vitro imaging meaning analyzing tissue
specimen or in vivo imaging of small animals. Although studies have been extended to
the shape and number of breast microcalcifications by X-ray MicroCT to evaluate the
structural and anatomic features of breast cancer specimen (Willekens et al.2014).
MicroCT imaging also offers volumetric images for morphological imaging of embryos
and soft tissues (Metscher 2009; Metscher & Muller 2011).
Additionally, microCT allows the precise detection on bone studies, specifically, bone
density due to the high signal contrast between bone and soft tissue. Broadly, MicroCT
is well suited for investigations on trabecular bone structure and volume (Holdsworth &
Thornton 2002).
Another image modality used in the current work is Optical Projection Tomography
(OPT) which can be considered as an equivalent of X-ray microtomography whilst OPT
is mostly practical for transparent samples. Principally, a high-resolution image will
obtain along 400 tomographic projections through 360-degree rotation of sample
(Sharpe et al.2002). The technique is equipped with fluorescent mode and bright-field
mode. On the other hand, in order to have a comprehensive study, optical projection
tomography, in particular, fluorescent imaging is used to estimate the amount of photobleaching or light absorption per fluorescent silver nanocluster sample. Although
samples are photostable, but they are prone to photo-bleaching.
Recently, there have been extensive studies on metal nanoclusters and particularly a
novel class of luminescent metal nanoclusters which play a vital role in applications
!
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such as fluorescent labels for microscopic imaging. In pioneering work by Zheng and
Dickson (2002) Au and Ag introduced as strong oscillator strengths and the appropriate
alternative for photostable fluorophores due to their features such as being watersoluble, small and extremely bright which are of the paramount importance.
In the primary study by Wu et al. (2010), AuNC appeared as the contrast agent for
diagnosis tumor in vivo by near infrared (NIR) fluorescent imaging which AuNCs
considered as a low-toxic contrast agent injected in mice. Fluorescent images exhibited
a high tumor uptake of AuNCs with significant contrast from the tissues surrounding the
tumor. The results of the study introduced the ultrasmall AuNCs as an emerging
contrast agent for in vivo fluorescent tumor imaging due to its long-term photo-stability.
Recently gold nanoclusters have been used beyond the diagnostic applications for
cancer treatment by injecting to the body and removing cancer cells (Lukianova-Hleb et
al.2016). Following this, Diez & Ras (2010) discussed of novel AgNCs on applications
such as fluorescent labels for microscopic imaging and fluorescent probes in molecular
sensing.
In the present work, samples were prepared by Diez & Ras (2011) which are
fluorescent, stable silver nanoclusters and aqueous solution (Diez et al.2009). To this
aim clusters were prepared by reduction of silver ions as well as required scaffold such
as polymers (methacrylic acid, PMAA) to avoid the aggregation of silver clusters to
larger nanoparticles (Diez & Ras 2010). Totally, 27 silver nanoclusters samples have
been studied in this thesis including 18 silver Nanocluster-Agar in tubes with different
concentrations of silver nanoclusters in dilution of different amounts of agar and water,
the rest of the samples including 9 filter papers coated with silver nanoclusters in
different dipping time.
AgNC-Agar samples were imaged by fluorescent mode of OPT first. After that bright
field imaging applied. Next the OPT-imaged samples were imaged by microCT to
estimate the absorption of X-ray energy. This study also highlights the possible effect of
X-ray and light photon exposure on the optical fluorescence in 3D optical imaging and
X-ray attenuation in the nanoparticles. Following this, the thesis explored the
relationship between the X-ray and fluorescent signal versus different amounts of silver
nanoclusters. Moreover, possible effect of exposure time in fluorescent imaging and Xray attenuation on optical properties of silver nanoclusters have been analyzed.
Generally, the grayscales in microCT images presents the X-ray attenuation which
indicate the proportional amount of absorbed or scattered X-ray by the sample
corresponding to its density and composition of material. Therefore, in this thesis we
want to show the correlation of X-ray and light absorption in microCT or fluorescent
images based on different amounts of silver nanoclusters as contrast agent.
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2.THEORETICAL)BACKGROUND)
2.1.!XLray!Imaging!
Over the past decades the discovery of X-radiation by Röntgen (1895) (Bushberg et al.
2012), huge developments were obtained by this breakthrough in different fields of
researches and studies. Following this, X-ray has been facilitated from medical
applications, for radiographic images in clinical diagnosis to patterning the structure of
crystals in X-ray crystallography by X-ray diffraction (Smyth & Martin 2000). To date,
numerous studies have proved X-ray as a stepping-stone in medical applications such as
computed tomography (CT) and in particular, X-ray microtomography (MCT). X-ray
computed tomography is considered as a non-invasive and non-destructive approach
(Stock 2009). Herein, literature and physics behind the X-ray imaging are provided to
familiarize the reader with the principles of X-ray Microtomography, which is the core
concept of this thesis.

2.1.1!Physics!of!XLray!Imaging!
X-ray is the form of electromagnetic energy with wavelength from 0.005 to 10 nm
approximately. They overreach to gamma rays at short wavelength side and they come
to ultraviolet radiations at the long wavelength end (Van Grieken & Markowiczf 2002).
X-ray is also known as an ionized radiation, since it has sufficient energy to release a
bounded electron from the atomic shell. In this case, an ion pair will form consisting of
a negative electron (# $ ) and positive charged atom (Beutel et al. 2000).
Figure 1 shows the electromagnetic spectrum and its wavelengths. As can be seen,
gamma rays have the shortest wavelength while Microwave has the highest wavelength.
The shorter the wavelength is, the higher the energy it carries. The diagram below
displays the electromagnetic spectrum and the relation between frequency and energy.

!
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Figure 1. Electromagnetic spectrum. The figure shows the relation between energy
and frequency of the wavelength. The spectrum is depicted with some
modifications to the original figure by Imagine the Universe, NASA.
The quantum energy per photon can be calculated by:
& = ℎO
While & stands for Energy of the photon,"ℎ = 4.136 X 10$N\ keV denotes Max Planck constant and ]"means Frequency. Moreover, the above formula in the extent
of wavelength can be described as:
!
^=
]
Therefore,
ℎ!
Ε=
^
\
Which c = 2.998 x 10 "m/s is the speed of light and ^ stands for wavelength (Attix
1986).
Since electromagnetic spectrum consists of different levels of wavelength, energy of
each wave can be calculated based on particular wavelength.
Adding to this, electromagnetic waves are characterized by wave-particles dual nature.
The concept explains that light behaves both as wave and particles or quanta of energy
like a photon. This concept is more acceptable in small scale components (Bushberg et
al.2012). Photoelectric effect and Compton scattering consider as particles properties of
light and X-ray scattering supports wave behavior of radiation (Morrison 2010). It is
beyond the scope of this thesis to provide comprehensive information about the waveparticle duality concept. However, photoelectric effect and Compton scattering will be
explained further in 2.1.3 section.
!
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2.1.2!XLray!Production!
Bremsstrahlung X-ray
Bremsstrahlung radiation or braking radiation is a phenomenon, which occurs in X-ray
Tube. Basically, the X-ray tube is in a vacuum, otherwise, high-speed electrons may
strike to air molecules and lose their energy. The tube consists of main elements such as,
the cathode filament and anode target, stator and lead shielding. When charged particles
decelerate, they will produce electromagnetic energy. X-ray electrons from cathode are
accelerated by high voltage (40 to 150 kV for general diagnostic X-ray imaging) and
strike to anode target, which is made of Tungsten.
Tungsten opted as the suitable metal due to its high atomic number (Z=74) and its high
melting point (3300 °a) (Beutel et al.2000). Moreover, a large portion of electrons can
be turned to X-rays by high atomic target than lower one. After the collision of
energetic electrons to the anode, electrons will decelerate and release their energy as
Bremsstrahlung X-ray. Rest and most of the energy are converted to heat since most of
the electrons lose their kinetic energy by multiple collisions and the small amount of
energy release as fluorescence X-rays. Heating in the vacuum might cause a problem, so
cooling the system is required. To this aim, anode is rotating to make the tube cool
down (Attix 1986). Figure 2 demonstrates the X-ray tube and its major components.

Figure 2. Diagram of X-ray tube, shielding thickness considers as 2mm (Bushberg
2012)
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The intensity of bremsstrahlung can be described as:
5(67899:6;<=>?@ ∝

cFde#f
EF

Where c refers to atomic number of the target,"E mass of the charged particle and d#
indicates the incident electron toward the nucleus.
In terms of the atom and considering the nucleus as a target when an incident electron
hits the nucleolus it loses its kinetic energy (deceleration) and produces X-ray. It
depends on the distance of projectile electron and striking of the nucleus. If the electron
hits the nucleus directly a large amount of energy will be generated. On the contrary, if
the electron hits the adjacent area no more energy than the first direction will produce.
Figure 3 illustrates the amount of X-ray energy based on the distance of the incident
electron (Beutel et al.2000).

Figure 3. Bremsstrahlung radiation. Three types of X-ray production based on the
distance of projectile electron and target. The first incident electron generates
higher energy since it directly hits the nucleus. Second electron interacts closer to
nucleus and produces less energy while third incident electro strike the shell and
emits much lower x-ray (Bushberg et al.2012)

2.1.3!XLray!Interactions!
This section will discuss the four major interactions of X-ray with matter. When X-ray
interacts with matter, it will be either absorbed, scattered or traverse the material
without any interaction. Als-Nielsen claims that the process of these interactions can
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shed light on further information of matters and unravel the properties and
characteristics of the object (Als-Nielsen 2008).

2.1.3.1!The!photoelectric!Effect!
The photoelectric absorption occurs when photon energy hits the matter with high
atomic number (Bushberg et al.2012). When object absorbs the X-ray, X-ray photon
will knock the electron out from the K-shell, therefore the phenomenon is called
photoelectric effect and ejected electron is photoelectron. After that vacancy of
photoelectron will be filled with outer shell electron (L-shell). The kinetic energy of
photoelectron (T) is equal to the difference between incident electron (&' ) and binding
energy of the electron (&() ):
Τ = &' − &()
Since electrons near atom (K-shell) bound tightly, high X-ray energy is required to
overcome the binding energy, so it is essential that &'" ≥ " &() to photoelectric effect
occurs. Eventually, ejected electron is appeared as single # $ and ionization will occur.
Figure 4 shows the photoelectric effect (Beutel et al.2000)

Figure 4. Photoelectric effect. Incident X-ray with jk" energy interacts with atomic
electron and electron from inner shell is liberated. Free electron from the atom is
considered as photoelectron (Beutel et al.2000).

2.1.3.2!Compton!scattering!
Compton scattering or inelastic or incoherent scattering is a proper explanation of
particle behavior of light. According to the classical theory of light, when X-ray photon
with high energy strikes the outer-shell electron of atom, the outcome of collision is
scattered photon with much lower energy but longer wavelength and a detached electron

!
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called Compton electron (Figure 5). Both scattered photon and electron will travel at
different angles compared to incident photon (Beutel et al.2000). Compton scattering
leads to ionization of atom as a matter of ejected single electron, which lost its kinetic
energy through excitation (Bushberg et al.2012). After collision, electron will have
kinetic energy of L,which is the difference between incident photon &' and scattered
energy & * ,
L = &' − & *
the relation between scattered photon with angle D and how much energy it lost after
scattering can be found from:
&'
&* = "
&
1 + ( ' F )(1 − !mUD)
E' !
Which E' ! F is the rest mass of the electron, which notes as 511KeV (Beutel et
al.2000). Figure 5 presents the Compton scattering via scattered photon and ejected
electron relative to its angle to incident photon, the greater scattering angle is, the
smaller is the energy of the leaving photon.

Figure 5. Compton scattering. Incident photon hits the outer-shell electron and
produce ejected electron and scattered photon with angle relative to incident
photon. Since projectile photon loses much of its energy via scattering the
wavelength of scattered photon is longer than incident photon (Bushberg et
al.2012).
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2.1.3.3!Rayleigh!scattering!!
Rayleigh scattering or classical scattering or coherent scattering occurs when X-ray
interacts with atom without losing energy. In this case, photon energy collides with
electrical field of orbital electron; this makes vibration of whole electrons in atom and
emits scattered photon with the same energy as incident photon (& * = " &' ). Due to this
fact, Rayleigh scattering called elastic event (Attix 1986; Beutel et al.2000; Bushberg et
al.2012). One major characteristic that makes the Rayleigh scattering distinguishable
from Compton scattering is no that ionization occurs and interaction happens with low
photon energy (Beutel et al.2000). Figure 6 illustrates Rayleigh scattering.

Figure 6. Rayleigh scattering mechanism. An incident photon interacts with the
atom and emits a photon with the same energy and wavelength as incident photon
(Bushberg et al.2012).

!
2.1.3.4!Pair!production!
Pair production will happen when an incident photon interacts with the electric field of
atomic nucleus. This interaction will occur only if incident photon has energy above
1.022 MeV, in this case, the photon hits the nucleus and imparts its energy to produce a
pair of electron (# $ ) and positron (# % ).
&' = 2E' ! F + " L$ + " L%
In which &' "stands for total energy of incident photon, 2E' ! F "is the rest mass of
electron and positron and L$ and L% denote kinetic energy of electron and positron,
respectively. Figure 7 depicts the pair production interaction (Bushberg et al.2012).

!

!

11!

Figure 7. pair production. An incident photon absorbs by electrical field of nucleus
and produces pairs of electron (o$ ) and positron (o% ) (Beutel et al.2000).
Although many references consider Pair production interaction part of X-ray interaction
but it could not encounter in diagnostic process since it requires high energy of 1.02
MeV to occur, which is beyond the range of X-ray energy for Imaging (beutel et
al.2000).

2.1.4!XLray!Filtration!
Filtration has a great impact on X-ray spectrum, the amount of different photon energies
coming out of the X-ray tube should be considered while designing the imaging.
Broadly, by the help of X-ray filtration, so-called beam hardening artifact can be
removed and in medical imaging radiation dose on patients will decrease. Generally, Xray tube for diagnostic imaging designed with tungsten (Z=74) target anode and
acceleration voltage range between 40 and 150 kp0 ."Moreover, X-ray beam might have
different energies even at the same kp0 due to calibration of the system, anode angle, the
generator waveform and the filtration placed inside and outside the X-ray tube and its
chamber (Beutel et al.2000).
The concept of filtration is to remove low photon energy, which cannot penetrate to
body. Filtration divides into two main categories: 5rℎ#s#rt"+Vuts2tVmr and
vww#w"+Vuts2tVmr. The former is made up of glass or metal (aluminum) with a
thickness in millimeter and placed into the X-ray tube and attenuate X-ray beam at
lower energy. After generating the X-ray beam by tungsten target, it passes through the
glass or metal in X-ray tube housing. Inherent filtration also consists of X-ray tube port,
mirror for collimation and a layer of oil around X-ray tube for thermal and electrical
resistance (Beutel at al.2000). Added filter is inserted in the beam path to absorb
photons with low energy. The purpose of Added filter is to absorb so-called ‘’soft
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‘’photons with low energy which are incapable of passing through patient and does not
provide any useful information of sample and will increase beam hardening and average
beam energy because of high attenuation (Attix 1986). Al, aluminum is the most used
material in 2ww#w filter, although plastic and copper are used as well. Hereby, the total
filtration is a combination of Vrℎ#s#rt and 2ww#w"+Vuts#2tVmr, which, narrow the
beam spectrum and generate more uniform beam toward the detector (Bushberg et
al.2012).
Absorption is common imaging method in conventional medical imaging. In this case,
the intensity of beam decreases exponentially as the speed of beam decreases gradually
via passing through the material. The absorption coefficient of X-ray beam relatively
increases with the atomic number of material. The larger is the atomic number, the
greater is absorption and contrast. This fact holds true for the higher density material
such as bone that is well visible from other soft tissues. Whereas, low atomic number
materials such as soft tissues and polymers required an approach to enhanced the
contrast and resolution of images. Phase contrast is the desirable approach to illustrate
the fine structures of the material (Landis & Keane 2010).

2.1.5!Attenuation!coefficient!
As discussed in 2.1.3 section, some of the X-ray photons can be absorbed by the sample
like photoelectric effect or occur by Compton scattering. Therefore, it is important to
know how much energy, photons will be absorbed or scattered from the material to
attenuate the beam. The number of photons are traversing through sample, considerably
depends on the atomic number (Z) of material. As an example, soft tissues do not absorb
high X-ray energy due to their lower Z and while denser materials such as bone and
metal have higher attenuation coefficient.
In particular, linear attenuation coefficient M represents the fraction of how much
incident photon from monoenergetic X-ray passes through the object per thickness x of
material in centimeter (cm) and how much X-ray will be attenuated in unite of !E$N .
The relation below represents the exponential behavior of transmitted photons G and
incident photons G' :
G = " G' "# $xy
Another explanation is possible for attenuation, which is the mass attenuation
coefficient. Hence mass attenuation coefficient can be defined as (Bushberg et al.2012):
G = " G'" #

z
{

($ )|y

unit M"here is the area per mass which mass attenuation involves with the density of the
matter, this can be described by normalization of linear attenuation coefficient and unite

!
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" (Bushberg et al.2012). The denser the tissue is the more X-ray will be

attenuated. For instance, in bone or metal elements X-ray will be more attenuated than
soft (lung) tissue. Therefore, in this case, detector will not receive enough photons.
Different densities can be useful to describe the X-ray images. For example, low density
material such as air represent black spot in images while metal implants show white
spots in X-ray images. Other tissues can be considered as different of grayscale
depending on their density and thickness.

!
2.2!Principles!of!XLray!Microtomography!
X-ray micro tomography is conceptually derived from X-ray computed tomography
(CT) generation. CT is a medical imaging technique which projections from different
angles of patient are obtained to map and visualize the internal structures. The approach
is non-destructive and non-invasive. Non-destructive in terms of X-ray can penetrate
through the samples and no mechanical dissection is needed. In principle, in computed
tomography source and detector rotate around the patient to obtain a series of
projections from different angles (Webb 2003).
Primary CT scanners equipped with linear array of photodetector, meaning 3D images
obtained and reconstructed one plane by one plane, this is called fan beam CT. Another
substitute acquired images in 2D projections. The So-called cone beam CT (CBCT)
make the imaging time faster by capturing image of specimen in one rotation (Li et
al.2008; Landis & Keane 2010).
Although with the advent of CT scanner, huge evolution occurs in medical imaging
field, it carries some restrictions such as, each image represented the structure just in 2D
plane of image and structures in region of interest (ROI) and features such as tumors
could not be visible clearly out of the 2D plane. Furthermore, each 2D image indicates
the average absorption of X-ray by the out-of-field object, which means, the image
would not cover all data.
Considering limitations of CT, microcomputed tomography or microCT fulfill the need
of 3D image at micron level. Micro Computed tomography is known as high-resolution
sibling of medical CT scanners which spatial resolution of image can reach to 1
micrometer (Landis & Keane 2010; Stock 2008). On similar route, recently nanoCT,
with spatial resolution below 1"Mm, has gained a measure of acceptance for example
Vr"OVOm studies in laboratories (Stock 2008). Further information relevant to nanoCT
topic is beyond the scope of this thesis.
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MicroCT is considered as both qualitative and quantitative imaging approach. It is
qualitative method since it gives this opportunity to researchers to separate the sample
into different parts virtually, in other words to segmen the reconstructed volume,
regardless of any need for histology even with submicrometer resolution and it brings
quantitative analysis of structures both Vr"OVOm"and Vr"OVtsm images based on the
absorption of X-ray and 3D reconstruction of microCT data set. For greater depth and
breadth, comprehensive studies have been reviewed by Betz et al. (2007) and
Holdsworth & Thornton (2002).
3D microtomography images are reconstructed from series of 2D images of each slices
where each voxel, of 3D digital image shows the X-ray absorption at specific point.
This reveals that each voxel correlates with the mass density of localized tissue.
Consequently, comprehensive signal information can be achieved from each voxel
(Metscher & Muller 2011). The development of microCT, has enabled to acquire 3D
images with high resolution used in non-clinical fields, namely, material science,
biological and physical science (Narra et al.2015; Blanquer et al.2017; Stock 2008;
Landis & Keane 2010).
Recent studies indicate discernable results of X-ray microtomography (MicroCT) for
molecular imaging like morphological imaging of embryos and soft tissues to get
quantitative data compared to optical projection tomography (Metscher & Muller 2011).
There are two different basic infrastructures of MicroCTs: in the first structure, source
and detector are settled inside the gantry and they move around the sample. In this
system source-detector distance (SDD) is predefined by the company maker. However,
geometrical magnification relies on the matrix size of the detector and the state of the
focusing of X-ray tube source. In the second structure of micro CT source and detector
are stationary-oriented and the sample rotates horizontally or vertically along the beam
path. In this case source-object distance (SOD) and object-detector distance (ODD) can
be set up freely by user which leads to desirable geometrical magnification. However,
the object should be in controlled oriented on its own axis to avoid movement blurring.
Moreover, small focal spot size of the X-ray tube decreases the penumbral blurring
while larger focal spot adds noise to the image (Schambach et al.2010).
X-ray tube of microCT divides into two different categories:
Laboratory X-ray
This type of the tube source is similar to the primary X-ray tubes, that electrons will be
accelerated in the electrical field to generate either characteristic X-ray or
bremsstrahlung. Laboratory-based X-ray tubes generate microfocus X-rays. In this case,
there is no monochromator and X-ray spectrum contains a wide range of energy
(Mizutani & Suzuki 2012).

!
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On laboratory scale there are different X-ray detectors such as CCD, flat-panel detector.
Generally, in digital X-ray imaging system, the X-ray image will be considered in both
spatial and intensity dimensions. Detectors in digital X-ray imaging system such as
flat-panel detectors are using the thin film transistors which provide access to digital
images with more details and contrast of an image. There are two types of digital flatpanel X-ray detectors:
1.! Direct detection which convert the X-ray with a photoconductor to generate
electrical charges based on X-ray detection. In this detection, pixels incorporate
with a conductive and high voltage bias electrode to pick up the charge and a
capacitor to store produced charge.
2.! In indirect detection there is phosphor layer is in contact with active matrix array
to produce X-rays to light (Ristic 2013).
Another type of camera for detecting X-ray which our microCT device includes is
Charged Coupled Device (CCD) that acts as high-density shift register since by
manipulating the internal voltages charge, it can be transferred from one capacitor to its
neighbor. The device includes the sensor such as photoelectric device to read the
produced charged and convert the images into digital signal (MicroXCT-200 and
MicroXCT-400 User’s Guide 2010). More technical information of CCD of our device
can be found in chapter 3.1.1.
Synchrotron X-ray
The second type of the X-ray tube, which brings significant enhancement to imaging
area, is synchrotron. They offer higher resolution, large intensities, efficient signal-tonoise ratio (SNR), quantitative reconstructions and more importantly phase contrast
imaging. In synchrotron, high-energy and accelerated electrons are propelled into a
storage ring. They revolve around the ring with the speed of light roughly to produce
bremsstrahlung X-ray. To this aim, electrons should be accelerated in bending magnet
with curved sections or insertion device (Betz et al.2007). Contrary to the laboratory
X-ray tubes, synchrotrons can produce extremely monochromatic X-rays, which each
voxel value can represent the weighted average of LAC per voxel (Mizutani & Suzuki
2012).
Synchrotron microCT systems split into two categories: 1. without lenses and 2.
synchrotron systems with absorption. The former with voxel size from 1 to 10 Mm. With
this in mind, the larger voxel size corresponds to larger diameter of sample. The second
type, which is based on parallel beams and no more focusing optics. The voxel size in
this type of synchrotron microCT is down to 1-2 Mm (Stock 2008).
Typically, detectors in synchrotron microCT machines contain: thin single-crystal
phosphors, microscope objective lenses and charge coupled device (CCD). Plenty of the
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synchrotron microCTs work with different types of the optical lens to obtain different
Fields of View (FOV) and voxel sizes. Another fact about the synchrotron microCT is,
as the magnification of optical lenses of the detector increases the voxel size decreases
which much smaller voxel size represents the smaller field of view and more data
collection times with greater brightness (Stock 2008).
Taken together, there are some merits of Synchrotron X-ray source which outweighs
demerits of laboratory tube sources. Relinquishing that synchrotron tubes are costly, in
synchrotron sources photons with high-intensity transfer to sample with much lower
wavelength. Synchrotron source emits X-ray with high flux with greater spectral
brightness (Stock 2008).

2.2.1!CT!Artifacts!
Artifacts may stem from discrepancies between mathematical modeling in reconstructed
image and actual physical modeling (Hsieh 2009). Artifacts in tomographic images
could be observed and they might interfere the processing dataset. So far, many
algorithms and solutions have been investigated to reduce the artifacts in imaging.
In this section most common and prominent artifacts of tomographic images are
discussing.
Noise
There are two prominent sources of noise in reconstructed images. The first one is
known as additive noise and derives from electrical noise or round-off errors, meaning
the final image is a combination of actual image and the image with noise. The second
one is Poisson noise, which the quantity of the possible error is the function of photon
counts come out of the object and reach the detector. Therefore, it occurs due to the low
amount of the photon numbers (Kak & Slanely 1988).
As the noise increases, soft tissues will have poor contrast while dense materials such as
bone could be visualized in an image. Considerably, there is an inverse relation between
poisson noise and current. Noise can be compensated by increasing the source current
(Schulze et al.2011).
Additionally, for further analysis of features in tomographic image, segmentation is
required. Following this as the SNR gets lower, the segmentation and analyzing
structures will be restricted. Noise is considered stronger in the center of the material as
higher attenuation of X-ray beam passes through the object in middle of that. Noise also
strongly relies on resolution. Thus, noise will decrease as the slice thickness increased.
Another fact worth mentioning is, optimal SNR is obtained by porous materials
compared to solid ones of the same material (Davis & Elliot 2006).
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One of the common algorithms for reconstruction of images is FBP which will be
discussed in chapter 2.2.2. So that, the projection data will be filtered then filtered data
will be back projected. Owning to this fact, limited number of X-ray photons, which are
incorrect values will also be back projected and this causes the higher amount of
Poisson error. Another proposed method to remove noise is iterative algorithms,
statistical model which considers to remove noise on each iteration (Boas &
Fleischmann 2012).
Ring Artifact
Ring artifact in tomographic images mostly originates from miscalibrated detector due
to beam instabilities. Basically, ring artifact represents as bright or dark rings in the
center around the axis of rotation (Boas & Fleischmann 2012; Schulze et al.2011). In a
broader sense, if there will be scratch or dust on the screen of scintillator or none linear
response of CCD due to dead pixel, it will create so-called sharp rings in reconstructed
image. Ring artifact also occurs due to point spread function on detector since incoming
beams are diverse and defective beams (Axelsson et al. 2006).
Abu Anas et al (2011) suggests several approaches for removing ring artifact in
reconstructed images: sinogram processing and post processing. Since ring artifact is
quite similar to stripe artifact in sinogram, therefore in this technique, it is recommended
to remove stripes from sinogram image then implement filter back projection algorithm
to have a 2-D ring free image. Another alternative in sinogram processing is smoothing
the sum curve of sinogram by normalization. Although this method is less satisfied to
eliminate intensive sharp rings due to normalization. In accordance with the presented
approaches median and mean filtering is used in polar domain post-processing method
to remove ring artifact. To this aim, the object will be detached from background then
artifact template vector will be removed from each row of the polar image to obtain the
correct polar image (Abu Anas et al.2011).
Scattering
Scattering artifact originates from the X-ray photons which deviate from their original
path towards detector. Photons will scatter via Compton scattering after interaction with
matter. Scattered photons will be captured by detector and this reinforce the scattering
signal. It is worth noting that number of scattered photons rely on the atomic number of
the sample. Because high atomic number object like metal, bone barium will block more
photons and cause more X-ray photons to be scattered. The scattering will be more
noticeable if the size of the detector is larger, meaning more scattered photons can strike
to it. Both scattering and beam hardening leads to streak artifact in reconstructed
images. Scattering can also decrease the contrast of soft-tissue (Boas & Fleischmann
2012; Schulze et al.2011).
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Beam Hardening
Beam hardening artifact originates from polychromatic X-ray beam and mostly occurs
between two highly attenuated objects. Beam hardening is more prominent in object
with high atomic number such as bone and metal. In the other words, photons with low
energy will be absorbed by matter swiftly due to photoelectric absorption and be
attenuated easily compared to high photon energy (Barret & Keat 2004).
Beam hardening error is a nonlinear function of matter’s density and distribution
(Meagher et al.1990). In 3D reconstruction, image will be back projected and the result
will appear in dark streaks (Barret & Keat 2004). Dark bands or streaks create between
two high attenuation objects. The reason behind this matter is; the amount of beam that
passes through one of the objects at specific tube position is hardened less than the time
when beam passes through both objects at the other positions. In addition, bright streaks
can also be visible around the dark streak. So far, various techniques have been argued
to remove beam hardening such as using filtration to filter low energy before it goes
through patient or using iterative reconstruction algorithm (Barret & Keat 2004).
Metal Artifact
Metal artifact is mostly significant in tomographic images especially the ones with
orthopedic implants such as hip prosthesis or dental filling corresponds to high atomic
number of metal. Based on the shape and density of the metal object, the artifact appears
differently (Hsieh 2009). Metal object can cause beam hardening, scattering, poisson
noise artifacts, which beam hardening and scattering produce dark streaks in metal and
bright streaks at the adjacent metal area (Boas & Fleischmann 2012).
As mentioned in beam hardening metal object attenuates X-ray beam easily and
increasingly compared to soft tissue and bone. Therefore, low amount of X-ray photons
strikes to detector panel after passing through the metallic object. Following this,
insufficient signal from detector cause metal shadows in raw projection which
representing streaks artifact. Furthermore, Non-linear attenuation of X-ray spectrum
cause Streaks artifact in beam hardening (Zhang et al.2007). Depending on the reason of
metal artifact, there are several methods preventing the artifact. Hsieh (1990)
demonstrates a technique to correct metal artifact based on processing the projection
acquired from the adjacent area of metal object to improve the bone and soft tissue
contrast. On the other hand, Zhang et al (2007) argues the technique based on 3D voxel
reconstruction from two projections of two different angles.
Partial Volume Effect
Partial volume effect (PVE) considers as bias result in volumetric images particularly,
MicroCT images. It occurs when part of the object interferes into the scanning plane. In
!
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the other words, the PVE mostly happens when the thickness of the sample slice
increases (Hsieh 2009). Basically, there are two reasons, which make the PVE in image.
The former is, the restricted spatial resolution in image, which causes 3D blurring
image. The limited spatial resolution makes part of the signal visible outside of the
source. Another reason that makes the PVE happening is image sampling. The second
reason mostly considers in PET imaging due to tracer distribution (Soret et al.2007). In
order to compensate PVE in medical images, it is recommended to use different thin
slices to collect over each other to get the thick slice (Hsieh 2009).
Aliasing
Normally, the intensity distribution of X-ray beam is continuous after interaction with
the matter. In order to reconstruct the data, discrete sampling of continuous spectrum is
required to visualize the projections in temporal domain.
Based on the Nyquist Sampling theorem, the sampling frequency should be higher than
twice the largest frequency that contained in the signal. If this theorem violates, then
aliasing error will occur (Hsieh 2009). It is worth mentioning that pixel size of the
detector plays a major role in aliasing due to under-sampling (Schulze et al.2011).
Motion Artifact
Motion artifact more likely happens due to the movement of object or misalignment of
detector or source. Attention should be paid that sample during the imaging process
does not move. Even small movement will decrease the image resolution and causes
streak artifact in reconstructed 2D and 3D data set.
Motion artifact could also originate from sample movement and shift during imaging at
MicroCT (MicroXCT-200 and MicroXCT-400 user’s guide 2010). Another important
fact that might emerge in reconstructed image due to drifting is ‘’double edges’’ of two
parts in the image. This correlates with the first and second 180 degree scanning and
happens when scans do not occur simultaneously (Davis & Elliot 2006).

2.2.2!CT!Image!Reconstruction!
As the X-ray photon energy passes through the object, it absorbs the photons in 2D
plane of x and y while rotating around z axis with specific angle D. An arbitrary
function + ,, . , which can be explained as a distribution of a certain tissue parameters,
creates a projection function BC" (, * , D). Projection function is defined as collection of
line of integrals which are perpendicular to , * . The mathematical relation can be noted
as (Landis & Keane 2010):
BC , * , D = "
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In order to reconstruct tomographic images +"(,, .) which is series of projections, radon
transform depicts the image to the sinogram which is a collection of parallel projections
of an object in specific angle (Hsieh 2009). Sinogram is collection of sinosoidal curves,
which refers to projections from different angles. Radon transform can be described as
(D’Acunto et al.2014):
BC , * , D ≅ Å + ,, .

="

Ç
+
$Ç

,, . P(,!mUD + .UVrD − , * ) w,w.

where P is Dirac delta function,"BC , * , D is considered as sinogram because the radon
transform of off-center is sinusoid."+ ,, . is function of absorption and , * represents
the distance between the line and original coordinates in ,"and ."plane. Figure 8
illustrates the collection of line of integrals which are perpendicular to , * .

Figure 8. Collection of parallel projections (Landis & Keane 2010)
In order to reconstruct a tomographic image an inverse Radon transform of projection
data is required. Toward this end, different algorithms have been proposed, which the
most common one used in Micro CT is Filtered Back projection (FBP) (Li et al.2008).
Basically, Back Projection converts the measured sinogram to image along the
projection lines to the same value in original image. Normally, the image obtained by
back projection is blurry. In fact, the FBP technique will filter individual acquisition by
convolving each view to kernel filter to remove blurring of back projection. Eventually
reconstructed image by FBP is similar to ‘’correct’’ image (Smith 1999).
Another useful algorithm for 3D reconstruction of microCT images is FeldKamp-DavisKress (FDK). The approach is quite similar to a 2D FBP algorithm and mostly feasible
for Cone-Beam systems. Practically, it is assumed that the data reconstructed by planar
detector,"É"(2, K). Figure 9 shows the trajectory source with R radius, projection angle
J, the fan angle Q and cone beam angle A (Li et al.2008).
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Figure 9. Geometry of FDK with planar detector in plane (Ñ, Ö) (Li et al.2008)
First each projection will be converted to filter projection HI" (J, 2, K). Then projection
data are pre-weighted and ramp filter convolve with the pre-weighted data:
Å
HI J, 2, K =
. HI" (J, 2, K) ∗ " /0 (2)
ÅF + 2F + KF
á
Where ~ ~ ~ demonstrates the cosine of the angle between the X-ray beam of the
á %; %X

cone beam when beam strikes to the detector at (2, K) position. The pre-weighted data
can be expressed as two parts of fan and cone angle (Scherl et al.2012):
Å
ÅF + 2F + KF

="

Å
ÅF + 2F

"

ÅF + 2F
ÅF + 2F + KF

= !mUQ"!mUA

and the last step of the FDK algorithm is back projection of pre-weighted and filtered
data to the reconstructed voxel (Li et al.2008):
Fã
ÅF
+Iàâ ,, ., d = "
"HI (J, 2 ,, ., J , K ,, ., d, J )wJ
F
ä(,,
.,
J)
'
where:
−,UVrJ + .!mUJ
2 ,, ., J = "Å
Å + ,!mUJ + .UVrJ
Å
K ,, ., d, J = d"
Å + ,!mUJ + .UVrJ
and:
ä ,, ., J = "Å + ,!mUJ + .UVrJ
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2.3!Principles!of!OPT!
Optical Projection Tomography (OPT) is a high-resolution 3D microscopy approach for
imaging biological samples (Yang et al. 2015). Compared to microCT, OPT is mostly
feasible for transparent samples. The technique is non-destructive and non-invasive,
which takes images of specimen up to 15 millimeters thickness (Sharpe et al. 2002).
During imaging, sample is rotating 360 degrees around the particular axis while it is
located in the transparent tube and immersed in suitable liquid. The device provides two
modes of imaging: Fluorescent (emission mode) and Bright field imaging (transmission
mode) and the reconstruction of data is processing by Filtered Back Projection (Sharpe
et al. 2002; Soto et al. 2016). In case of using OPT for imaging of opaque samples, it is
recommended sample be cleaned by benzyl alcohol and benzyl benzoate in order to
avoid light scattering. Furthermore, attention should be paid to prevent any drifting
during imaging either because of sample movements or apparatus instabilities (Birk et
al.2010). Optical projection tomography can provide insights for extensive studies of
mapping 3D structure of RNA and embryos (Sharpe et al.2002; Birk et al.2010).

2.3.1!BrightLfield!Imaging!!
Optical Projection Tomography is equipped with bright field or transmission mode and
emission mode which will be explained in next chapter. In transmission (bright-field)
mode white light passes through the sample. The final image forms, based on the light
absorption and white light is transmitted through the sample will be collected by lens to
form an image. In transmitted OPT, projections reveal the number of photons which
travelled across the specimen while they are not attenuating. After acquiring OPT
projections, it needs image reconstruction similar as in microCT (Walls et al. 2005).

2.3.2!Fluorescent!Imaging!!
Principally, fluorescent imaging needs target with fluorescent properties. Fluorescence
is the emission of light after absorbing light with specific wavelength (e.g. from
ultraviolet to infrared) to excite the fluorophores which are the molecules of fluorescent
materials. Moreover, part of the excited light might scatter or reflect and part of that
absorb during the interaction of fluorophores and photons which at the end fluorophores
illuminate light with particular wavelength (Etrych et al.2016).
Furthermore, the difference between the exciting and emitting light is known as the
Stokes shift. The energy of the emitted light is lower than absorption light due to
vibrational relaxation. Therefore, the emission spectrum of an excited fluorophore has
!
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longer wavelength compared to absorption and excitation spectrum. Generally, larger
shifts reveal easier separation of excitation and emission light. Stoke shift is useful
property to evaluate how strong fluorescence is and also for building fluorescent
microscope (Lichtman & Conchello 2005).
Fluorescent Mechanism
When the fluorophores molecule absorbs sufficient light energy, it causes electronic
vibrational or rotational changes in molecule and makes the ‘’ground-state’’ electron
(R' ) transition to further orbits of nucleus. In this case electron will be in ‘’excited
state’’,"RN . The transition occurs rapidly (in femtoseconds). R' represent the energy
which is not being excited and respectively RN "and RF are orbits with higher excited
energy (Lichtman & Conchello 2005).
According to the & = ℎ"×"!/^, photon energy & has the indirect relation with
wavelength ^ and direct link with !, speed of light. To this fact, short wavelength light
source (e.g. ultraviolet to infrared) contains higher photon energy to transit the ground
state electron to excited singlet state (R' "tm"RN" ms"RF ) (Lichtman & Conchello 2005).
Photo-bleaching phenomenon
Typically, fluorescent dyes are causing the emission of fluorescence. Photo-bleaching or
dye photolysis is a phenomenon which fluorescent dyes will be disappeared or
decreased within timescale (in this study 3 seconds as an exposure time to activate the
fluorophores) due to photochemical alterations of dye. Consequently, this causes
degradation and destruction of dyes. Indeed, photo-bleaching has a severe impact on
signal-to-noise ratio and diminishes image quality and data during measurement
(Pawely James B. 2006). Alternatively, non-covalent interaction of fluorophore and its
environmental molecules can cause the fluorescence loss or bleaching. Lichtman &
Conchello claim that long-lived triplet state (nonbonding pair electrons in two different
orbitals with parallel electron spins) causes the excited electron interacts with other
molecules than singlet state (pairs of electron in the same orbital with opposite spins).
One crucial criterion makes the bleaching in triplet state is interaction between triplet
state fluorophore and oxygen. The outcome of this interaction is chemical reactions
which can bleach fluorophores covalently.

2.3.3!OPT!Image!reconstruction!
Filtered back projection (FBP) is known as the useful algorithm to reconstruct both OPT
and CT images. Although, Figueiras et al. (2014) proposed the pre-reconstruction
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algorithms to get the better reconstructed images by correcting heterogeneous
illumination, ring and edge artifact. Moreover, pre-reconstruction algorithms help to
detect the center-of-rotation (CoR) in each OPT acquisition. However, many studies
have been discussed to calculate the displaced center of rotation without considering
primary calibration scans during imaging (Dong et al. 2013). For instance, to reconstruct
the same slice many times with distinct offset values and then calculate the total
variance of the reconstructed slice to pick the suitable offset value (Walls et al. 2005).
Sometimes reconstructed OPT images appear as blurry images due to defocus images at
each projection. In OPT projections, there is a restricted view in objects which it is in
the best focus and it called depth of field (DOF). In contrast, objects which are out of
the depth of field are considered as out of focus. Since the depth of focus is not always
large enough to cover the whole sample, therefore the axis of rotation should be
adjusted. Normally, half of the samples at OPT imaging located within depth of field
and the other half is outside the depth of field which filtered back-projection
reconstruction can process the out of focus data (Walls et al. 2007).

2.3.4!Artifacts!
Artifacts can decrease the OPT images’ quality. Artifacts in OPT images can be
originated from system misalignment, intensity-based signal variations, errors from
system or even techniques which applied to remove the artifacts. Insufficient number of
angular projections can also degrade the image quality (Chen et al. 2012).
Illumination
OPT imaging needs stable light source to project parallel-rays through the object both in
fluorescence or bright-field mode. The former OPT systems were equipped with
common source of excited light in fluorescence imaging which was mercury arc gas
discharge lamp that covered all wavelengths and full ranges of fluorophores but the
lamp provided short and long term fluctuation of the light intensity and proportionally
emitted light from fluorescent material. It has been demonstrated that even older
mercury lamp makes stronger instability and fluctuation of light but in recent OPT
systems, LEDs and lasers are using as source of light (Walls et al.2005).
Additionally, Walles et al. (2005) pointed out that illumination intensity fluctuation can
cause bright and dark smears (smear artifact) from reconstructed images due to
fluctuated signals. In order to smooth the signal fluctuation, it has been recommended to
apply low-pass filter on average fluorescent signal for all projections. Similarly, in
bright-field (transmission), measurements represented optimal stability of white light
which is transmitted halogen lamp to the diffuser and then specimen (Walls et al.2005).
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Signal Decay
Photo-bleaching which discussed in 2.3.2, causes exponential decay of fluorescent
signal respect to exposure time. The signal decay can be corrected by normalization of
each fluorescent projection. In the other words, considering the fitted exponential curve
into average fluorescent intensities then multiplying each projection by suitable
normalization constant can reduce the effect of signal decay in each projection (Walls et
al.2005).
Streak and Ring Artifact
The average of the CCD response to the photon intensity estimated nonlinear,
considering the full dynamic range of CCD. Some dusts on the optical system can also
record inaccurate and unreliable data. Due to the nonlinearity of pixels’ response,
reconstructed images show streak artifact from CCD which is not calibrated properly.
This artefact can be visible from the views where the object of high intensity is aligned.
Furthermore, concentric rings can be created by different pixel-to-pixel responses.
These rings make ring artifact which are along the rotational axis (Walls et al.2005).
Walles et al. (2005) recommends a technique to remove the mentioned artifact. In order
to remove the streak artifact CCD needs to be calibrated and in case of preventing ring
artifact, pixel-to-pixel variations can be compensated by considering the photon
response of every single pixel. In transmitted OPT, streak artifact originates from dark
current of CCD and concentric ring artifact create due to variable pixel sensitivity as
well as it occurred in emission OPT.

2.4!Image!Characteristics!
2.4.1!Spatial!Resolution!
Theoretically, spatial resolution is number of pixel values per unit length. In the other
words, spatial resolution makes fine objects visible or defines how well small features
can be fitted correspond to reference point (Stock 2009). X-ray images are digital
images, which the size of the image defined by pixel. Consequently, an object smaller
than pixel size could not be resolved (Bushberg et al.2012). The number of pixels in 2D
image plan in different directions (,, .) totally depend on detector configuration
(Mizutani & Suzuki 2011). There are several factors that can impact on the spatial
resolution of an image such as the size of the X-ray tube focal spot, detector size,
system geometry, data-sampling rate and reconstruction algorithm (Hsieh 2009).
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Point Spread Function (PSF)
PSF is fundamental concept in measuring resolution of an image. PSF is the response of
the system to the input point. PSF is also known as an impulse response function and
considered in a 2D image plan of x and y direction,"HRS" ,, . (Bushberg et al.2012).
(Rossman 1969) represents comprehensive explanation of HRS: Point spread function is
stated as the intensity distribution in an image of small aperture. In any imaging
modality a specific point considers as an input in object plane and output response in the
image plane. Point spread function represents the un-sharpness of an image due to
optical deficiency. Hence, various input point sources display different intensities.
Therefore, output image is sum of the image of each point in the object. Mathematically,
it is known as convolution of point spread function multiplied by intensity factor of each
point in the object. Point spread function is intensity distributor of the linear and
isoplanatic imaging system.

2.4.2!SignalLtoLNoise!Ratio!
The concept of signal to noise ratio in medical imaging is argued to evaluate the amount
of background noise proportional to the signal. This noise is originally from the
fluctuations of a number of photons which pass through the material then catch by the
scintillator and convert to light. Eventually, there is a variation in number of photons
that enter detector. Mathematically, Signal-To-Noise ratio SNR is defined as:
SNR = G
Which SNR is equal to standard deviation of N, the number of X-ray photons capture by
detector. The purpose is to increase the SNR and amplify the signal.
SNR can be influenced by many reasons. For instance it is proportional to the root
square of exposure time and X-ray tube current or the greater is the voltage of X-ray
tube (Kp0 ) more X-ray photons will be produced and this leads to increasing the SNR.
Furthermore, the size of the target also impacts on SNR. The thicker is the tissue, the
longer path photons should travel and this increases the attenuation meanwhile decrease
the SNR (Bushberg et al.2012; Webb 2003).

2.4.3!ContrastLtoLNoise!Ratio!
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Contrast is the ratio by the difference of signal between feature and background. In the
other words, it is important how to define the object from its adjacent background by
considering the lowest and highest intensity (Stock 2009).
Contrast-to-noise ratio or (CNS) has similar definition as SNR. Although, in CNR the
image quality is evaluated based on the contrast than signal while in the latter the signal
is proportional to background noise of image (Welvaert & Rosseel 2013).
CNR can be mathematically defined as:
MF − MN
aGÅ = "
RTN F + RTF F
which MN and MF "are highest and lowest mean pixel values from the region of the interest
(ROI) and RTN" and RTF "are standard deviation values (Michail et al.2015).

!
2.5!Metal!NanoClusters!!
The silver nanoclusters are in subnanometer size, 2 nm and they show either atomic and
nanoparticle behavior or bulk noble metals. According to Fermi wavelength of
electrons, nanoclusters (NCs) have discrete energy level. Thus, they show up in
different properties such as electrical, optical and chemical.
There are different explanations to represent metal nanoclusters. According to Diez and
Ras (2010), metal nanoclusters is described as few-atom metals, which have quantized
and discrete energy level and they are of the great interest because nanoclusters link the
atomic and nanoparticle behavior in metals.
To date, numerous studies have been conducted to use nanomaterials, notably, metal
nanoclusters for fluorescent labeling applications. Much promising metal nanoclusters
are rising in fields such as biosensors, molecular imaging, optoelectronic emitters and
nanomedicine (Shang et al.2011).
Metal nanoclusters are in small size and good biocompatibility, which make them
appropriate enough in different fields such as fluorescent labels for microscopic imaging
and fluorescent probes in molecular sensing (Diez et al.2009). Although few studies
have investigated on Cu and Pt as metal NCs, recent advances mostly focused on Au
and Ag noble metal nanoclusters due to their low toxicity level in biological
applications (Shang et al.2011; Wu et al.2010).
Alternatively, gold NCs (AuNCs) could be more promising as a contrast agent for X-ray
computed Tomography, which demonstrates desirable and higher X-ray attenuation
compared to normal contrast agent, for instance iodine (Zou et al. 2015; Zou et al.
!
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2016). Furthermore, the distinct feature, which makes the gold NCs more suitable for
contrast agent in CT images is its long-term stability in blood circulation. This privilege
can extend the imaging of tissues or organs (Liu et al.2010).
Additionally, according to recent study of researchers at Rice university, Huston, Texas
gold NCs can be used in therapeutic application as well as being diagnostic. New
nanotechnology technique is employed to eliminate the cancer cells from tissues. To this
end, gold nanoparticles injected to the blood stream. Then gold nanoparticles heated up
by short infrared light. This short pulse makes the water inside the molecules vaporized
and makes tiny bubbles inside the cancerous cells which leads to expansion and burst
and finally ripping the cancer cells apart (Lukianova-Hleb et al.2016).

!
!
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)
3.RESEARCH)METHODOLOGY)AND)MATERIALS)
Multimodal imaging systems of X-ray microtomography and OPT have been used in
this work to image and analyze fluorescent AgNC (Diez & Ras 2011), the samples
which prepared by Aalto university of Technology, department of Applied Physics.
Section 3.1 provides more information about the imaging device in this study and
section 3.2 explain the implementation of the study.

3.1!Research!Materials!
3.1.1!Imaging!Systems!
X-ray Microtomography
As mentioned before one of the privileges of the X-ray Microtomography is mapping
the internal structures of a sample at high spatial resolution. Xradia MicroXCT - 400 is
capable of mapping the internal structure of samples at high spatial resolution. It
provides the 3D stack of reconstructed images with resolution down to 1"Mm.
Furthermore, it can tolerate 15 kg sample in size of 500 mm diameter, 400 mm in
height. It includes sample stage which sample could place on that.
Zeiss X-ray Microtomography also contains ergonomic station for further analysis of
data and controlling SOD, ODD to get the appropriate geometrical magnification and
minimizing penumbral blurring. MicroXCT- 400 is equipped with the shielding door to
avoid penetrating ionized X-ray from inside the system to outside. Xradia MicroXCT400 generates 40 - 150 kilo voltages for producing X-ray (MicroXCT-200 and
MicroXCT-400 User’s Guide 2010).
Detector assembly of X-ray microtomography includes 6 different lenses in the turret.
They include 0.4X (Micro), 1X, 4X, 10X, 20X and 40X, respectively which 4X,10X
and 20X consider as standard lenses and 0.4X ,1X and 40X are optional lenses
(MicroXCT-200 and MicroXCT- 400 User’s Guide 2010) which our device is not
equipped with 40X lens. The lenses in X-ray microtomography are similar to optical
magnification in conventional microscope for viewing the region of interest (ROI) of
sample. Lenses will locate as close as possible to the sample. Care should be taken to
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avoid collision when source or detector is moving close to sample. The collision will
cause misalignment of sample stage. Lower magnification helps to visualize larger field
of view (FOV) of sample. On the other hand, higher magnification depicts smaller Field
of view. The sample is rotating 360 degrees to obtain 1600 projections from different
angles of sample (MicroXCT- 200 and MicroXCT-400 User’s Guide 2010).
The X-ray source of X-Radia MicroXCT- 400 contains beryllium window. Absorption
relies on two factors: thickness and mass density of the sample. Absorption goes up as
the atomic number of element increases.
In the system set up micro-focal X-ray tube with the anode made by tungsten will
produce X-rays and 1k x 1k cooled charge-coupled device (CCD) (Metscher 2009). The
detector will capture X-ray photons and digitize them to electrical charges for producing
the output image (Li et al.2008). The CCD is utilized with phosphor layer with the fiber
optic or optical lens integrated to Thallium-Doped Cesium Iodide scintillator to absorb
the incident X-rays photons and convert them to visible light (MicroXCT-200 and
MicroXCT- 400 User’s Guide 2010). Figure 10 shows the external view of Xradia
MicroXCT- 400.

Figure 10. View from outside of the Zeiss MicroXCT- 400 device
The X-ray Microtomography system used in this work is model Zeiss MicroXCT- 400
from Xradia Inc., CA, USA. This scanner is equipped with Hamamatsu L8121-01
Tungsten microfocus X-ray source with an anode voltage between 40-150 kV and
output power of 4-10 W with 5 ME focal spot size at 4 W and target current between 0-
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500 MA. The Focus to Object Distance (FOD) of the source is 17 mm. This kind of
source is specifically used for materials with higher densities.
The X-ray beam is filtered by beryllium window with 200 ME thickness. It is easy to
handle the source since it is not tied to the high voltage wiring and the package itself
provides air-cooled X-ray source and high voltage power (150kV Microfocus X-ray
Source L8121-01 datasheet).It is worthwhile to note that using appropriate source filters
will improve the quality of reconstructed image and eliminate low energy X-rays.
Furthermore, proper X-ray source voltage will also diminish the beam-hardening
artifact.
Z axis is defined as the direction of the X-ray beam path and sample stage movement is
limited by 45 mm along the X axis, 100 mm along the Y axis and 50 mm along the Z
axis. Detector and source can move toward or away from the sample with limitation
distance of 300 mm and 400 mm, respectively. The detector will pick up the X-ray
projections to form the image by scintillator, which is integrated into detector. To
convert the image into the digital signal. The detector assembly consists of turret which
holds up six lenses and CCD camera which is the Andor’s iKon-L 936 CCD camera
with pixel size 2048 x 2048 (iKon-L _936 Series datasheet). CCD is cooling down to 100°"C during the operation to avoid the thermal and dark noise.

In order to analyze data and achieve optimal geometric magnification to adjust sourcesample and sample-detector distances, the operating system is mounted on ergonomic
station with windows XP and 4GB Ram and 19-inch LCD (MicroXCT-200 and
MicroXCT- 400 User’s Guide 2010).
Figure 11 shows the source and detector from internal view of MicroXCT- 400.
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Figure 11. Hamamatsu L8121-01 X-ray source on the left and detector assembly on
the right. Micro lense is also visible next to the turret.
MicroXCT- 400 software package consists of XMController, XMReconstructor and
XM3DViewer to process tomographic data. The former, XMController manages to
control sample from the beginning step to adjust either SOD and ODD for geometrical
magnification or optical magnification to data acquisition including acquisition of a
projection of a sample at one angle, acquisition of projections of sample through
different angles and acquisition of averaged blank images without sample or so-called
reference image. Second program XMReconstructor reconstructs the 2D tomographic
projection during imaging to 3D stack of the reconstructed image and lastly,
XM3DViewer visualizes the reconstructed image to acquire further information of ROI
(MicroXCT-200 and MicroXCT-400 User’s Guide 2010).
OPT setup
OPT is known as an equivalent of X-ray CT scanning, whereas in OPT, optics makes a
focused image on camera (Walls et al. 2005) which in this study 400 images obtained
by 360-degree rotation.
Both Fluorescent (Emission) and Bright-field (Transmission) modes of OPT system
employed in this work. The bright-field configuration made up of white LED and a
telecentric backlight illuminator, Edmund, USA. On the other hand, the fluorescent
illumination consists of LED by Thorlabs, USA, and an excitation filter to narrow the
spectrum, Edmund, USA. The LED is used for fluorescent illumination has specific
wavelength. The wavelength used for fluorescent imaging in this work is 480 nm with
excitation filter of 560 nm. It also adjusted by a lens with diffuser (Figueiras et al.2014;
Soto et al.2016).
In OPT device specimen are placed in tube made of Fluorinated Ethylene Propylene
(FEP) with 1 mm in diameter. The tubes made by Adtech Polymer Engineering,
England, and soaked into water inside a transparent cuvette made by Hellma Analytics,
Germany. In order to rotate the sample in each orientation, the cuvette is attached to xy-z motorized linear stage from Standa, Lithuania. AgNCs-Agar tube was located into
the cuvette filled with water with refractive index of 1.33. The use of refractive indexmatched liquid in imaging helps to reduce the scattering.
In order to detect the light, the system is utilized by 5 X and 10 X long-working distance
objective, Edmund, USA, the Numerical Apparatus (NA) of 0.14 and tube lens,
Mitutoyo Japan, which can be adjusted by an iris diaphragm, Thorlabs, USA. The final
image is captured by CMOS camera, ORCA-Flash 4.0 Hamamatsu, Japan, with 2048 x
2048 pixel array.
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Figure 12 displays the general overview of OPT device used in this work.

Figure 12. OPT set up

Fluorescent Microscopy; a method in OPT
The fluorescence microscopy has been very demanding during last decade in extent of
biology and biomedical science to visualize cells and sub-microscopic cellular
components.
Basically, in fluorescence microscopy the labeled specimen is illuminating by excitation
source and emitted light gets filtered to obtain the longer wavelength. The most
common and well-known of fluorescence microscopy is epi-illumination. In this mode
microscope objective lens can magnify the samples or act as condenser lens to orient the
light to the sample by passing the excitation light through the microscope objective and
use the same objective to capture the emitted fluorescence (Lichtman & Conchello
2005).
The epi-illumination fluorescence microscope has beaten the transmission microscope
in a way that, small amount of excited light will be reflected and it is required to be
blocked in epi-illumination. Although, both epi-illumination and transmission
approaches provide the same amount of excitation of fluorophores (Lichtman &
Conchello 2005).

3.1.2!samples!
Silver Nanoclusters Preparation

!
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The most distinct feature of current AgNCs used for imaging by OPT and X-ray
microtomography in this study is that they are fluorescent and soluble in water (Diez et
al.2011).
In Diez’s article two types of silver nanoclusters are prepared. LN "is made of equal
volume, 5mg/mL, of freshly prepared aqueous solutions of silver nitrate and PMAA Ag
nanoclusters were synthesized at room temperature. After that the solutions exposed to
light. The longer exposure time changed the colorless solution to pink the purple. Two
sources of light have been used for preparation of nanoclusters: natural day light and
desk lamp with fluorescent light source (11W) which both case represent comparable
results (Diez et al.2009). Visible light has been used to reduce the impurities of silver
nanoparticles from solutions of silver nanoclusters (Diez et al.2009). Optical absorption
spectra of the Ag clusters solutions detected from 400 nm to 900 nm by Perkin Elmer
Lambda 950 UV/Vis/NIR spectrophotometer (Diez et al.2009).
According to Diez.et al the second type of Ag clusters is made from combination of
200% LN cluster solution with specific amount of THF. Then, the purple-colored
clustered precipitated during mixing and the precipitation removed from solution and
pressed by spatula to remove the absorbed liquid. Lastly, it was rinsed by pure water
(Diez et al.2009)
Diez and Ras (2010) claim that during the synthesis of fluorescent silver nanoclusters,
different scaffolds namely DNA, proteins, dendrimers and polymers, could be used to
make the strong interaction between silver ions and also to prevent clusters, which are in
the small size of 1nm into larger nanoparticles. Furthermore, the silver nanoclusters (Ag
NCs) samples used in this project work are sustainable in water solutions and contain
polymethacrylic acid (PMMA) as stabilizer to form the silver cluster based on their
concentration and avoid aggregation (Diez et al.2011).
Remarkably, stabilizers could be PH-dependent of solution (PH~3) such as PMMA
(Diez et al.2009) or temperature-dependent like Dendrimers (Wu et al. 2010).
Therefore, the AgNCs sensitive to PH and temperature show responses to any external
excitation such as PH and Temperature (Xu & Suslick 2010). For the Ag NCs used in
this project, PMMA displays a densely coiled conformation for the formation of Ag
nanoclusters.
There are merits and demerits of current AgNCs. For instance, they are bright,
photostable, nontoxic and they are in sub-nanometer size while their main drawback is
they suffer from photo-bleaching (Diez et al.2011).
The initial set of samples consisted of AgNC-Agar with different concentrations but the
same amount of Agar. The silver nanoclusters used for preparation is AgNC 600% with
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the molar ratio of Ag:PMAA (polymethacrylic acid) 6:1 which means there are six Ag
ions per methacrylic acid unit. So that, AgNCs would be stable for longer time if they
stay in dark storage and as a result, there won’t be any noticeable changes in
precipitation and absorption (Diez et al.2009). Additionally, 100kDa PMAA used as a
stabilizer for providing suitable samples, Table 1. Sample AgNC EtOH is extracted with
Tetrahydrofuran (THF) and re-dissolved in ethanol in order to remove extra ions.
Additionally, AgNC dia sample in agar, dialyzed against water to remove extra free Ag
ions. The samples are also included Filter paper (Whatman 1) coated with silver
nanoclusters with different dipping time, Table 2.
Further samples (16-27) were provided with different ratios of AgNC and different
amounts of Agar and êF ë, Table 3. Second series of samples were prepared as AgNC
600% or AgNC with molar ratio of 1200% (Ag:PMAA 12:1) for further investigations,
Table 3 (Information from Aalto University).

Silver nanocluster-Agar in tubes
Sample
1
2
3
4

AgNC as
0.4 ml
0.2 ml
0.1 ml
0 ml

H 2O
0 ml
0.2 ml
0.3 ml
0.4 ml

Agar
0.3 ml
0.3 ml
0.3 ml
0.3 ml

Sample
5

AgNC EtOH
0.4 ml

Agar
0.3 ml

Sample
6

AgNC dia
0.4 ml

Agar
0.3 ml

Diluted AgNC, which
means decreasing
emission intensities

AgNC in ethanol,
contains less free silver
ions, maybe more
stable.
AgNC dialyzed,
contains less free silver
ions, maybe more
stable.

Table 1. Information of preparation the silver nanoclusters-Agar
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Filter paper coated with silver nanoclusters
Sample
7
8
9
10

Solution
AgNC as
AgNC as
AgNC as
AgNC as

Dipping time
2h
1h
30 min
1 min

11
12
13

AgNC as dil 1:2
AgNC as dil 1:4
H 2O

1h
1h

14

AgNC EtOH

1h

15

AgNC dia

1h

Table 2. Information of
nanoclusters

Samples dipped for different
periods of time, which means
decreasing emission
intensities
AgNC diluted, which means
decreasing emission
intensities
Here sample 8 fits well too
AgNC in ethanol, contains
less free silver ions, maybe
more stable?
AgNC dialyzed, contains less
free silver ions, maybe more
stable?

preparation the filter paper covered with silver

Silver nanocluster-Agar in tubes
Sample
16
17
18
19
20
Sample

AgNC 600% as
0.025 ml
0.05 ml
0.2 ml
0.3 ml
0.4 ml
AgNC 600% as

H 2O
0.375 ml
0.350 ml
0.2 ml
0.1 ml
0 ml
H 2O

21
22
Sample

0.5 ml
0.6 ml
AgNC 600% as

0 ml
0 ml
H 2O

23
Sample

0.5 ml
AgNC 600% as

0 ml
H 2O

24
Sample
25
Sample

0.6 ml
AgNC 600% as
0.7 ml
AgNC 1200% as

0 ml
H 2O
0 ml
H 2O

26
27

0.1 ml
0.4 ml

0.3 ml
0 ml

Agar (10mg/ml)
0.3 ml
0.3 ml
0.3 ml
0.3 ml
0.3 ml
Agar (10
mg/ml)
0.2 ml
0.1 ml
Agar (15
mg/ml)
0.2 ml
Agar (30
mg/ml)
0.1 ml
Agar
0 ml
Agar (10
mg/ml)
0.3 ml
0.3 ml

3 mg Agar
per sample

2 or 1 mg
Agar per
sample
3 mg Agar
per sample
3 mg Agar
per sample
Without Agar
Highly
concentrated
AgNC
solution!

Table 3. Information of preparation of silver Nanoclusters-Agar for samples 16-27
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3.2!Research!Procedure!
Image Acquisition
Each sample contained three tubes. To increase the reliability of the measurements and
more observations two tubes out of three tubes were imaged by OPT and one tube
imaged by microCT. After that, tubes which imaged by OPT imaged by microCT once
again. Exceptionally, there were just two tubes for sample 5 of table 1, which one tube
was dried (there was no sealed parafilm at one end of the tube). Samples were OPT
imaged by an appropriate objective of 10 X and pixel size of 650 nm. For each optical
imaging, 400 projections were obtained by every 0.9 degree angle size.
The filter papers (Whatman) coated with silver nanoclusters were not imaged by OPT,
since from the preliminary studies of filter paper no signal was detected.
During OPT imaging, in order to get the correct center of rotation for OPT imaging the
platform moved by LabVIEW software, National Instruments, USA, and the sample
inside the cuvette adjusted manually to locate in the center of field of view.
Firstly, Fluorescent imaging with wavelength of 480 nm utilized and the excitation
spectrum was narrowed by 560 nm band pass filter with ± 36 nm as band region cut-off.
Secondly, bright field imaging applied. Proper exposure time of 3 seconds and 500 mA
as a constant current employed to most of the tubes to activate the fluorescent due to
preliminary tests of the present OPT imaging device which proved 3 seconds exposure
time and 500 mA constant current are the best match to obtain the optimal results.
Alternatively, 1 second exposure time also considered for some tubes and different
ranges of exposure time for bright-field mode depend on the best dynamic range. The
whole fluorescent imaging took 30-40 minutes long roughly to capture the projections
and 10 minutes for bright field Imaging. Table 4 represents parameters which used for
OPT imaging of first set of samples Silver Nanocluster-Agar.

OPT Imaging of Silver nanocluster-Agar in tubes

!

Sample1

Fluorescent
(ExposureTime)

Constant
current

Bright Field
(ExposureTime)

Magnification

Tube 1
Tube 2
Sample 2

3s
3s

500 mA
200 mA

35 ms
29 ms

10 X
10 X

Tube 1
Tube 2
Sample3

3s
1s

500 mA
500 mA

27 ms
18 ms

10 X
10 X
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Tube 1

3s

500 mA

30 ms

10 X

Tube 2

3s

500 mA

22 ms

10 X

Sample 4

No AgNc

Tube 1
Tube 2
Sample 5

3s
3s
AgNC EtOH

500 mA
500 mA

13 ms
14 ms

10 X
10 X

Tube 1
Tube 2

3s
1s

500 mA
500 mA

28 ms
28 ms

10 X
10 X

Sample6

AgNC dia

Tube 1

3s

500 mA

28 ms

10 X

Tube 2

1s

500 mA

30 ms

10 X

Table 4. parameters used for OPT Imaging of silver Nanoclusters-Agar for
samples 1-6
In order to extend the study to achieve reliable and more comprehensive results,
samples 16-27 were studied and the process was repeated for the new samples. Table 5
represents descriptive data of OPT imaging of second set of samples (Table 3).

OPT Imaging of Silver nanocluster-Agar in tubes
Samples

Fluorescent
(ExposureTime)

Constant
current

Bright Field
(ExposureTime)

Magnification

3s
3s

500 mA
500 mA

43 ms
27 ms

10 X
10 X

3s
3s

500 mA
500 mA

32 ms
30 ms

10 X
10 X

3s
3s

500 mA
500 mA

28 ms
23 ms

10 X
10 X

3s
3s

500 mA
500 mA

24 ms
21 ms

10 X
10 X

3s
3s

500 mA
500 mA

30 ms
32 ms

10 X
10 X

3s

500 mA

29 ms

10 X

3s

500 mA

27 ms

10 X

Sample16
Tube 1
Tube 2
Sample 17
Tube 1
Tube 2
Sample 18
Tube 1
Tube 2
Sample 19
Tube 1
Tube 2
Sample 20
Tube 1
Tube 2
Sample21
Tube 1
Tube 2
Sample 22
!
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Tube 1
Tube 2
Sample 23
Tube 1
Tube 2
Sample 24

3s
3s

500 mA
500 mA

26 ms
29 ms

10 X
10 X

3s
3s

500 mA
500 mA

34 ms
24 ms

10 X
10 X

Tube 1
Tube 2
Sample 25
Tube 1
Tube 2
Sample 26
Tube 1
Tube 2
Sample 27
Tube 1
Tube 2

3s
3s

500 mA
500 mA

35 ms
29 ms

10 X
10 X

3s
3s

500 mA
500 mA

39 ms
21 ms

10 X
10 X

3s
3s

500 mA
500 mA

33 ms
34 ms

10 X
10 X

3s
3s

500 mA
500 mA

31 ms
28 ms

10 X
10 X

Table 5. OPT imaging parameters used for samples 16-27 for fluorescent and
bright filed Imaging modes
Following the procedure, uCT imaging of samples divided into three parts: 1. uCT
imaging of one tube from each sample, 2. uCT imaging of tubes which already imaged
by OPT and 3. uCT imaging of filter paper. The same approach continued for the
samples of Table 3 which they excluded filter paper.
Sample preparation for microCT imaging
In order to prepare AgNCs-Agar tubes for microCT imaging, three tubes from three
different samples were located into a 1 ml in diameter syringe vertically, 1x100 SOFTJECT (Henke sass Wolf, Germany) and covered by adhesive parafilm on top and
enclosed with the piston at the end to be fixed into sample holder. After that, samples
were overnight inside the sample platform in microCT to be more stable in terms of the
temperature inside the setup and make the drifting as low as possible during imaging.
MicroCT imaging of filter paper coated with silver nanoclusters was done separately
and the whole stack of filter paper piled and stabled in one syringe to image them at the
same time. AgNC-Agar in tube samples were imaged by 20X magnification and voltage
of 40 kV. Detector distance and source distance were adjusted to 40 mm and 8mm,
respectively.
A pile of filter paper coated with AgNC was imaged by 10 X magnification and 50 kV
voltage while detector distance was adjusted to 100 mm and source distance to 10 mm.
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more detailed information about the microCT imaging parameters can be found in table
A1.1 and A1.2 Appendix 1.
After acquiring X-ray projections, 2D tomographic projections were reconstructed and
then visualized to view the 2D and 3D image of each sample. All the reconstructions
and visualizations were done by MicroXCT- 400 software programs. Typically,
acquisition binning for tomography is 2 and for reconstruction, binning is 1.
Quantitative Approach
In order to show the AgNC as contrast agent, the relation between the light intensity and
X-ray attenuation with AgNCs concentration has been analyzed, analysis carried out
both on microCT and OPT images to estimate the silver signals and data extracted from
images.
A quantitative approach employed to calculate the mean and median to estimate the
absorption of X-ray from each reconstructed image. To this aim, each reconstructed
image file was opened in XMController program. Then intensity measurement was
assessed along the center of each reconstructed image by 400 um line. The central area
was considered as the best X-ray absorption area to measure the intensity values. Next,
histogram of 400 um line depicted and data of histogram saved as text file then imported
into the excel file to calculate the mean and median from each series of data for each
image. All measured values (mean and median) were quite close to each other.
Similarly, the same technique implemented on OPT images to extract mean and median
values from fluorescent images to evaluate the absorption of light by different amounts
of silver nanoclusters. All the values calculated from the fluorescent images with the
same exposure time to make the results more comparable. In order to calculate the mean
and median, each stack of 400 OPT projections opened by Fiji software (ImageJ). After
that each series of values imported in excel. Eventually, mean and median values
calculated for each stack.
For interpreting the results, graphs were created to explain the data from MicroCT and
OPT images. The former graph represents the bar graphs to analyze the absorption of Xray or light by samples with the same amount of AgNC but different methods of
preparation, the second graph displays correlation between Ag ratio in samples and light
or X-ray attenuation and the latter illustrates the behavior of sample during fluorescent
imaging. To this point, for each graph linear regression was drawn and ÅF "was
calculated to evaluate the linearity.
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)
)
4.RESULTS)AND)DISCUSSIONS)
After imaging the tubes of silver nanoclusters-agar samples turned darker inside due to
the light or X-ray absorption except sample 4 and sample 25. One apparent explanation
could justify these exceptions is sample 4 considered as a reference image and it did not
contain any silver nanocluster while sample 25 does not contain any agar or water to
support AgNCs during the fluorescent imaging.

4.1!MicroCT!images!of!AgNCsLAgar!tubes!and!filter!paper!coated!
with!AgNCs!
All the analysis for this study carried out to answer these two questions: 1. what is the
best contrast in X-ray microtomography to visualize the silver nanoclusters as a contrast
agent and evaluate the possible effect of exposure time on optical properties of samples
during fluorescent imaging? and 2. what is the correlation between X-ray and light with
the ratio of silver nanoclusters in samples?
With respect to the observations of microCT images of AgNCs-Agar in tubes with pixel
size of 1.13 um and filter papers coated with AgNCs, with pixel size of 2.5 um, no fine
structures were visible from images to indicate the collective behavior of silver
nanoclusters. Adding to this point, general intensity of silver nanoclusters was evaluated
by the current magnifications of microCT and no signal of AgNCs was detected to
visualize AgNCs since samples are in nano size and quite homogenous.
MicroCT images of AgNCs-Agar in tube demonstrated different levels of grayscale for
different amounts of silver nanoclusters in these samples. Figure 13 shows multiple
grayscale levels of 2D images of X-ray microtomography.
As can be seen from figure 13, the higher ratio of AgNCs in samples illustrates brighter
image, since it absorbs greater X-ray energy to address the attenuated X-ray. MicroCT
images of Agar-AgNC provide 2D view of samples in three different fields of view
which can be found in appendix 2.
Ring artifact which is the reconstruction error is almost evident in all microCT images
due to imperfections of optics. As can be seen from figure 13, there are some noises on
images which deteriorated the grayscale. In addition, microCT images of tubes which
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first imaged by OPT showed no significant differences with microCT images of samples
without OPT imaging. Almost all the MicroCT images of AgNCs-Agar tubes look
similar and homogenous.

a

b

c

d

Figure 13. 2D view of different grayscale levels of microCT images for different
ratios of AgNCs in samples. a. 0ml AgNCs 600%, b. 0.1ml AgNCs 1200%, c. 0.7ml
AgNCs 600% and d. 0.4ml AgNCs 1200%
Figure 14 illustrates the 3D view of Agar-AgNCs by microCT.

Figure 14. 3D view of sample 16 by microCT from the surface of the tube. The
image represents the reconstruction error, ring artifact and yellow part shows the
wall of the tube.
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Moreover, filter paper coated with silver nanoclusters (sample 9-15) with different
dipping time, imaged by microCT. Figure 15 represents the 2D and 3D view of
microCT imaging of pile of filter paper. Remarkably, sample 7, the filter paper with
longer dipping time of 2 hours show sufficient brightness which means it absorbed more
X-ray energy during imaging. Broadly, the brightness can explain the accumulation of
AgNC. Furthermore, by 3D visualization, it can be figured out that some parts of the
sample 14 with even shorter dipping time (1 hour) looks bright. Although, sample 14
has less reliability owning to the fact that it dipped into AgNCs in ethanol (EtOH) and
treated differently compared to other samples.

a

b

Figure 15. a. 2D view of Pile of Filter paper. b. 3D view of pile of filter paper
coated with AgNCs. From 3D view, sample 7 looks brighter than any other filter
paper since it has the longest dipping time of 2 hours.

4.2!Estimation!of!XLray!and!light!absorption!of!samples!with!the!
same!amount!of!AgNC!but!different!methods!of!preparation!
In order to interpret the behavior of samples, bar graphs have been created from samples
with the same amount of Ag but different approaches of preparation to evaluate the
absorption of X-ray or fluorescent signal. To this aim, data (mean and median) obtained
from microCT and OPT images to analyze the samples. Herein, bar graphs of all
microCT images, and OPT images have been depicted to show how samples with the
same ratio of AgNC behave after absorbing light or X-ray.
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Figure 16. Estimation of X-ray absorption for all o.4 ml AgNC samples which
prepared by different methods. 0.4 ml dialyzed AgNC sample shows lower X-ray
absorption compared to other 0.4 ml AgNC samples

Figure 17. Estimation of X-ray absorption for all 0.2 ml AgNC samples which
prepared by different methods show samples absorbed the same amount of X-ray
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Figure 18. Results show the same amount of X-ray absorption for all 0.5 ml AgNC
samples

Figure 19. Results represent the same amount of X-ray absorption for all 0.6 ml
AgNC samples
From the graphs above we got comparable results to see that all the samples with the
same amount of AgNC, absorbed the similar level of X-ray energy except graph 1
which 0.4ml AgNC dialyzed sample showed lower values compare to other 0.4ml
AgNC samples. It seems that the AgNC has been lost in 0.4ml AgNC dialyzed sample,
since it shows even lower value than sample with 0ml AgNC.
Similarly, bar graphs, figures 20-23, created from OPT fluorescent imaging.
As figure 20 presents sample 0.4ml AgNC EtOH and 0.4ml AgNC dialyzed show the
lower absorption of light. Figure 23 reveals that samples with higher amount of agar
illustrates higher values. This means that samples with higher ratio of agar absorbed
more light during fluorescent imaging.
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Figure 20. Results show that samples with the same amount of Ag (0.4 ml) but
different methods of preparation (EtOH and dialyzed), absorbed lower light
compared to diluted AgNC

Figure 21. Results represent all the 0.2 ml AgNC samples absorbed the same level
of light

Figure 22. Results represent 0.5 ml AgNC samples which includes higher amount
of agar absorbs more light

!

!

47!

Figure 23. Results show 0.6 ml AgNC samples with higher amount of agar absorbs
more light
Bar graphs of samples which imaged by OPT first then microCT have been attached to
appendix 3. In these graphs, samples with 0.4ml AgNC EtOH and 0.4ml dialyzed AgNC
show also lower absorption of X-ray.

4.3!Analyzing!the!relation!between!XLray!attenuation!and!light!with!
the!amount!of!Silver!Nanoclusters!
The graphs below demonstrate the correlation between the data obtained from microCT
images (mean & median) and the ratio of AgNC in samples. As can be seen from the
figure 24 most of the samples were distributed along the regression line except sample
0ml AgNC and 0.4ml dialyzed AgNC which act as outliers with the least values. It
seems possible that these results are due to sample 0ml AgNC does not contain any
AgNC and as it expected sample 6 (0.4ml Dialyzed AgNC) treated differently compared
to other samples. Therefore, lower values show lower absorption of X-ray in these
samples which means that these results are in consistent with the data obtained from bar
graphs, figure 16. In both graphs sample 4 (0ml AgNC) and 6 (0.4ml dialyzed AgNC)
act as outliers.
In this analysis sample 5 (0.4ml EtOH AgNC) is excluded since both tubes were imaged
by OPT beforehand and third tube of sample 5 was destroyed already (no parafilm at
one end). Mean & Median, estimated the amount of X-ray absorption for each sample.
Thus, figure 24 displays the correlation of two independent values, microCT data and
silver ratio vividly.
Mean and median values for each sample can be found precisely in appendix 4 and 5.
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Figure 24. The results show the correlation between X-ray absorption and the
silver concentration
In order to show how data, behave without the outliers, samples 4 and 6 were removed
from the graph in figure 25. In this case linearity increased up to 96%.

Figure 25. The results show the linear behavior between the data obtained from
MicroCT images and AgNC ratio in samples by excluding the clear outliers
This picture confirms the ascending behavior of X-ray attenuation and the amount of
AgNCs in samples. After that, data obtained from microCT imaging of samples which
were imaged by OPT first. Figure 26 provides the behavior of samples which imaged by
OPT first then microCT.
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Figure 26. The graph displays the correlation between OPT-MicroCT data and
amount of silver ratio in dilution
As shown in figure 26, sample 4 and 25 are quite apart from the distribution of data and
regression line with the least values. Sample 4 contains 0ml AgNC_0.3ml agar and
0.4ml water. On the contrary, sample 25 has 0.7 ml AgNC with no Agar and water.
Owning to the fact that possibly sample 25 degraded and precipitated by absorbing light
during fluorescent imaging since there is no water or agar to support the AgNC and this
leads sample 25 absorbs lower amount of X-ray during microCT imaging.
For the greater depth and breadth, a combined graph of microCT and OPT-MicroCT
data has been created to compare how samples which imaged by microCT or first
imaged by OPT then microCT behave. Figure 27 displays the combined graph without
the outliers.

Figure 27. Combined graph of microCT images and samples which imaged by
OPT first then microCT
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The depicted graphs almost behave linearly in either case. Consequently, the graphs
unveiled the fact that it does not matter whether samples first image by OPT or not, in
either case, they behave linearly.
Furthermore, graphs have been illustrated from data of fluorescent images to present
what is the relation between the light absorption and amount of silver nanoclusters.
Since most of the samples turn to bleaching and get darker during fluorescent imaging
and bleaching has an effect on the image quality.
Another key point about the graph is that, since it is required to implement fluorescent
imaging in dark environment, samples 1-6 and 16-27 have been imaged in two different
labs with different levels of light, that’s why the graph from these samples have been
drawn individually. The data from OPT imaging also demonstrate that there is a linear
correlation with fluorescent imaging (light absorption) and amount of AgNCs in
samples and it is presented in figure 28 and 29.
It worth mentioning that fluorescent materials activated in each fluorescent imaging by
excitation the light, and it caused either darkening or photobleaching for most of the
AgNCs-Agar samples. This phenomenon may alter the structure of AgNCs chemically,
hence, OPT graphs show the data before darkening from non-changed structures inside
the tube. All the mean and median values for each graph can be found in appendix.

Figure 28. Results from samples 1-6 which imaged by fluorescent OPT show the
amount of light absorption proportion to amount of Ag
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Figure 29. Results from samples 16-27 which imaged by fluorescent OPT shows the
amount of light absorption proportion to amount of Ag

4.4!OPT!images!of!AgNCsLAgar!
In order to analyze the OPT images, data obtained from the fluorescent images with the
same exposure time and this makes the analysis more comparable. Fluorescent silver
nanocluster samples turned to darkening after absorbing light which this provides
functional information for each sample.
Most of the samples in this study turned darker during imaging. This can be explained
either as the chemical changes or photo-bleaching. Some samples showed strong
darkening while some get darker smoothly during fluorescent imaging. On the other
hand, samples formed intensive structure like cloud and some samples revealed granular
structures after absorbing light. There is no more exact explanation of whether these
structures formed due to just darkening and light absorption or the reason is due to
signal decay and photo-bleaching. The structures are more apparent during bright field
imaging which took after fluorescence imaging. There was an exceptional case for
sample 25. This sample did not bleach during the fluorescent imaging although it
contains 0.7 ml AgNCs without any water or agar. It seems that the same chemical
reaction did not happen for the sample 25 as it happened for the rest of the samples.
Figure 30 displays the first, 200th and 400th frame of fluorescent imaging for samples 17,
25 and 27 respectively.
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a
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h
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Figure 30. Fluorescent imaging of samples 17, 25, 27. a, b, c show the fluorescent
imaging of sample 17 for the first frame, middle (200th) frame and last (400th)
frame respectively. d, e, f display the first, middle and last frame for sample 25.
g,h,i present the first ,middle and last frame of sample 27.
As can be presented from figure 30, fluorescent imaging of sample 17 comes along with
forming cloud-shaped structure or so-called bulk at the end. Sample 25 did not formed
darkening during the fluorescent imaging. It is difficult to explain this result but it is
assumed that no agar and water in preparation of this sample plays an important role and
the same chemical reaction did not happen for this sample compared to other sample
during fluorescent imaging. Sample 27 showed granule-shaped structures after getting
dark.
Bright field images of the named samples attached to appendix 7 to visualize the
structures formed after fluorescent imaging vividly.
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4.5!Analyzing!the!darkening!behavior!of!Silver!Nanoclusters!in!OPT!
For more observations of the darkening or signal decay of samples during fluorescent
imaging graphs have been created from the whole OPT projections (400 frames). Some
of the samples such as 0.4ml AgNC_0mlêF ë_ 0.3ml Agar showed strong and faster
darkening which may lead to photo-bleaching and some samples revealed smooth
photo-bleaching like 0.025ml AgNC_0.375mlêF ë _0.3ml Agar.
The graphs depicted from the fluorescent imaging are presented in figures 31 and 32. A
dashed vertical line in both graphs displays the first 60 projections roughly, which
figure 31 and 32 have been created from the data before the tubes turn to darkening and
form different structures.
In general, most of the samples turn to darkening after absorbing light except samples 2
(0.2 ml AgNC_0.2ml êF ë_0.3ml Agar), sample 23 (0.5ml AgNC_0 mlêF ë _ 0.2ml
Agar), sample 25 (0.7ml AgNC_0ml êF ë _0 ml Agar) which did not turn bleaching
during fluorescent imaging.

Figure 31. The graphs display the whole darkening behavior in fluorescent OPT
for samples 1-6
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Graphs for samples with 0ml AgNC and 0.4ml AgNC dialyzed AgNC contain some
noises (spikes) which referred to the lab where it was not completely dark during the
fluorescent imaging due to the light interference. Contrary to these samples, samples 1627 display smooth and very small darkening which can be followed from figure 32.

Figure 32. The graphs display the whole darkening behavior in fluorescent OPT
for samples 16-27
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)
5.CONCLUSIONS)
In sum, one evident result emerged from the data is that X-ray attenuation in microCT
imaging and fluorescent signal in OPT imaging acts as a linear function with the amount
of silver nanoclusters in samples. This fact confirmed the dual functionality of
fluorescent silver nanoclusters as a contrast agent in multimodal imaging of X-ray and
optical imaging.
Additionally, data from obtained images unveiled that it does not significantly matter
whether samples imaged by OPT first or just imaged by microCT, in either case, there is
a linear correlation between X-ray attenuation and the ratio of silver nanoclusters in
samples. From the microCT analysis samples 4, 5 and 6 and 25 acted as outliers in
depicted graphs. Sample 4 does not include any AgNC, sample 5 and 6 contain 0.4 ml
EtOH AgNC and 0.4 ml dialyzed AgNC, respectively which were prepared differently
compared to other samples. Thus, they absorbed less X-ray energy. This might be due to
the way sample 4 & 6 have been processed, maybe during purification steps more
silvers have been precipitated in these samples, that’s why it causes less X-ray
absorption during imaging. Lastly, sample 25 with no agar and water showed also less
absorption of X-ray in figure 26.
From the observations of OPT imaging, most of the samples exhibited darkening and
formed cloudiness or granular shaped structures in both emission and transmission OPT
images. It is not clear why exactly this darkening happened. One possible explanation
could be that AgNC was destructed during OPT imaging and it broke into Ag ions or
molecules which exhibited a darkening in images. It worth noting that sample 25 (0.7ml
AgNC) did not turn to darkening during fluorescent OPT imaging. This sample
displayed completely distinct behavior which did not show any cloudiness structures
during the fluorescent imaging with also quite vivid images of bright-field imaging.
Maybe, different behavior of sample 25 can be explained in a way that it was not diluted
with any water or agar. In general, data obtained from OPT imaging are in line with the
X-ray microtomography and corroborate the linearity in both imaging modalities.
Since more concentrated AgNCs samples including samples without water or agar
dilution are required to evaluate the light and X-ray absorption accurately, there is not
exact explanation of different behaviors of outliers from the microCT graph whilst this
should be taken into account that samples used in this study contained different amounts
of agar and water and this might affect the Ag nanoclusters’ behavior and causing
!
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different formed structures in the tube after light absorption. There is still no clue that
whether signal decayed or just chemical changes lead to sample darkening.
Notwithstanding the relatively limited samples, this work offers valuable insights into
metal nanoclusters, particularly fluorescent AgNCs as multimodality imaging label. The
overview of work proved that there is a correlation between X-ray attenuation and
fluorescent signal with the ratio of silver. However, fluorescent silver nanoclusters
suffer from instability and they are prone to photo-bleaching and maybe destruction of
the cluster structure.
Taken together, in this study, we could detect both fluorescent and X-ray signals from
images and approved the novel silver nanoclusters as substitution for contrast agent in
bioimaging since they show contrast for optical imaging and X-ray microtomography.
It is worth mentioning that fluorescent metal nanoclusters are novel concepts and
classifications of luminescent nanomaterials. Investigations in this field are still in
progress owning to their different functionalities such as optical properties for
applications like contrast agent in imaging and bioanalysis (Shang et al.2011) and
fluorescent probes in molecular sensing (Diez et al.2009).
Despite the widespread literatures on fluorescent nanoclusters, this subject is still in an
early stage and much practical works have been remained to employ them on feasible
applications. However, we were able to show the fluorescent silver nanoclusters as
contrast agent in both fluorescent optical imaging and X-ray imaging. This approach
introduces the novel use of fluorescent silver nanoclusters as label for biological
imaging of low contrast samples.
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!!!Appendix!1:!Tables!of!MicroCT!Imaging!!
Samples

Source
distance

Detector
distance

Pixel
size

AgNCsAgar in
tubes

40mm

8mm

1.13 um

kV/W Number
of
images
40/10

1600

Exposure
time
14 s

Total
Filter Angle Camera Objective
scanning
range binning
time
22h

none

360

2

20X

Table A1.1 parameters used for microCT imaging of AgNCs-Agar samples

Samples

Source
distance

Detector
distance

Pixel
size

kV/W Number Exposure
of
time
images

Filter
paper

100mm

10mm

2.5 um

50/10

1600

20 s

Total
Filter Angle Camera Objective
scanning
range binning
time
19.5h

none

360

Table A1.2 Parameters used for MicroCT imaging of filter paper coated with AgNCs

!

2

10X

!
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Appendix!2:!2D!visualization!of!sample!26!by!MicroCT!from!three!different!fields!
of!view!

a

b

c

Figure A2.1 2D visualization of sample 26 by MicroCT imaging from different fields of view. a) XY view. b) YZ view. c) XZ view.
There are two small black spots on b & c which they refer to dusts on the lens during imaging. Ring artifact is clear on a and cross-section
of ring artifact on b & c along the green line. Furthermore, there is noise on the images which deteriorated the grayscale.

!

!
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!
Appendix!3:!Bar!graphs!from!samples!which!imaged!by!OPT!first!then!microCT!
!

!

!
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Appendix!4:!Table!of!data!(Average!and!Median)!obtained!from!microCT!images!
samples

Amount of silver

Average

Median

1
2
3(
4(
6(
16
17(
18
19(
20(
21(

0.4
0.2(
0.1(
0(
0.4(
0.025(
0.05(
0.2(
0.3(
0.4(
0.5(

34236.4771(
33384.663
32647.3114(
24604.7686(
24004.2914(
32633.6657!
32446.35!
33387.52(
33718.21!
34198.0257!
35191.55!

34266(
33324(
32683(
24586(
23983(
32571.5!
32348.5!
33349.5!
33720!
34192!
35262!

22(
23(
24(
25(
26(

0.6(
0.5(
0.6(
0.7(
0.2(

35320.87!
34845.13!
35453.19!
35481.16(
33114.5(

35299!
34824!
35401.5!
35446(
33114(

27

0.8

37071.45

36979(

Table A4.1 data obtained from microCT images

!

!
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Appendix!5:!Table!of!data!(Average!and!Median)!obtained!from!microCT!images!
of!OPT!imaged!tube!
Samples
1(
2(
3(
4(
5(EtoH)(
6(dia)(
16(
17(
18(
19(
20(
21(
22(
23(
24(
25(
26(
27(

Amount of silver
0.4(
0.2(
0.1(
0(
0.4(
0.4(
0.025(
0.05(
0.2(
0.3(
0.4(
0.5(
0.6(
0.5(
0.6(
0.7(
0.2(
0.8(

Average
34025.99(
33224.863(
32839.63(
24154.81(
32192.64(
32140.34(
32600.68(
32847.18(
33486.28(
34296.03(
34429.16(
35013.48(
35458.53(
35029.86(
35495.85(
28673.84(
35409.03(
37318.77(

Median
34046.5(
33261.5(
32787.5(
24201.5(
32294.5(
32138(
32514.5(
32605(
33503.5(
34332(
34368(
34959.5(
35524.49(
34943(
35419.5(
28091.5(
35423(
37362(

Table A5.1 data obtained from MicroCT imaging of tubes which first imaged by OPT

!

!
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Appendix!6:!values!(Mean!and!Median)!obtained!from!the!fluorescent!imaging!
Samples
Samples

Amount
of silver

Average

Median

1

0.4

2960.43472

3053.1(

2

0.2

2398.38767(

3

0.1

4

0

16

Amount
of silver
0.025

Average

Median

737.78995

737.466667

17

0.05

871.52225

873.916667

2425.35(

18

0.2

1068.07288

1120

2080.19(

2085.0833(

19

0.3

1127.8644

1172.96667

2004.40533(

2003.61667(

20

0.4

1265.54467

1343.85

21

0.5

1217.00327

1283.88333

22

0.6

1327.497967

1425.4

23

0.5

1507.09345

1618.65

24

0.6

1434.0794

1548.96667

25

0.7

1560.45422

1689.86667

26

0.2

1140.34973

1179.5

27

0.8

1461.3865

1583.68333

5(EtOH)

0.4

2659.8563(

2775.5(

6 dia

0.4

2595.98085(

2692.23333(

Table A6.1 data obtained from OPT imaging sample 1-6

Table A6.2 data obtained from OPT imaging sample 16-27

!
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!
Appendix!7:!Bright!field!images!(1st,!200th,!400th!frames)!of!samples!17,!25!,27!

!

a

b

c

d

e

f

!
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g

h

i

Figure A7.1 Bright field imaging of sample 17,25 and 26. a,b,c correspond to frames 1,200,400 of sample 17
Respectively. d,e,f correspond to frames 1,200,400 of sample 25 respectively. g, h,i correspond to frame 1, 200,400
of sample27, respectively.

!

