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Introduction
Förster resonance energy transfer (FRET)-based immunoassays are powerful tools for detection of biomarkers in the picomolar range. Using quantum
dots (QDs) as FRET pairs further increases the sensitivity and enables multiplexing. Typically, antibodies are covalently attached to QD surface in order
to introduce affinity for binding to analytes. It is crucial, yet not straightforward, to precisely determine the number of antibodies attached to the surface
of QDs. The aim of this project was to use a combination of different techniques to quantify the antibodies on the QD surface. In order to achieve this
goal, both colloidal (size, surface charge, electrophoretic mobility) and optical
(absorption, emission) properties of QDs have been probed for conjugates
prepared using different QD/Antibody(Ab) ratios. Sulfhydryl-reactive QDs
(eBioscience) were conjugted to the Ab using the commercial kit supplied by
eBioscience, at 5 different QD/Ab ratios. After purification of the reaction
mixture, each sample has been tested using the following techniques:
• Analysis of the colloidal properties: After conjugation of Ab in
different ratios, the overall size and surface charge of QDs will vary as
well. Measurements of size and surface charge have been done using
light scattering techniques. Zetasizer NanoZS enables measurement of
hydrodynamic radius and zeta potential of the QD/Ab conjugates. The
variations of the size and charge as a function of conjugation ratio has
been plotted for each sample. Agarose gel electrophoresis is another
technique that proves useful for distinguishing different surface coverage
ratios. Under an applied voltage samples migrate different distances
iii

iv
depending on their surface charge/mass ratios. Having more Ab attached
to QD surface causes retardation of that sample. Transmission electron
microscopy (TEM) has been used for imaging the conjugates. The
protein layer can be distinguished from the QD core by uracil acetate
negative staining.
• Analysis of the optical properties: Bradford assay, which is based
on absorption spectroscopy, enable estimation of the protein content
of the conjugates. Bradford assay is a well-established technique that
directly probes the proteins. However, it is not possible to distinguish
whether the proteins are attached on the QD surface or they are freely
floating in the medium. In order to alleviate this problem, we measured
time-resolved fluorescence decays of QDs.
After colloidal and optical characterization, the samples were used as acceptors
in FRET-based immunoassays, where the luminescent Terbium Lumiphore
complexes acted as donors.

Chapter 1
Theoretical background
1.1

Luminescence and photoluminescence

When a molecule in its fundamental state absorbs a photon that has an
energy equal or higher than the energy needed by the electron transition into
a higher unoccupied orbital, the transition will take place and it brings the
molecule in an excited state. In order to understand this phenomena, we
should focus on the basic principles of luminescence:
• Laporte rule: it applies only to centrosymmetric molecules (those
with an inversion centre) and atoms. It states that electronic transitions
that conserve parity, either symmetry, i.e. g (gerade), or antisymmetry,
i.e. u (ungerade), with respect to an inversion centre are forbidden.
Allowed transitions in such molecules must involve a change in parity,
either g → u or u → g.
• The total orbital angular momentum Λ change should be ∆Λ = 0, ±1;
• The total spin should not change. If we take into consideration the
multiplicity M, defined as M = 2 |Se | + 1, we have two different state
with respect to the value of the total spin Se :
– singlet state (S) if Se = 0, that means that the electrons are
coupled (opposite spin), M = 1;
1
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– triplet state (T) if instead Se = 1, that means that the electrons
are uncoupled (same spin), M = 3.
Luminescence is the emission of light from a substance that occurs from
the electronically excited states. Luminescence can be divided into two
categories depending on the nature of the excited state: fluorescence and
phosphorescence.
Fluorescence is an emission of light from an excited singlet state in
which the electron in the excited orbital has the opposite spin orientation of
the ground-state electron. Consequently, the return to the ground state is
spin allowed and occurs rapidly by emission of a photon. The emission rates
of fluorescence for the most of flourophores are typically 108 s1 , such that a
typical fluorescence lifetime is near 10ns.
Phosphorescence, on the other hand, is emission of light from triplet
excited states, in which the electron in the excited orbital has the same
spin orientation as the ground-state electron. Transitions to the ground
state are forbidden and the emission rates are slow (103 to 100 s1 ), so that
phosphorescence lifetimes are typically milliseconds to seconds. Following
exposure to light, the phosphorescent substances glow for several minutes
while the excited phosphors slowly return to the ground state. We will focus
or attention on the fluorescence phenomena.

Figure 1.1: One form of a Jablonski diagram [19].
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The processes that occur between the absorption and emission of light
are usually illustrated by the Jablonski diagram (an example is showed
in figure 1.1). Jablonski diagrams are often used as the starting point for
discussing light absorption and emission. These diagrams are used in a variety
of forms, to illustrate various molecular processes that can occur in excited
states. The singlet ground, first, and second electronic states are depicted by
S0 , S1 , and S2 , respectively; T1 is the triplet state. At each of these electronic
energy levels the fluorophores can exist in a number of vibrational (narrow
lines) and rotational (not represented) energy levels. The absorption of a
photon of energy hνa (blue ertical arrow) leads to the transition from the
ground state S0 to the vibrational excited state S1 . From the S1 vibrational
excited state the electron relaxes non-radiatively (black dashed arrow) down
to the vibrational ground state of the electronic excited state S1 . This process
is called internal conversion (IC) and it occures very fast (≈ 1012 s). From
the vibrational ground state of S1 the molecules have several possibilities to
relax back to the electronic ground state S0 . If the relaxation to the ground
state is non raditive, we have again an internal conversion. If instead, the
relaxation to the ground state is radiative and the multiplicity is constant we
have a fluorescence emission (green arrows): the relaxation could end in the
vibrational ground state of S0 or in one of the vibrational excited state of S0 .
In the fiste case we have a photon of higher energy with respect to the second
case. The spin multiplicity of the system could also change and the process is
called as intersystem crossing (ISC): the spin of the excited electron will
change from -1/2 to +1/2 and the system will turn from a singlet state S1
into a triplet state T1 . The relax from a triplet state to a singlet ground state
is the phosphorescence, that is a spin forbidden transition, and as a result
the rate constants for triplet emission are several orders of magnitude smaller
than those for fluorescence.

4

1.1.1

Fluorescence lifetime and quantum yield

The fluorescence lifetime and quantum yield are the most important
characteristics of a fluorophore. Quantum yield is the number of emitted
photons relative to the number of absorbed photons. Substances with the
largest quantum yields, approaching unity, such as rhodamines, display the
brightest emissions. The lifetime is also important as it determines the time
available for the fluorophore to interact with or diffuse in its environment,
and hence the information available from its emission.
Let us consider the Jablonski diagram in figure 1.1 and let us focus on those
processes responsible for returning to the ground state. The fluorescence
quantum yield is the ratio of the number of photons emitted and the number
absorbed. In particular if kr is the rate of radiative decay(luminescence) and
(knr ) is the rate of non radiative decay (internal conversion), the quantum
yield φ is given by(1.1.1):
φ=

kr
kr + knr

(1.1.1)

If the rate constant of radiative relaxation is higher than the non-radiative
relaxation, the quantum yield can be approximately equal to 1 which means
that almost all the absorbed photons lead to photon emission.
The lifetime is given by (1.1.2):
φ=

1
.
kr + knr

(1.1.2)
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1.1.2

Quenching

The intensity or lifetime of fluorescence emission can be decreased by
a number of different processes. Such decreases in intensity or lifetime are
called as quenching. Quenching can occur by different mechanisms and can
be divided into two cathegories: static quenching and dynamic quenching.
Dynamic (or collisional) quenching occurs when the excited-state fluorophore
is deactivated upon contact with some other molecule in solution, which
is called the quencher. The fluorophore is returned to the ground state
during a diffusive collision with the quencher. The decrease in intensity in the
dynamic quenching is described by the Stern-Volmer equation(1.1.3):
I0
= 1 + KD [Q] = 1 + kq τ0 [Q]
I

(1.1.3)

where I0 and I are the luminescence intensity in the absence and in the
presence of quencher, respectively. KD is the Stern-Volmer dynamic quencher
constant, that is equal to the product of kq and τ0 and [Q] is the concentration
of the quencher.
Unlike dynamic quenching, static quenching, does not affect the decay
time of the luminophore. In this case only the intensity decrease due to the
formation of non-fluorescent fluorophore/quencher complex. For this case the
Stern-Volmer quenching constant is given by (1.1.4):
KS =

[LQ]
[L] [Q]

(1.1.4)

where [LQ] is the complex concentration and [L] is the uncomplexed
luminophore concentration. For combined dynamic and static quenching the
Stern-Volmer equation can be modified as (1.1.5):
I0
= (1 + KD [Q]) (1 + KS τ0 [Q])
I

(1.1.5)
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1.2

Förster resonance energy transfer(FRET):
theory, detection and FRET system

1.2.1

Theory of FRET

Förster resonance energy transfer (FRET) is a mechanism describing non
radative energy transfer between two light-sensitive molecules (chromophores).
Its name is due to Theodor Forster that found a classical treatment for
FRET in 1946. A donor chromophore D*, initially in its excited state, may
transfer energy to a near-by acceptor chromophore A through nonradiative
dipoledipole coupling. In order to have FRET the distance between donor
and acceptor has to be in the range of 1 to 10 nm (Förster radii). The donor
is irradiated with an electromagnetic radiation induces an electric dipole
moment on it. The donor will induce a dipole moment on the acceptor by
dipole-dipole interaction if the condition of resonance (1.2.1) is fullfilled
∆E(D∗ → D) = ∆E(A → A∗)

(1.2.1)

where ∆E is the energy difference between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)(Figure
1.2).
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Figure 1.2: FRET mechanism [15].
The transfer rate within a donor-acceptor distance of r is given by ([15]):

kET =

1
τD



R0
r

6

(1.2.2)

where τD is the luminescence decay time of donor D in absence of the acceptor
and R0 is the so called Forster radius, the distance at which FRET efficiency
is 50 %. In order to determine R0 the spectral overlap integral of donor
emission and acceptor assorption J(λ), the donor quantum yield φD , the
dipole orientation factor between donor and acceptor κ2 , and the index of
refraction of the surrounding medium nr , need to be known. The expression
for the Förster radii is:
R06 =

9 ln(10)κ2 φD
J(λ)
128π 5 n4r NA

(1.2.3)

The dipole transition moment κ2 describes the orientation of the transition
dipole moments of D* and A and it is given by:
κ2 = (cos α − 3 cos β cos γ)2

(1.2.4)
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It can vary between 0 and 4 depending on the relative orientation of D/A
dipole moments and is equal to 2/3 for random orientations(see figure 1.3).

Figure 1.3: Orientation of the donor emission transition dipole moment rD ,
the acceptor absorption transition dipole moment rA and the influence on κ2
[15].
The spectral overlap integral is calculated as following:
Z
J(λ) =

FD (λ)A (λ)λ4 dλ

(1.2.5)

where FD (λ) is the normalized luminescence spectrum of the donor, A (λ) is
the extinction coefficient spectrum of the acceptor and λ is the wavelenght
(see figure 1.4).
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Figure 1.4: Normalized donor emission (solid line) and acceptor extinction
coefficient spectrum (dashed line). The donor-acceptor spectral overlap is
shown in grey [15].
The FRET efficiency ηET is given by:
ηET =

kET
R06
=
6
6
R0 + r
kET + τD−1

(1.2.6)

where τD is the donor luminescence decay time. As we can see from the
equation above (1.2.6), ηET is inversely proportional to the sixth power of r.
FRET efficiency can also be calculted taking into account the donor luminescence quantum yields in absence (φD ) and presence (φDA ) of the acceptor or
the corresponding luminescence decay times (τD and τDA ):
ηET = 1 −

φDA
τDA
=
φD
τD

(1.2.7)

In addition to FRET (kF RET ) there are other phenomena through which
the excited donor could relax back into its ground state. For example, in the
radiative relaxation (kL ), the donor emits light and there is no transfer to the
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acceptor. In non-radiative relaxation (kN R ) the energy is lost through other
processes. FRET efficiency is therefore given by:
ηF RET =

kF RET
kF RET + kL + kN R

(1.2.8)

where kF RET is calculated as:
ηF RET

1.2.2

 6
1 R0
=
τD r

(1.2.9)

Applications of FRET

FRET occurs at distances ranging from 1-10 nm, which corresponds very
well to many biomolecular processes. Hence, FRET is an important technique
for sensitive structural and dynamic measurements of biomolecular interactions. FRET for bioanalytical techniques includes many advantages such
as high sensitivity to changes at the nanoscale (luminescence measurement
with r−6 distance dependence), the possibility of creating homogeneous immunoassays (sandwich assays with donor on one and acceptor on the other
side of a biological system, e.g. two antibodies on an antigen), luminescence
decay time and intensity dependence (qualitative, quantitative and real-time
kinetic measurements), low environmental and safety risks (compared to techniques using radioactive labels) and the efficient quantitative use in imaging
techniques[15].
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1.3

Immunoassays as FRET system

To obtain a FRET system, the couple donor acceptor, as we said before, has
to be in close proximity. Since the area of our interest is the biological one, we
have to create this condition with biochemical binding process. Immunoassays
are biochemical tests that measure the presence or the concentration of a
macromolecule in a solution through the use of an antibody. Antibodies
have exceptional specificity for their target with a very high binding strength;
these properties make immunoassays a major diagnostic tool in medicine and
life sciences [15]. The macromolecules detected by the immunoassay is often
referred to as an analyte(in many cases it is a protein). Analytes in biological
liquids such as serum or urine are frequently measured using immunoassays
for medical and research purposes [14].
Antibodies (AB) are molecules that could bind only to certain substances, analytes or biomarkers, which are meant to be detected. This
substances are called antigens.
Antigens has different binding sites, called epitopes to which different
antibodies can bind specifically. The binding between antigens and antibodies
is based on the biological key-lock-principle: only specific epitopes of an
antigen (key) can bind to the antibody (lock).

1.3.1

Lanthanides and quantum dots

LTC (Luminescent Terbium Complex)
Luminescent Terbium complexes (LTCs) combine the advantageous properties of the inner terbium (Tb) ion and its complexing ligand to be very
good FRET donors for biochemical application [17]. The ligand fullfills two
requirements: the shielding of the Tb from the surrounding biological medium
and efficient light collection followed by energy transfer to the central Tb ion.
The Tb has very special spectral properties such as:
• long excited state lifetime (in the millisecond range;
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• well separeted, narrow emission bands over a broad wavelength range;
• large separation between absorption and emission wavelengths.
The first property is important for FRET donors in biological applications
because they allow for the distinction between short-lived background fluorescence and long-lived FRET signal. Moreover they allow very efficient FRET
to QDs because the LTCs excited state lifetime are 3-5 order of magnitude
longer. The properties of the emission spectra allow color multiplexing FRET
from one single LTCs to several QDs. Moreover there is a broad overlap
between the LTCs emission spectra and many QDs absorption spectra, leading
to great FRET (high efficiency and high sensitivity). Finally the separation
between emission and absorption wavelengths avoids spectral overlap and
then efficient luminescence [17].
Quantum dots
Quantum Dots are nanocrystal made of semiconductor materials that
show quantum mechanical properties. They are frequently used in different
applicatiation and they are also suitable for FRET system. Their main
advantages in bioanalysis are:
• Broad absorption region;
• High extinction coefficient and very high bright
• Size tunable absorption and emission wavelengths
• Narrow (Gaussian shaped) emission bands
• High photostability
• Large surfaces
This properties allow also the possibility of multiple detection, in which
there are more than one analyte to be detected: in this case their large
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surface allow labelling with many biomolecules, moreover the charechteristic
of their emission spectra (narrow and tunable) make them perfect for color
multiplexing [16].

1.3.2

Heterogeneous immunoassays

One of the simplest heterogeneous immunoassays is the immunometric one
(Figure 1.5). An antibody is immobilized on a surface and binds the antigen
(analyte) present in the sample under analysis. Another antibody (tracer),
labeled (for example with a lumiphore), binds another epitope of the antigen.
The two antibody and the antigen forms a sandwich like complex (that is
why this assays are called as sandwich immunoassays). If an antibody is to
be detected, the antigen is immobilized and a second antibody specific for the
first one will act as the tracer [14]. After incubation and separation, where
all unbound tracers are washed away(right side), the signal of the sandwich
complexes, which is proportional to antigen/antibody concentration, can be
measured.

Figure 1.5:
a)Immunometric immunoassay for antigen detection
b)Immunometric immunoassay for antibody detection [14].
Immunometric immunoassays work with large antigens because they need
to possess at least two epitopes for binding the antibodies. If small molecules
have to be detected, competitive immunoassays (Figure 1.3.2) has to be
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performed: the capture antibodies are surface immobilized, and analyte and
tracer are added. The tracer is the same analyte, labeled with a signal generator. Both labeled and unlabeled antigens compete for the binding sites of the
antibodies (competitive immunoassays). If there is no analyte the detection
signal is high, instead if the analyte is present the signal is reduced: the signal
is then indirectly proportional to the analyte concentration.

Figure 1.6: C
ompetitive immunoassay [14].

1.3.3

Homogeneous immunoassays

If separation step is not needed the immunoassays are called homogeneous
immunoassays. This immunoassay are based on the following scheme(Figure
1.3.3): two different antibodies are labelled with FRET donor and acceptor,
and the sandwich is formed following the analyte addition.
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Figure 1.7: F
RET immunoassay system[14].
In this case the analyte signal is generated only when the tracers bind
to the analyte. There are many advantages of homogeneous immunoassays:
the binding reaction is not limited by slow diffusion to a surface and these
type of immunoassays have more sensitivity than the heterogeneous ones, in
which weak reactions tends to reverse. However, interference of non-separated
assay constituents often repeals the sensitivity advantage and techniques to
overcome non-specific signals (e.g. autofluorescence of biological constituents,
background luminescence or light scattering) have to be developed. One of
these concepts is the time-resolved FRET immunoassay using LTCs (Luminescent Terbium Complexes) as FRET donors and QDs(Quantum Dots) as
acceptor [21]. The use of QDs enable Forster distances in the 4 − 7nm range
[21] , whereas the use of LTCs as donors can lead to R0 values as high as
9nm [14]. Therefore combining QDs and LTCs as FRET pair makes the
10nm R0 limit possible. Another important aspect of using LTCs is their
long excited state lifetime, which can be larger than 2µs and is thus several
order of magnitude longer than the one of QDs (in the 10 − 100ns range).
Therefore, the luminescence decay time of the QDs-acceptor in the presence
of the LTC can be used in the FRET efficiency formula instead of the donor
luminescence decay time (τA D = τD A) [16].

Chapter 2
Experimental setup
As has been stated before, the goal of the research is to determine the
number of antibodies attached to QD surface using different complementary
methods, and to determine the influence of the number of antibodies attached
to QD surface on the resulting FRET efficiency. In order to achieve this goal
we used a combination of different techniques to quantify the antibodies on
the QD surface, probing both colloidal (size, surface charge, electrophoretic
mobility) and optical (absorption, emission, anisotropy) properties of QDs
for conjugates prepared using different QD/Ab ratios.

• Analysis of the optical properties:
Absorption spectra: allows determination of the protein content
using the peak intensity at 280nm.
Bradford assay: is based on absorption spectroscopy and enables a
rough estimation of the protein content of the conjugates. Bradford
assay is a well-established technique that directly probes the proteins.
However, its not possible to distinguish whether the proteins are attached
on the QD surface or they are freely floating in the medium.
Steady-state and time-resolved emission spectroscopy: is used
in order to evaluate the emission spectra and the decay time of our
different conjugates.
16
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• Analysis of the colloidal properties:
Light scattering:is used for measuring size and surface charge. Zetasizer NanoZS enabled measurement of hydrodynamic radius and zeta
potential of the QD/Ab conjugates.
Agarose gel electrophoresis: is another technique that we used to
distinguishing different surface coverage ratios. Under an applied voltage samples will migrate different distances depending on their surface
charge/mass ratios. Having more Ab attached to QD surface will cause
retardation of that sample.
Transmission electron microscopy (TEM): can be used for imaging the conjugates. The protein layer can be distinguished from the QD
core by uracil acetate negative staining.
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2.1

Absorption spectroscopy and Bradford assay

Absorption spectroscopy refers to spectroscopic techniques that measure
the absorption of radiation, as a function of frequency or wavelength, due to
its interaction with a sample. The sample absorbs photons and the intensity
of the absorption varies as a function of frequency, and this variation is the
absorption spectrum. Absorption spectroscopy is employed ato determine the
presence of a particular substance in a sample and, in many cases, to quantify
the amount of the substance present. The law that describe absorption process
is the well-known LambertBeer law (2.1.1):
I = I0 10−lc

(2.1.1)

where I0 and I are respctively the intensity of the incident light and the
transmitted light,respectively. c is the concentration of the sample expressed
in moles per unit volume and  is the molar absorptivity or molar extinction
coefficient expressed in Lmol−1 cm−1 . The absorbance therefore could be
written as (2.1.2):
A = − log10

I
I0

(2.1.2)

Thus, if the path length and the molar extinction coefficient are known and the
absorbance is measured, the concentration of the substance can be deduced.

2.1.1

Absorption spectra

The absorption spectrometer used in our research is the Perkin Elmer
Lambda25. Below is the scheme of the spectrometer (Figure 2.1):
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Figure 2.1: Perkin Elmer Lambda 35 Scheme.
Two radiation sources, a deuterium lamp and a halogen lamp, cover the
working wavelength range of the spectrometer. For operation in the visible
(Vis) range, mirror M1 reflects the radiation from the halogen lamp onto
source mirror M2. At the same time M1 blocks the radiation from the
deuterium lamp. For operation in the ultraviolet (UV) range, mirror M1 is
raised to permit radiation from the deuterium lamp to strike source mirror M2.
Source change is automatic during monochromator slewing. Radiation from
the source lamp is reflected from source mirror M2 through an optical filter
on the filter wheel assembly. A stepping motor drives the filter wheel to be in
sychronization with the monochromator. Depending on the wavelength being
produced, the appropriate optical filter is located in the beam path to prefilter
the radiation before it enters the monochromator. Filter change is automatic
during monochromator slewing (at 326 nm). From the optical filter the
radiation passes through the entrance slit (Slit 1) of the monochromator. The
radiation is dispersed at the grating to produce a spectrum. The rotational
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position of the grating effectively selects a segment of the spectrum, reflecting
this segment through the exit slit (Slit 2) to mirror M3. The exit slit restricts
the spectrum segment to a near-monochromatic radiation beam. The slits
provide a spectral bandpass of 1 nm on the Lambda 25, and are selectable to
be 0.5, 1, 2, or 4 nm on the Lambda 35 or 45. From mirror M3 the radiation
is reflected onto a beam splitter which allows 50% of the radiation to pass
onto plane mirror M4, and reflects 50% of the radiation onto plane mirror M5.
Mirror M4 focuses the radiation beam in the sample cell. The beam then
passes through a convex lens onto the photodiode detector. Mirror M5 focuses
the radiation beam in the reference cell. The beam then passes through a
convex lens onto the photodiode detector.
Absorption measurements
A 1 − cm-quartz cuvette with a minimum volume of 80µl was used for the
measurements. A typical measurement was made with an empty reference
sample holder. The buffer used for dilution of the samples was measured three
times before the sample for correcting the sample absorbance. Afterwards the
buffer spectrum was subtracted from the sample spectrum (buffer correction)
and a baseline correction was made. The spectrum was scanned between 800
and 200nm. The speed was set to 120nm/min. The slit width and step wide
were set to 1.0nm. The lamp change from Vis to UV occurs at 326nm.

2.1.2

Bradford assay

The Bradford protein assay is a spectroscopic analytical procedure used to
measure the concentration of proteins in a solution. This technique is based
on an absorbance shift of the dye Coomassie Brilliant Blue G-250 where the
red form of the dye is converted into it’s bluer form upon binding to the
protein being assayed.
Two types of bindings take place: the red form of Coomassie dye first
donates its free electron to the ionizable groups on the protein, which causes
a disruption of the protein’s native state, exposing its hydrophobic pockets.
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These pockets bind non-covalently to the non-polar region of the dye via Van
der Waals forces, positioning the amine groups in proximity with the negative
charge of the dye.
The bond is further strengthened by the ionic interactions between the
two. The binding of the protein stabilizes the blue form of the Coomassie
dye; thus the amount of the complex present in solution is a measure for
the protein concentration, and can be estimated by the use of an absorbance
reading. The blue is the form that binds the protein, forming a complex that
intensely absorbs light at 594 nm (Figure 2.2) [6] [7].
The increase of absorbance at 594 nm is proportional to the amount of
bound dye, and thus to the amount (concentration) of protein present in the
sample.
Unlike other protein assays, the Bradford protein assay is less susceptible
to interference by various chemicals that may be present in protein samples.
However, an intrinsic nonlinearity compromises the sensitivity and accuracy
of this method. It is shown that under standard assay conditions, the ratio of
the absorbance measurements at 590 nm and 450 nm(where the protein-dye
complex does not absorb) is strictly linear with protein concentration. This
simple procedure increases the accuracy and improves the sensitivity of the
assay about 10-folds. A linear equation developed on the basis of Lambert &
Beer’s law perfectly fits the experimental data.
As noted in the original Bradford paper, ”the source of the nonlinearity
is in the reagent itself since there is an overlap in the spectrum of the two
different color forms of the dye”. [4] In fact, three forms of the Coomassie
brilliant blue dye are in acid-base equilibrium [5] . The red, blue, and green
forms have absorbance maxima at 470, 590, and 650 nm, respectively (Figure
2.2).
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Figure 2.2: Spectra of the protein-dye complex and of the dye alone.
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2.2

Emission spectra: steady-state and timeresolved

The emission spectrum of a chemical element or chemical compound is
the spectrum of frequencies of electromagnetic radiation emitted due to an
atom’s electrons making a transition from a high energy state to a lower
energy state.
The energy of the emitted photons is equal to the energy difference
between the two states. There are many possible electron transitions for each
atom, and each transition has a specific energy difference. The collection
of different transitions, leading to different radiation wavelengths, form an
emission spectrum. Each element’s emission spectrum is unique. Therefore,
spectroscopy can be used to identify the elements in matter of unknown
composition. Similarly, the emission spectra of molecules can be used in
chemical analysis of substances. When the electrons in the atom are excited,
the additional energy pushes the electrons to higher energy orbitals. When
the electrons fall back down and leave the excited state, energy is re-emitted
in the form of a photon. The wavelength (or equivalently, frequency) of the
photon is determined by the difference in energy between the two states.
These emitted photons form the element’s spectrum. The fact that only
certain colors appear in an element’s atomic emission spectrum means that
only certain frequencies of light are emitted. Each of these frequencies is
related to energy by the formula: Ephoton =

h
ν

where Ephoton is the energy of

the photon, ν is its frequency, and h is Planck’s constant.
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2.2.1

Emission spectroscopy

Emission spectroscopy is a technique that examines the wavelengths of
photons emitted by atoms or molecules during their transition from an excited
state to a lower energy state (Figure 2.3). Each element emits a characteristic set of discrete wavelengths according to its electronic structure, and by
observing these wavelengths the elemental composition of the sample can
be determined. There are many ways in which atoms can be brought to an
excited state. In fluorescence spectroscopy, interaction with electromagnetic
waves (lamp, laser, etc.) is used.

Figure 2.3: Schematic diagram of atomic line spontaneous emission.
The spectrometer we have used is the Fluotime300. The scheme below
(Figure 2.4) shows the parts of the spectrometer.
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Figure 2.4: Fluotime 300 apparatus.
The fundamental parts of the spectrometer are:
• Excitation source: picosecond pulsed lasers, LEDs and Xenon flash
lamps.
• Sample holder:the sample chamber contains a versatile sample holder.
Temperature control of the cuvette holder is possible by attaching an
external thermostat. A cryostat can be integrated for measurements at
low temperature.
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• Polarizers: enable polarized excitation and detection;
• Monocomators: with different diffraction gratings, a high spectral
resolution down to 0.2nm over a broad spectral wavelength range from
200nm up to 1700nm can be achieved.
Motorized slit permits an adjustment of each monochromator’s spectral
bandpass.
• Single photon sensitive detector.
The Fluotime 300 is based on single photon counting data acquisition
(individual photons are counted using a photodetector), which is the
most suited method for measuring weak fluorescence with a very high
signal-to-noise ratio. This allows for the measurements of fluorescence
spectra of extremely diluted dye solutions. The time resolved data
acquisition of the Fluotime300 uses the method of Time-Correlated
Single Photon Counting (TCSPC), which is the most sensitive and
precise method to measure fluorescence lifetimes.
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Figure 2.5: Principle of TCSPC [19].
The sample is excited with a pulse of light. The detection rate is
typically 1 photon per 100 excitation pulses. The time is measured
between the excitation pulse and the observed photon and stored in a
histogram(Figure 2.5). The x-axis is the time difference and the y-axis
is the number of photons detected for this time difference.
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Figure 2.6: Electronic schematic for TCSPC [19].
The excitation pulse excites the samples and sends a signal to the
electronics (Figure 2.6).
This signal is passed through a constant function discriminator (CFD),
which measures the arrival time of the pulse. This signal is passed to
a time-to-amplitude converter (TAC), that generates a voltage ramp
which increases linearly with time on the nanosecond timescale. A
second channel detects the pulse from the single detected photon. The
arrival time of the signal is determined using a CFD, which sends a
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signal to stop the voltage ramp. The TAC now contains a voltage
proportional to the time delay (∆t) between the excitation and emission
signals. As needed the voltage is amplified by a programmable gain
amplifier (PGA) and converted to a numerical value by the analogto-digital converter (ADC). The signal is restricted to given range of
voltages. If the signal is not within this range the event is suppressed
by a window discriminator (WD). The voltage is converted to a digital
value that is stored as a single event with the measured time delay.
A histogram of the decay is measured by repeating this process numerous times with a pulsed-light source. At present almost all TCSPC
measurements are performed in the reverse mode. The process is the
same as described above except that the emission pulse is used to start
the TAC and the excitation pulse is used to stop the TAC. This procedure is used because of the high repetition rate of modern pulsed-light
sources. The TAC has to be reset and set to zero before each start pulse,
which takes a finite amount of time. The TAC can be constantly in reset
mode if the start signals arrive too rapidly. The emission signals occur
about 1 per 100 excitation pulses, and thus much less frequently than
the excitation pulses. These emission pulses are used to start the TAC,
and the next laser pulse is used to stop the TAC. There are typically
three curves associated with intensity decay.
These are the measured data N (tk ), the instrument response function
L(tk ), and the calculated decay Nc (tk ). These functions are in terms
of discrete times (tk ) because the counted photons are collected into
channels each with a known time (tk ) and width (∆t). The instrument response function (IRF) is the response of the instrument to
a zero lifetime sample. This curve is typically collected using a dilute
scattering solution such as colloidal silica (Ludox) and no emission filter.
This decay represents the shortest time profile that can be measured
by the instrument. The width of the IRF is due to both the characteristics of the detector and the timing electronics. To perform the
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measurement of intensity decay it is necessary to evaluate the IRF: the
measured intensity decay is a convolution with the IRF. The intensity
decay law or impulse response function I(t) is what would be observed
with δ-function excitation and a δ-function for the instrument response.
Unfortunately the IRF is never a delta function. We can then imagine
the excitation pulse to be a series of δ-functions with different amplitudes. Each of these δ-functions excites an impulse response from the
sample, with intensity proportional to the height of the δ-function. The
measured function N (tk ) is the sum of all these exponential decays,
starting with different amplitudes and different times (tk ). For small
value of ∆t we can substitute the sum with an integral (and so (tk ) with
(t0 )) and we can write the intensity measured as:
Z

t

L(t0 )I(t − t0 )dt0

N (t) =

(2.2.1)

0

For convenience the dummy variable of integration is changed using
t0 = tµ, so that the convolution integral is expressed as:
Z

t

L(t − µ)I(µ)dµ

N (t) =

(2.2.2)

0

Steady-state emission spectroscopy measurements
The excitation and emission wavelengths were varied according to the
system investigated. The slit width was adjusted depending on the
number of emitted photons. The emission monochromator step width
was set to 1nm. The integration per channel was 0.5 s. The sample
temperature was set to 20C.
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Time resolved emission spectroscopy measurements
For terbium decay times we used a Xe-flash-lamp with a repetition rate
of 100 Hz. The time per channel was set to 512 ns. After 500 s the
data acquisition was stopped.
For QD-Ab conjugates measurements we used a diode laser with a
central 405 nm and a repetition rate of 2 M Hz. The time per channel
was set to 32 ps. The data acquisition was stopped after 10000 counts.
What is time resolved measurement useful for?
This technique allows us to measure the lifetime of a fluorophore. It’s
important to understand the meaning of the lifetime. Suppose a sample
containing the fluorophore is excited with a δ-function pulse of light.
This results in an initial population (n0 ) of fluorophores in the excited
state. The excited-state population decays with a rate Γ + knr according
to(2.2.3):
dn(t)
= (Γ + knr )n(t)
dt

(2.2.3)

where n(t) is the number of excited molecules at time t following excitation, Γ is the emissive rate, and kn r is the nonradiative decay rate.
Emission is a random event, and each excited fluorophore has the same
probability of emitting in a given period of time. This results in an
exponential decay of the excited state population, n(t) = n0 exp(t/τ ).
Since in fluorescence experiments we do not observe the number of
excited molecules but the fluorescence intensity, we could write the
(2.2.3) as:
I(t) = I0 exp(t/τ )

(2.2.4)

where I0 is the intensity at time 0. The lifetime τ is the inverse of
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the total decay rate, τ = (Γ + knr )1 . The fluorescence lifetime can be
determined from the slope of a plot of log I(t) versus t. The lifetime is
the average amount of time a fluorophore remains in the excited state
following the excitation.
This can be seen by calculating the average time in the excited state
< t >. This value is obtained by averaging t over the intensity decay of
the fluorophore:
R∞
R∞
I(t)tdt
t exp(t/τ )dt
< t >= R0∞
= R0 ∞
=τ
I(t)dt
exp(t/τ )dt
0
0

(2.2.5)

Intensity decays are typically fit to the multi-exponential model(??):
I(t) =

X

αi exp(t/τi )

(2.2.6)

i

where

P

i

αi is normalized to unity. All the fitting process were per-

formed with the software FluoFit.
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2.3

Electrophoresis

Gel electrophoresis is a method for separation and analysis of molecules
based on their size and charge [8].
Molecules are separated by applying an electric field to move the negatively charged molecules through matrix (in our work we used agarose gel
matrix). Smaller molecules move faster and migrate farther than bigger
ones because smaller molecules migrate more easily through the pores of
the gel. This phenomenon is called sieving [9]. Gel electrophoresis can
also be used for separation of nanoparticles. As we can see in the scheme
(Figure 2.7) after putting the gel, the electrophoresis tank was filled
with a buffer that provides ions to carry the current and to maintain the
pH at a relatively constant value. We used Tris-Borate-EDTA (TBE).
Afterwards, we put the samples in the wells and then we switched on
the voltage power supply (100 V ).

Figure 2.7: Agarose gel electrophoresis.

2.3.1

Electrophoresis measurements

For our measurements we used Agarose Gel 0.5X prepared with TBE
buffer. The sample were diluted in order to have 10 µl of 50nM solution.
Before charging the sample in the wells we added 2µl of loading buffer.
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2.4

Hydrodynamic radius and zeta poten-

tial
The information on the size and the charge of our conjugates is fundamental for achieving our goal. Antibodies have a surface charge and
they influence the charge of the QD/Ab system. Moreover the labelling
of antibodies modifies the size of the conjugates. Therefore it is a
fundamental step to evaluate these two quantities.
The Zetasizer Nano performs size measurements using a process
called Dynamic Light Scattering (DLS); Dynamic Light Scattering (also
known as PCS - Photon Correlation Spectroscopy) measures Brownian
motion and relates this to the size of the particles.
It does this by illuminating the particles with a laser and analyzing the
intensity fluctuations of the scattered light. The instrument measures
Stokes-Einstein radius that is the radius of a hard sphere that diffuses
at the same rate as that solute. This quantity differs in general from
the size, because it is closely related to solute mobility, depending not
only on the size but also on the solvent effects.
The Zetasizer Nano series also calculates the zeta potential by determining the Electrophoretic Mobility and then applying the Henry
equation. The electrophoretic mobility is obtained by performing an
electrophoresis experiment on the sample and measuring the velocity of
the particles using Laser Doppler Velocimetry (LDV).
We will analyze both the processes of measurements and the theoretical
bases of the two techniques.

2.4.1

The hydrodynamic radius

It is well known that particles, when shot with a light beam, scatter it
in all directions.

35
Therefore if we consider a screen close to the particles, it will be iluminated by the scattered light. The pattern will consist of areas of bright
light and dark area where no light is detected.
The bright areas are where the light scattered by the particles arrive at
the screen with the same phase and interferes constructively to form a
bright patch. The dark areas instead are where the phase additions are
mutually destructive and cancel each other out.

Figure 2.8: The scattered light falling on the detector.
In the figure above (Figure 2.8) we consider an instant shot of the light
scattered by particles (not moving). In practice particles suspended in
a liquid are always in Brownian motion: small particles move fast and
large particles move more slowly. The equation that relates the speed
of the particles and their size is the Stokes-Einstein equation.

Brownian motion and Stokes-Einstein equation
Einstein’s theory on Brownian motion is composed of two parts: the
first one consists of the formulation of a diffusion equation for Brownian
particles, while in the second one Eistein relates the diffusion coefficient
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to measurable physical quantities.
The first part of Eistein’s argument was to determine how far a particle
travels in a given time interval. Considering the collective motion of
Brownian particles, he showed that the density of partices at point x
and time t ρ(x, t) satisfies the diffusion equation (2.4.1):
∂ρ
∂ 2ρ
=D 2
∂t
∂x

(2.4.1)

where D is the mass diffusivity. Assuming that all the particles start
from the origin at the initial time t=0, the diffusion equation has the
solution (2.4.2):
ρ(x, t) = √

x2
ρ0
e 4Dt (2.4.2)
4πDt

The average displacement is zero, that is the Brownian particle is equally
likely to move to the left as it is to move to the right. Moreover the mean
squared displacement in terms of the time elapsed and the diffusivity is
(2.4.3):
x¯2 = 2Dt

(2.4.3)

From this expression Einstein argued that the displacement of a Brownian particle is not proportional to the elapsed time, but rather to
its square root [10]. The second part of Einstein’s theory relates the
diffusion constant to physically measurable quantities, such as the mean
squared displacement of a particle in a given time interval.
The beauty of his argument is that the final result does not depend
upon the forces that are involved in setting up the dynamic equilibrium.
In his original treatment, Einstein considered an osmotic pressure experiment, but the same conclusion can be reached in other ways. Let
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us consider particles suspended in a liquid under the gravity. This one
tends to leave the particles in their position, whereas diffusion tends to
homogenize them, driving them in smaller concentration regions. Under
the action of gravity, a particle acquires a downward speed of v = µmg,
where m is the mass of the particle, g is the gravitational acceleration,
and µ is the particle’s mobility in the fluid. Taking into consideration
the Stoke’s expression of the mobility for a spherical particle with radius
r, µ can be written as:
µ=

1
6πηr

where η is the dynamic viscosity of the fluid. In a state of dynamic
equilibrium, the particles are distributed according to the barometric
distribution (2.4.4):
mgh

ρ = ρ0 e kB t

(2.4.4)

where ρ − ρ0 is the difference in density of particles separated by a
height difference of h, kB is Boltzmann’s constant and T is the absolute
temperature.
Dynamic equilibrium is established because the more the particles are
pulled down by gravity, the greater is the tendency for the particles to
migrate to regions of lower concentration. The flux is given by Fick’s
law (2.4.5):
J = −D

∂ρ
∂h

(2.4.5)

where J = ρv. Using the expression for ρ (2.4.4),
ρv = −D

∂ρ
∂h

(2.4.6)
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mgh

vrho0 e

mgh
kB t

∂ρ0 e kB t
= −D
∂h

(2.4.7)

one has(2.4.8):
v=

Dmg
kB T

(2.4.8)

In a state of dynamical equilibrium, this speed must also be equal to
v = µmg.
Note that both expressions for v are proportional to mg, reflecting how
the derivation is independent of the type of forces involved.
Equating these two expressions yields a formula for the diffusivity (2.4.9):
xˆ2
µRT
kB T
= D = µkB T =
=
2t
N
6πηr

(2.4.9)

In particular,
D=

kB T
6πηr

(2.4.10)

2.4.10 is the Stokes-Einstein equation.

Scattering intensity fluctuation and correlation function
As the particles move around, the constructive and destructive phase
addition of the scattered light will cause the bright and dark areas to
grow and diminish in intensity, so the intensity appears to fluctuate.
The Zetasizer Nano system measures the rate of the intensity fluctuation.
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The gadget that allows this instrument to make this kind of measurements is a digital correlator that measures the degree of similarity
between two signals over a period of time.
Let us consider two signal’s intensity in the same point but at time t
and t + δt. These signals are very similar, that is strongly correlated.
If we compared the signal at time t with the one at t + 2δt we would
see a pretty good comparison between the two signals, but not good as
at t + δt. For higher time lapses we will find less correlation.
After a time the two signals will have no relation to each other as the
particles are in Brownian motion: in this case there is no correlation
between the two signals.
The length of time it takes for the correlation to reduce to zero is in the
order of 1 to 10 milliseconds. The ”short time later” (δt) will be in the
order of nanoseconds or microseconds. Perfect correlation is reported
as 1 and no correlation is reported as 0.
How particle’s size is related to the correlation function?
As we can see from the diffusion equation (2.4.10) the speed of the
particles is related to their size. Large particles move slowly, while
smaller particles move quickly: so in the first case the intensity pattern
of the signal will fluctuate slowly, instead in the second case it will
fluctuate faster (2.9).
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Figure 2.9: The correlation function for large and small particles.
The graph above shows that the rate of decay for the correlation function
is related to the particle size as the rate of decay is much faster for
small particles than it is for large ones. After the correlation fuction has
been measured, the instrument’s software uses an algoritm to extract
decay rates for a number of size classes to produce a size distribution.
A typical size distribution graph is shown below (2.10); the x axis shows
the size distribution classes, and the y axis shows the scattered light
intensity.

Figure 2.10: A tipical size distribution graph.
Using the Mie theory the size distribution (that is an intensity distri-
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bution) could be converted to a volume distribution, which could be
further converted in a number distribution.
Below there are three graphs that reperesent number, volume and intensity distributions of the same sample (2.11).

Figure 2.11: Number, volume and intensity distributions of the same sample.
In the figure above we have considered a sample that contains only two
sizes of particles (5 nm and 50 nm) with equal numbers of each size
particle.
The first graph above shows the number distribution: as expected the
two peaks are of the same size as there are equal numbers of particles.
The second graph show the result of the volume distribution: in this
case the area of the peak for the 50 nm particles is 1000 times larger
the peak for the 5nm. This is because the volume of a 50 nm particle
is 1000 times larger than the 5 nm particle (with the approximation
of particles as spheres). The third graph shows the result of an intensity distribution: the area of the peak for the 50 nm particles is now
1, 000, 000 times larger the peak for the 5nm. This is because large
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particles scatter much more light than small particles (the intensity of
scattering of a particle is proportional to the sixth power of its diameter
(Rayleighs approximation).

How Zeta Sizer Nano works

Figure 2.12: Zeta Sizer Nano ZS scheme:1 laser, 2 cell, 3 detector, 4 attenuator,
5 correlator, 6 computer

In the figure above (2.12) there is a scheme of the Zeta Sizer Nano ZS
apparatus.
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First of all there is a laser (1) that shoots the sample within a cell (2).
Some of the light is scattered by the sample and then a detector (3)
measures the intensity of this light. As a particle scatters light in all
directions, it is (in theory), possible to place the detector in any position
and it will still detect the scattering.
This particular model of the Zeta Sizer Nano detects light at 173: in
this configuration we measures the back-scattering.
Measuring the back-scattering has several advantages: first of all, since
the incident beam does not travel through the entire sample, the multiple
scattering (the phenomena in which the scattered light from one particle
is itself scattered by other particles) is drastically reduced.
Moreover the dust particles that are often in the solvent, scatters in
the forward direction (since they are large particles), so measuring at
backscattering angle greatly reduces the dust influence. Also the effect
of multiple scattering is at a minimum at 180, so this allows higher
concentrations to be measured.
Since too much light could overload the detector there is an attenuator
(4), that is used to reduce the intensity of the laser and hence reduce
the intensity of the scattering (for example when the concentration of
the sample is high or the particles are large) When the particles are
too small or the concentration is too low the amount of scattered light
is less and the attenuator will allow more laser light through to the
sample.
The scattering intensity signal for the detector is passed to a digital
signal processing board called a correlator (5): the correlator compares
the scattering intensity at successive time intervals to derive the rate
at which the intensity is varying. Then the information is passed to a
computer (6) allowing the data processing.
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2.4.2

The Zeta potential

As we stated before the Zeta Sizer Nano ZS calculates the zeta potential
by determining the Electrophoretic Mobility and then applying the
Henry equation.
Let us first analyze first the concept of Zeta Potential and then the
experimental technique that allows the estimation of this quantity.

Zeta potential and the electrical double layer
Particles have often a charge distribution on their surface that affects
the distribution of ions in the surrounding interfacial region, resulting
in an increased concentration of ions of opposite charge to that of the
particle (counter ions) close to the surface. Thus, an electrical double
layer exists around each particle.
The liquid layer surrounding the particle exists as two parts (2.13); an
inner region, called the Stern layer, where the ions are strongly bound
and an outer layer where they are less firmly attached.
When a particle moves (e.g. due to gravity), ions within the boundary
move with it, but any ions beyond the boundary do not travel with the
particle.
This boundary is called the surface of hydrodynamic shear or slipping
plane.
The potential that exists at this boundary is called Zeta Potential.
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Figure 2.13: Particle layer and potential trend
When an electric field is applied across the sample, charged particles
suspended in it are attracted towards the electrode of opposite charge.
Viscous forces act on the particles and tend to oppose this movement.
When equilibrium is reached between these two opposing forces, the
particles move with constant velocity.
There are a number of factors that influence the velocity of the particle:
the strenght of the electric field, the dielectric constant of the medium,
the viscosity of the medium and the Zeta potential.
The velocity of the particle is measured as electrophoretic mobility; the
zeta potential is obtained from this quantity with the Henry equation
2.4.11
UE =

2zf (ka)
3h

(2.4.11)
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where z is Zeta Potential, UE is the Electrophoretic mobility,  is the
dielectric costant, η is the viscosity and f (Ka) is the Henry’s function.
If the electrophoretic measurement is made in aqueous media and
moderate electrolyte concentration, f (Ka) is 1.5 and is referred to
as Smoluchovski approximation (e.g. for particles larger than about
0.2 µm dispersed in electrolytes containing more than 10− 3 molar salt
concentration).

Measuring electrophoretic mobility
As we stated before, we calculate the Zeta potential from the Henry’s
equation, measuring the electrophoretic mobility.
How is this quantity measured?
A cell (figure 2.14) with electrodes at both sides is used.
A potential is applied to this cell so that the particles move towards the
elctrodes of opposite charge and their velocity is measured.

Figure 2.14: Capillary cell for Zeta Potential measurements
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The technique to measure this velocity is Laser Doppler Velocimetry
(LDV), and it is based on a light scattering measurement (2.15).
The light scattered at an angle of 17 is compared with the reference
beam.
This produces a fluctuating intensity signal where the rate of fluctuation
is proportional to the speed of the particles.
A digital signal processor is used to extract the characteristic frequencies
in the scattered light.

Figure 2.15: Scattering process
The movement of a liquid relative to a stationary charged surface under
the influence of an electric field is considered.
When the electric field is applied to the cell, the liquid adjacent to the
walls will undergo electro-osmotic flow (electro-osmosis is the movement
of a liquid relative to a stationary charged surface under the influence
of an electric field), so the electrophoretic mobility of this particle will
be influenced by this flow.
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However, in a closed system the flow along the walls must be compensated for by a reverse flow down the center of the capillary.
There is a point in which this flow is cancelled and therefore the electroosmotic mobility is zero.
The measurement is then performed at this point and it will give the true
electrophoretic velocity. This point is called stationary layer(figure 2.16).

Figure 2.16: Stationary layer
This technique has been used for many years and it needs specific pont
to make the measurements.
Nano Zetasizer with a combination of Laser Doppler Velocimetry and
Phase Analysis Light Scattering (PALS) implements a technique named
M3-PALS that enables the measurements at any point in the cell in
order to obtain the true mobility. M3 consists of both Slow Field
Reversal (SFR) and Fast Field Reversal (FFR) measurements, hence it
is called Mixed Mode Measurement.
The M3 is performed in the middle of the cell (in principle it can be
done in any point but there are some reason why it is preferred to
choose the center) where the chance of flare from the wall surface is
reduced and the charge on the cell can be calculated.
The M3 technique consists of two measurements for each Zeta potential
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measurement, one with applied field being reversed slowly (SFR) and
the second with a fast reversing applied field (FFR).
The first one allow a reduction of the polarization of the electrodes,
the second one enables the measurement of the mobility due only to
electrophoresis, because the effect of the electro-osmosis is insignificant
when the field is reversed rapidly.
An M3 measurement is performed in the following manner:
1. A Fast field reversal measurement is performed at the cell centre.
This gives an accurate determination of the mean.
2. Slow field reversal measurement is made. This gives better resolution, but mobility values are shifted due to the effect of electroosmosis.
3. The mean zeta potentials calculated from the FFR and SFR measurements are subtracted to determine the electro-osmotic flow.
This value is used to normalise the slow field reversal distribution.
4. The value for electro-osmosis is used to calculate the zeta potential
of the cell wall.
M3 is now combined with the PALS measurement(Phase Analysis Light
Scattering).
This technique enables accuracy of the measurement of low particle
mobility and can increase the performance more than 100 times than
the standard measurement techniques.
Phase Analysis Light Scattering uses the phase shift. The phase is
preserved in the light scattered by moving particles, but is shifted in
phase in proportion to their velocity. This phase shift is measured by
comparing the phase of the light scattered by the particles with the
phase of a reference beam obtained by extracting a small portion of
the original laser with a beam splitter. Electrophoretic mobility and

50
consequently the Zeta potential is then determined by summing the
phase shifts measured during the FFR part of the measurement.

2.4.3

Zeta potential apparatus

The zeta potential measurement system comprises six main components
(figure 2.17).

Figure 2.17: Zeta Potential Apparatus
A laser (1), thatis used to provide a light source;.
This light is then split to provide an incident and a reference beam.
The laser beam passes through the center of the sample cell (2), and
the scattering at an angle of 17 is detected.
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When an electric field is applied to the cell, any particles moving through
the measurement volume will cause the intensity of light detected to
fluctuate with a frequency proportional to the particle speed.
A detector (3) sends this information to a digital signal processor
(4) and then is passed to a computer (5), where the Zetasizer Nano
software produces a frequency spectrum from which the electrophoretic
mobility and the zeta potential information is calculated.
The intensity of the scattered light within the cell must be within a
specific range for the detector to successfully measure it; that’s why
an attenuator (6) is used to reduce the intensity of the laser when
necessary.
For samples that do not scatter much light, such as very small particles
or samples of low concentration, the amount of scattered light must be
increased. The attenuator will automatically allow more light through
to the sample.
Compensation optics (7) are used to correct for any differences in
the cell wall thickness and dispersant refraction.

2.4.4

Zeta potential measurements

For zeta potential measurements, we prepared the samples using 50 µl
of QD-Ab stock solution, 530 µl of distilled water and 70 µl 1 mM of
NaCl. We used the cuvette ZS (Figure2.14).
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2.5
2.5.1

Transmission electron microscopy (TEM)
Scheme of the device

TEM (Transmission Electron Microscopy) is a microscopy technique that uses a source of electrons to shoot an ultrathin specimen.
The image of the sample is formed from the interaction of the electrons
transmitted through the specimen and the image is then focused onto an
imaging device (fluorescent screen, photographic film, etc) or detected
by a sensor(such as a CCD camera).
TEMs are capable of imaging at a significantly higher resolution (up
to 200000x) than light microscopes, owing to the small de Broglie
wavelength of electrons. This enables examining fine details.
The components of TEM are shown in figure 2.18.
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Figure 2.18: TEM scheme
A TEM is composed of several components including a vacuum system
in which the electrons travel, an electron emission source for generation
of the electron beam, a series of electromagnetic lenses, as well as
electrostatic plates.
The latter two allow the operator to guide and manipulate the beam as
required.
In addition, a device is required to enable insertion, motion within, and
removal of specimens from the beam path.
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Imaging devices are subsequently used to create an image from the
electrons that exit the system.
In order to prevent an electric arc and to reduce the collision frequency
of electrons with gas, TEM is provided with a vacuum system. The
pressure is usually on the order of 10−4 P a [11], but for high voltage
TEMs ultra-high vacuum is needed (on the range of 10−7 to 10−9 P a)[12].
Initially a low vacuum is achieved with either a rotary vane pump or
diaphragm pumps bringing the TEM to a sufficiently low pressure to
allow the operation of a turbomolecular or diffusion pump which brings
the TEM to its high vacuum level necessary for operations.
The electron gun is formed from several components: the filament, a
biasing circuit, a Wehnelt cap and an extraction anode. The TEM
is provided by a specimen port through which the specimen holder is
inserted. The specimen holder is designed to hold standard grids upon
which the sample is placed.
Standard TEM grids are usually made of copper, molybdenum, gold
or platinum and they have a sizes of 3.05 mm diameter ring, with a
thickness and mesh size ranging from a few to 100 µm.
By connecting the gun to a high voltage source (typically ≈ 100300 kV )
the gun will, given the sufficient current, begin to emit electrons either
by thermionic or field electron emission into the vacuum.
The filament is connected to the negative component of the power supply
so that electrons can be pumped from the electron gun to the anode
plate.
The gun is designed to create a beam of electrons that exit the electron
gun assembly with a certain angle.
The Wehnelt cylinder allows for the convergence of the electron that
exits the filament in a diverging way. Once extracted, the upper lenses
of the TEM allow for the formation of the electron probe to the desired
size and location for later interaction with the sample.
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In order to focus the electron beam the TEM has a system of electron
lenses, that could operate electrostatically or magnetically.
Manipulation of the electron beam is performed using two physical
effects. The interaction of electrons with a magnetic field will cause
electrons to move according to the right hand rule. The use of magnetic
fields allows for the formation of a magnetic lens of variable focusing
power.
The lens shape originates due to the distribution of magnetic flux.
Additionally, electrostatic fields can cause the electrons to be deflected
through a constant angle.
The lenses of a TEM allow for beam convergence with the angle of
convergence as a variable parameter.
Typically a TEM consists of three stages of lensing: the condenser lenses,
the objective lenses, and the projector lenses. The condenser lenses
are responsible for primary beam formation, while the objective lenses
focus the beam that comes through the sample itself. The projector
lenses are used to expand the beam onto the phosphor screen or other
imaging device. The magnification of the TEM is due to the ratio
of the distances between the specimen and the objective lens’ image
plane([13]).
The most common mode of operation for a TEM is the bright field
imaging mode. In this mode the contrast formation is achieved directly
by occlusion and absorption of electrons by the sample. Thicker regions
of the sample or regions with a higher atomic number will appear dark,
while regions with no sample in the beam path will appear bright.
The image is assumed to be a simple two dimensional projection of the
sample down the optic axis. Finally the image has to be visualized by
the operator.
The imaging systems in a TEM consist of a phosphor screen, which
may be made of fine (10100 µm) particulate zinc sulphide, for direct
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observation.
Optionally, an image recording system such as a CCD camera can be
used.
In our research we have used the JEOL 1400 for imaging (figure 2.19).

Figure 2.19: JEOL 1400
This TEM has a resolution of 0.20nm and a magnification up to
12000000X. The accelerating voltage could be increased up to 120KV .

2.5.2

TEM imaging

A drop of 5 nM QD-Ab solution was placed on top of a carbon-coated
copper grid. Uranyl acetate staining was performed to increase the
contrast.
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2.6

Fluorescence plate readers: Kryptor plate

reader
All the immunoassays have been performed on a KRYPTOR TR-FIA
reader system (Cezanne SA, Nimes, France) (Figure 2.20) using a
96-well 150 µl microtiter plate [19].
The excitation source of the Kriptor ia a nitrogen laser with an output
wavelenght of 337.1 nm, operating at 20 Hz with a 120 µJ pulse energy.
The KRYPTOR plate reader has 500 detection bins of 2 µs integration
time. The KRYPTOR plate reader detects simultaneously on two
photomultiplier tubes (PMT).
A dichroic mirror (500 nm) is used to split the emitted PL to PMTs
bearing detection filters for donor (495/20 nm) and acceptor (660/13
nm) signals.

Figure 2.20: KRYPTOR TR-FIA reader system scheme
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2.7

Custom-made plate reader

Dream reader is a custom-made fuorescence plate reader from Edinburgh
Instruments for time-resolved measurements with a similar working
principle as the Kryptor.
It uses the same filters and the same laser as the KRYPTOR plate
reader. It detects the luminescence decay signal of the donor and
acceptor separately from 0 to 8 ms. It has 4000 detection channels per
PMT with 2 µs integration time per channel.

Chapter 3
Experimental results, data
treatment and discussion
3.1

Quantum dot/antibody conjugates as

FRET acceptors: conjugation and spectroscopic characterization
Our FRET system, as we stated before, is composed of quantum dots
conjugated with antibodies (PSS233) (QD-Ab), that acts as acceptors, and terbium complexes Lumi4-Tb (Lumiphore, USA), labelled to
antibodies (PSR222), that act as donors [16].
The FRET is possible only if the donor-acceptor couple is in close
proximity, which is possible upon formation of donor-antigen-acceptor
sandwich (Figure 3.1). The antigen we used is the total prostate-specific
antigen (TPSA).
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Figure 3.1: Homogeneous immunoassay arrangement with several Luminescent
Lumiphore Complex labeled to primary antibodies as FRET donors and a
QD conjugated with several secondary antibodies as FRET acceptor [16]

We will start with the characterization of our QD-Ab conjugates, then
we will switch to the characterization of Lumi4-Tb complex.
The quantum dots we used were CdSe/ZnS core/shell eFluor650NC
(eBioscience) emitting at 650 nm (concentration of 0.33 nmol): this
QDs have a core made of CdSe (cadmium selenide) and a shell made of
ZnS (zinc sulfide).
The antibodies were the PSS233 (concentration of stock solution 1.73
mg/ml).
We have conjugated antibodies of 5 different concentrations to QDs
using the conjugation kit supplied by eBioscience with different volume
of antibody solutions: 5 µl that is 8.65µ g, 10µ l that is 17.3 µg, 20 µl
that is 34.6 µg, 50 µl that is 86.5 µg and 80 µl that is 138 µg.
Hereafter we will name our conjugates as the numbers 1, 2, 3, 4 and 5
as shown in the table 3.1.
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Table 3.1: Volume of QDs and Ab used in the bioconjugation.
Bioconjugates
eFluor650 (µl)
PSS233 (µl)

1
20
0.017

2
20
0.035

3
20
0.069

4
20
0.173

5
20
0.276

Then we have done a series of washing cycles for purification of the 5
solutions after conjugation. The washing process allows us to separate
the unconjugated antibodies from the solutions thanks to the different
molecular weight. We used 100 K spin columns that allow the molecules
with molecular weight less than 100kDa to flow through the filter
membrane. Centrifugation (5000 rpm, 20 minutes) was done several
times to ensure complete removal of the unbound antibodies.
We have done 4 washing cycles for each sample; we stopped the number
of washes at 4 since we saw that after the 5th wash no protein was
detected in the flow through liquids.
After each washing cycle we added 500µl of Borate buffer (100 nM , pH
8.3) in order to perform the next washing cycle.
We collected all the flow through liquids after each of this cycle; therefore
we had 4 flow-through liquids for each sample.
We will start with the charachterization of the flow-through liquids and
after with the characterization of the conjugates.

3.1.1

Characterization of the flow-through liquids

We performed the characterization of the flow through liquids in order
to understand if our washing processes were useful for removing all the
unbound antibodies and if there were QDs in the flow through liquids.
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Absorption spectra
The antibodies PSS233, as all the proteins, have strong absorption peak
around 280 nm. We measured the absorption spectra over the region
between 200nm and 800nm.
We expected a decrease in the protein absorption peak with the increasing number of the washing cycle.
Then we focused on the absorbance at 280nm.

Figure 3.3: Absorbance at 280nm versus number of washes for all the bioconjugates.

As expected, we observe a decrease of the protein absorption as the
number of washes increases.
In this case the graphs show the expected trend except for the 4th washing cycle of the sample 3, which could be due to an experimental error.
There are a number of sources of errors in this kind of measurements.
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(a) Sample 1

(b) Sample 2

(c) Sample 3

(d) Sample 4

(e) Sample 5

Figure 3.2: Absorption spectra of the flow through liquids of the sample 1
(a), 2 (b), 3 (c), 4 (d) and 5 (e).
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First of all we used quartz cuvette because plastic ones absorb in the
UV range. We used each time the same cuvette for all measurements to
prevent differences existing in different cuvettes (shape, material defects,
etc) so that each time we measure, we had the same errors due to the
cuvette defects and we could remove this systematic error just with the
blank correction.
Other sources of error could be the presence of dust particles within
the sample solutions or physical processes that take place during the
measurements, such as light scattering.
Emission spectra
The following step for the flow-through liquids characterization was the
emission spectroscopy. Emission spectra would show whether there were
any QDs in the flow-through liquid. We expected that QDs bounded
would not filtrate through the spin column filter and the opposite for the
unbounded one, since the filer of the spin column would let the passage
of particles smaller than 100K, and we expect that the mass of the
conjugate would be bigger than this number. The experimental settings
used for measurement of emission spectra were: excitation wavelength
400nm with excitation slit of 1nm and we scanned the emission spectra
between 550 − 750nm with an emission slit of 2nm.
Taking a look at the graphs we saw the expected behavior, that is less
QDs as we go on with the washing cycle, for all the sample except for
the sample 3, whch showed the expected trend until the 4th wash.
In the 4th washing cycle we observe a more intense peak (Figure 3.4c ),
whch showed the presence of higher amounts of QDs in the flow-through
liquids.
We justified this behavior thinking that some QDs sticked to the filter
wall untill the 4th wash and during this one the centrifuge force pulled
them outside in the flow-through.
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(a) Sample 1

(b) Sample 2

(c) Sample 3

(d) Sample 4

(e) Sample 5

Figure 3.4: Emission spectra of the flow through liquids of the sample 1 (a),
2 (b), 3 (c), 4 (d) and 5 (e).
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This kind of phenomena is totally random, therefore we could not know
a priori in which washing process they could happen.

3.1.2

Characterization of the QD-Ab conjugates

The next step was to characterize the QD/Ab conjugates.
We measured the absorption and the emission spectra of the 5 solutions.
Using the absorbance values at 280nm (protein absorption peak), we
estimated the sample concentrations with Lambert Beer Law.
The samples were diluted to 18nM and absorption spectra were collected.
In order to measure emission spectra we further diluted the sample to
avoid PMT saturation.
We diluted the samples to get 15nM of final concentrations.

Absorption spectra
The graphs show the continuous QD absorption, scanning the UV and
the visible ranges.
In the figure 3.5 the absorption spectra in the wavelenght range 250 −
400nm is shown; while in the figure 3.6 we scanned the absorption
spectra between 400nm and 700nm.
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Figure 3.5: Absorption spectra of the bioconjugates in the range 250nm 400nm.

Figure 3.6: Absorption spectra of the bioconjugates in the range 400nm 700nm.
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Focusing on the wavelength range between 400 − 700nm we can see the
two excitonic peaks of the QDs; the first exciton peak is at 641nm and
the second one is at 608nm. The calculations of the concentration of
QDs and the antibody in the sample are made with the Lambert-Beer
law. The absorbance of antibodies at the wavelength of 280 nm are
made as follow:
rb =

absQDs (280nm)
absQDs (641nm)

absthB (280nm) = absmB (641nm) × rb

absAb (280nm) = absmB (280nm) − absthB (280nm)

(3.1.1)

(3.1.2)

(3.1.3)

where absthB and absmB are the theoretical and the measured absorption
of bioconjugate, respectively.
Now we could estimate the concentration (conc) of QDs and antibodies
using the values of absorbance (abs) and the extinction coefficients
(extc), using the following relation:
conc = (

a
) × df
extc

(3.1.4)

where the extinction coefficient of quantum dots at 641nm is 1.11 ·
106 lmol−1 cm−1 and the extinction coefficient of antibodies at 280nmis
2.1 · 105 lmol−1 cm−1 , and the diluition factor (df ) are listed in the table
3.2
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Table 3.2: Dilition factors of the samples.
Bioconjugates
Volume of 18 nM
solution(µl)
Buffer volume (µl)
Diluition factor

1
28

2
32.3

3
36.9

4
37.2

5
33.9

72
3.6

67.7
3.1

63.1
2.7

62.8
2.7

66.1
2.9

Then we can calculate the bioconjugation ratio (or labelling ratio,
rL ), which is the number of antibodies labeled to each quantum dot, as
following:
rL =

conc.Ab
Conc.QDs

(3.1.5)

The values for our samples are listed in the following Table 3.3.

Table 3.3: Bioconjugation ratio.
Bioconjugates
QDs (nM )
Antibodies (nM )
Bioconjugation
ratio(µl)

1
62.9
0
0

2
59.5
173
2.9

3
55.5
0
0

4
51.9
73.4
1.4

5
55.1
233.1
4.2

We had an error of almost 40% !

Bradford assay
Next we performed a Bradford assay for the bioconjugates. The results
are presented in the following graph (3.7). The x axis shows the initial
amount of antibodies used for conjugation and the y axis shows the
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antibody concentrations as estimated by Bradford assay.

Figure 3.7: Bradford assay of the bioconjugates.
The graph shows that up to ≈ 30µg of Ab provided for conjugation
experiments, the surface coverage is approximately the same for all the
samples. Increasing the amount of Ab, further, we observe a drastic
increase in the number of Ab attached to the QDs surface.

Emission spectra
The emission spectra of the QD/Ab conjugates in 600nm − 700nm and
640nm − 660nm range are shown in figure 3.8 and 3.9 respectively. The
non-conjugated QDs weremeasured in parallel and represented as 0 in
the graphs.
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Figure 3.8: Normalized emission spectra of the bioconjugates in the range of
600nm − 700nm.

Figure 3.9: Normalized emission spectra of the bioconjugates in the range of
640nm − 660nm.
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We remind that the emission peak intensity is related only to concentration of QDs.
The conjugates have a narrow Gaussian-shaped emission peaks at 650nm.
The width of the peak results from a Gaussian size distributions of the
QDs due to the quantum confinement. The width of the emission peak
increase as the size distribution deviation increases.
We could state clearely that there is a blue-shift of the peak with respect
to non-conjugated QDs.
The blue-shift is more pronounceted for samples containing higher
number of Ab attached on the surface.

Lifetime maesurements
The next step was to analyze the decay times of the samples. The
decay curves were fitted with tri-exponential decay functions using the
re-convolution method. The figure 3.10 shows the lifetime fitting of the
samples in the 0 − 500ns range.
Figure 3.11 shows the same plot zoomed in 0 − 100ns range to allow a
better view of the different slopes of the time resolved spectra.
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Figure 3.10: Luminescence decay curve of the bioconjugates in 0ns − 500ns
range.

Figure 3.11: Luminescence decay curve of the bioconjugates in 0ns − 100ns
range.
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Lifetimes are tabulated in Table 3.4 and the plot of intensity and
amplitude weighted lifetime VS antibody content is shown in Figure
3.12.
The average amplitude and average intensity weighted decay times,
respectively indicated with τamplitude and τintensity are calculated using
the following equations (3.1.6, 3.1.7):
τamplitude

P
i τi · Ai
= P
i Ai

(3.1.6)

τintensity

P
i τi · A i
= P
i Ai

(3.1.7)

All samples displayed some differences in the decay behavior, particularly
in the first 70ns.
It seems that higher antibody content results in higher stability of
the QDs as evidenced by the increasing trend of amplitude-weighted
lifetimes.

Table 3.4: Tri-exponential fitting of decay curves.
Sample
A1
τ1 (ns)
A2
τ2 (ns)
A3
τ3 (ns)
τintensity (ns)
τamplitude (ns)

0
251.9
63.7
3294.5
13.6
7565
2.5
21.1
7.2

1
222.5
59.3
3706.3
13.9
7041
2.6
18.6
7.6

2
188.3
59.3
4035.2
13.8
6818
2.5
17.6
7.6

3
174.2
61.6
4328.9
14.1
6613
2.5
17.7
7.9

4
229
59.1
4689.7
14.8
6324
2.6
18.8
8.9

5
232.7
59.8
4680
15.2
6151
2.7
19.3
9.2
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Figure 3.12: Intensity and amplitude weighted lifetime of the bioconjugates.
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3.2

Electrophoresis

The next characterization step was the agarose gel electrophoresis (Figure 3.13).
The picture below shows the gel under UV illumination.
In the first line (shown as 0 on the image) there were non-conjugated
QDs as reference. The next five lines (line 1 − 5) are the QD/Ab
conjugates of varyng antibody content.

Figure 3.13: Electrophoresis on agarose gel of the bioconjugates and of the
bare quantum dots (gel under UV illumination).

In order to see the migration of the samples, we perform a scanning of
the gel under an UV scanner that gave us a photo of the agarose gel
(figures 3.14 and 3.15).
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Figure 3.14: Electrophoresis on agarose gel of the bioconjugates and of the
bare quantum dots(UV scanner). The pink lines indicate where the intensity
of the peak is maximum

Figure 3.15: Electrophoresis on agarose gel of the bioconjugates and of the
bare quantum dots, intensity distribution (UVscanner).

We can see that there is a trend in the migration distance of the samples
as a function of conjugation ratio.
It is obvious that the unconjugated QDs are faster than the conjugates.
We also observe that there is some difference in the migration distance
among the samples.
In order to show the relationship between the migration distance and
the Ab contents of each sample better, we plotted the relative migration
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distance normalized to the distance traveled by non-cojugated QDs VS
the antibodies contents (Figure 3.16).
The trend shows that the presence of more antibodies on the QD surface
results in sample retardation.

Figure 3.16: Relative migration distance (normalized) VS antibodies contents
of the bioconjugates.
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3.3

Zeta potential

Table 3.5: Zetapotential of the samples (1-5) and bare QDs (0).
Sample
Surface charge(mV)
StDev(mV)

0
-0.84
0.006

1
-1.03
0.462

2
-1.61
0.106

3
-1.77
0.375

4
-1.21
0.110

5
-1.83
0.643

The surface charges of the bioconjugates were determined by measuring
their surface charge (table 3.5). Increasing the number of antibodies
per QD resulted in more negative overall surface charges and therefore,
relatively higher stability.
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3.4

Hydrodynamic radius

It was an important information for our research to know the size of the
particles. We expected that the size of the particles in the samples would
increase with the increasing of the Ab content, since more antibodies
would be sticking on the QDs surface.
We made some consideration in order to interpret the data of the size:
1. the size of our quantum dots was around 10nm. In order to enable
further functionalization, QDs had amino-terminated polyethylene
glycol (PEG) layer on the surface..
2. the size of the antibodies that we used (PSS233) was almost 2nm.
3. each QD could bind antibodies on its surface.
4. we are measuring hydrodynamic radius that is the radius of a hard
sphere that diffuses at the same rate as that solute.
It is closely related to solute mobility that is influenced not only
by the size of the molecule but also by the solvent properties.
A smaller ion with stronger hydration, for example, may have a
greater Stokes radius than a larger but weaker ion!
Taking into account this statement we could say that the measure of
the size of our bioconjugates could make sense only in comparison to
the size of bare QDs, since this value would include all the phenomena
that happen in solution apart from the contribution of antibodies.

Table 3.6: Hydrodynamic radius of non-conjugated QDs(0) and samples
(1 − 5).
Sample
Mean (nm)
StDev(nm)

0
81.76
7.809

1
2
3
81.43 92.46 117.5
0.6558 0.7401 1.217

4
5
98.12 99.26
0.5481 1.594
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The size distribution analysis was performed by collecting the scattered light at 173 (back-scattering) and relating the velocity of the
particle to the size via the diffusion equation.
Using the Mie theory the size distribution could be converted to a
volume distribution. Using the cumulant analysis, which is the fit of a
polynomial to the log of the correlation function G, the second order
cumulant, or the z-average diffusion coefficient was obtained. This is
value was then converted to a size using the dispersant viscosity and
certain instrumental constants. Size measurements revealed a linear
increasing trend when plotted as a function of antibody content apart
from the value of the sample number 3, that is a consequence of the
experimental error (figure 3.17).

Figure 3.17: Hydrodynamic radius of the bioconjugates.
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3.5

TEM imaging

TEM images of non-conjugated QDs and the conjugates are shown
below. Compared to non-conjugated QDs (figures 3.18 and 3.19), we
clearly observe the presence of an organic layer surrounding the QDs for
all the samples (figures 3.20, 3.21, 3.22, 3.23 and 3.24). The negativestaining we performed using uranyl-acetate selectively probed the Ab
attached on the QD surface. Upon staining, the Ab appear lighter in
the images compared to QD cores. Overall, TEM images showed that
Ab were successfully attached on the QD surface.

Figure 3.18: Non-conjugated QDs (accelerating voltage 120 kV, magnification
60000X).
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Figure 3.19: Non-conjugated QDs (accelerating voltage 120 kV, magnification
100000X).

Figure 3.20: Sample 1 (accelerating voltage 120 kV, magnification 60000X).
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Figure 3.21: Sample 2 (accelerating voltage 120 kV, magnification 80000X).

Figure 3.22: Sample 3 (accelerating voltage 120 kV, magnification 60000X).
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Figure 3.23: Sample 4 (accelerating voltage 120 kV, magnification 60000X).

Figure 3.24: Sample 5 (accelerating voltage 120 kV, magnification 60000X).
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3.6

FRET-immunoassays: test and statisti-

cal assays
The goal of this work was to precisely determine the number of antibodies
attached to the surface of QDs using various techniques.
This estimation is of great importance for FRET assays, as the number of
Ab present on the surface would influence the resulting assays sensitivity.
In order to see how FRET was influenced by different Ab/QD conjugation ratio we first performed a test assay and then a statistical
assay.
The FRET cople we used was made by PSR-222 TbL4 as DONOR
and PSS-233 eQD650 as ACCEPTOR: TbL4 is terbium provided
by Lumiphore, eQD650 are quantum dots with λem = 650nm by
eBiosience, PSS-233 and PSR-222 are specifc antibody for TPSA(total
prostate specific antigen) to be labelled respectively to QDs and Tb.
The donor and acceptor concentrations are constant and they are diluted
in a buffer (10mM TRIS/CI Buffer pH 7, 4 0.5% BSA) .
Instead, the antigen (analyte) concentrations of TPSA were increasing.
NBCS (New Born Calf Serum) was used as solvent.

3.6.1

Terbium/antibody complexes as FRET donors:

labelling and spectroscopic characterization
First, the buffer of the antibody PSR222 was exchanged by washing the
thawed antibodies 3 times with carbonate buffer (pH9) in an Amicon
spin column (Millipore, 0.5mL, 30kDa) using an Eppendorf 5424R
centrifuge with 14000rcf (= g-force) at 20C.
The labeling is made with L4Tb.
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104.04 of Carbonate buffer pH9, 95, 96 of PSR222 and 5 of L4Tb
were transferred into a 1.5mL Eppendorf tube. The tube, wrapped in
aluminum foil, was shortly vortexed and mixed in the IntelliMixer from
ELMI for 2 hours with a rotation at 30 rpm.
The purification was made with a Thermo Scientific Heraeus MegaFuge
40R (4000 g; T = 4C) and Amicon 4 30 K spin columns.
200µl of labeled PSR222-TbL4 and 800µl of TRIS/Cl buffer were transferred into the spin column and washed 4 times.

3.6.2

Spectroscopic characterization of FRET donor

After the labelling we did a spectroscopic characterization of our donor,
measuring absorption and emission spectra.

Figure 3.25: Extinction coefficient spectrum (in black) and area normalized
emission spectrum (in green) of PSR222-Tb.

On the left side of the figure (figure 3.25) there is the the extinction
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coefficient (molar absorpitivity) and in the right side the area normalized
PL intensity spectra.
We measured the absorption spectrum over the region between 200nm
and 800nm. For the emission spectrum we used an excitation wavelength
of (365 ± 1)nm. The emission was scanned between (450 − 700 ± 1)nm.
Form the figure (figure 3.25) we could see that the molar absorptivity
spectrum has a maximum at approximately 345nm. This peak results
from Tb-Lumi complex.
The peak at 280nm arises from the PSR222 absorption.
Moreover the emission spectrum showed the four emission bands of the
terbium at 490, 450, 580 and 620 nm. The next step was to measure the
terbium lifetime. In order to achieve this goal, we measured the time
resolved emission spectra (figure 3.26) with an excitation wavelength of
(350 ± 1)nm and a emission was detected at (490 ± 1)nm.

Figure 3.26: Luminescence decay curve of PSR222-Tb.
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The average amplitude and average intensity weighted decay times,
respectively indicated as τamplitude and τintensity were calculated using
the equations 3.1.6 and 3.1.7.
We performed a double exponential fitting with Fluofit, and we obtained
the values shown in Table (3.7).

Table 3.7: Luminescence decay curve of PSR222-Tb.
Sample
τ1 (ms)
A1 (cts)
τ2 (ms)
A2 (cts)
τamplitude (ms)
τintensity (ms)

3.6.3

PSR222-Tb
2.86
1158
1.12
189
2.61
2.75

Biomolecular detection using FRET-based im-

munoassays
After the spectroscopic characterization of our donor and acceptor we
investigated if this donor/acceptor couple would work as an efficient
FRET system.
First of all we analyzed the overlap between the emission spectra of the
donor and the absorption spectra of the acceptor (figure 3.27).
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Figure 3.27: Area-normalized emission spectrum of PSS222-L4Tb (in green)
and extinction coefficient spectra of PSS233-eQD650 (in red).

The figure shows a great overlap between the emission spectrum of the
donor and the extinction coefficient of the acceptor and thus a large
Förster radius.
Our FRET pair has an overlap integral of 1.52·1012 (nm4 l−1 molcm1 ) and
a Förster radius of 10.6nm. One of the major conditions for achieving
high FRET efficiency is to have D/A pair in close proximity.
In our FRET system, the D/A couple forms a sandwich with an antigen
placed between them.
Despite the relatively large separation distance between our FRET pairs,
the excellent photophysical properties of D/A system enable efficient
FRET at even larger distance.
In addition, having well-separated D/A emission peaks makes specific
probing of D and A emission possible.
In ordet to distinguish the emission signal of the FRET pairs we used
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two band-pass filters.

Figure 3.28: Area-normalized emission spectrum of PSS222-L4Tb (in green),
extinction coefficient spectra of PSS233-eQD650 (in red), bandpass filter (in
blue).
In the figure above (figure 3.27) we see the overlap between emission
spectrum of the donor, the extinction coefficient spectra of the acceptor
and correspoding bandpass filters used to detect D and A emission.
The transmission wavelength of the filter for the donor channel is
(495 ± 10)nm, and the transmission wavelength for the acceptor channel
is (660 ± 6.5)nm.

3.6.4

Test assays

The test assays are investigated to see whether the system works and
when the saturation occurs.
The saturation is explained as the Hook effect, which takes place when
the concentration of the analytes in the system is too high. In this case,
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each antibody will bind to an antigen, preventing the formation of the
sandwich complex and hence decreasing the sensitization.
In order to avoid this situation, the first step of immunoassays should
be a calibration experiment.
Figure 3.29 shows the sensitization ratio of the FRET system with
PSR222-TbL4 as donor and TPSA-eQD650 as acceptor with increasing
concentration of TPSA measured after different incubation times. In
this assay we used the QD sample number 5.

Figure 3.29: Test-immunoassay, FRET ratio obtained after different incubation times as function of TPSA concentration, PSR222-TbL4 acted as donor
and TPSA-eQD650 as acceptor.

3.6.5

Statistical assay

After testing our FRET system with a test assay, we investigated
how the conjugation ratio influenced FRET efficiency. The statistical
immunoassays were performed using increasing concentrations of TPSA.
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(a) Sample 1

(b) Sample 2

(c) Sample 3

(d) Sample 4

(e) Sample 5

Figure 3.30: Statistical-immunoassay for the sample 1 (a), 2 (b), 3 (c), 4
(d) and 5 (e) obtained with increasing concentration of TPSA at different
incubation times.
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The figures above show a linear trend of the sensitization ratio with the
increasing of the TPSA concentration.
Moreover with increasing of antibody content (from the sample 1 to the
sample 5) resulted in higher FRET ratios.
The results indicate that the FRET efficiency is strongly related to the
number of available Ab conjugated to QD surface.

Conclusions
We had two main aims while implementing this work: first, we wanted
to use a combination of various techniques in order to quantify the Ab
conjugated to QD surface. Second, we wanted to understand how the
resulting FRET efficiency is influenced by the number of Ab covering the
QD surface. Considering the fact that there would be a limited number
of Ab that could be attached to QD surface (due to finite size of the QDs
and steric reasons), we chose the initial conjugation ratios such that we
would not saturate the QD surface and would distinguish each sample
bearing different numbers of Ab. We expected that such difference in the
surface coverage would be reflected to colloidal and optical properties
of the conjugates. Indeed, for all techniques we used, we observed
a trend in the material’s properties depending on the conjugation
ratio. However, our attempts to obtain quantitative information on the
number of Ab covering the QD surface were sometimes masked by the
insufficient sensitivity of the experimental techniques. For example, the
experimental error related to protein quantification using absorption
spectroscopy was almost 40%. High absorption of QDs in the UV region
resulted in overlapping protein and QD absorption peaks, which made
quantitative analysis of protein content difficult. Bradford assay, on the
other hand, enabled a better estimation of the protein content of the
conjugates, however, did not help to distinguish between protein bound
to QD surface and those freely floating in the solution. At this point,
electrophoresis was performed, which allowed for the visualization of
95
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fluorescent band of conjugates. Comparison to non-conjugated QDs
helped us deduce information on the QD/Ab conjugation ratio. Light
scattering techniques provided further quantitative information on our
conjugates. Apart from TEM imaging, which enabled direct observation
of the conjugates, we used spectroscopic techniques that ’indirectly’
showed different surface coverage ratio of the conjugates. For example,
having more Ab attached to QD surface resulted in longer excited-state
lifetimes, which implied better shielding of the QD surface traps.
In conclusion, we alleviated the problems related to individual experimental techniques by using a combination of them. Overall, these
techniques complemented each other and helped us to obtain a better
and more precise understanding of our conjugates. The difference in
the Ab content of different QD/Ab conjugates was further evidenced
by FRET assays. Increasing FRET ratios obtained for samples with
higher Ab content showed the direct relation between the number of Ab
available on the QD surface and the resulting FRET efficiency. It should
be kept in mind that it is not only the number, but also the correct
orientation of the Ab that is important for FRET studies. Therefore,
increasing the Ab content of the conjugates would not always result in
efficient FRET processes. In this respect, the approach we developed
to characterize the conjugates and analyze the FRET efficiency is very
important for finding the optimal conditions and can be applied to other
FRET systems.
The next step of our work would be to gradually increase the conjugation
ratio until we reach a saturation of Ab on the QD surface and thus have
a more complete characterization of our FRET system.
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