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Abstract

Semiconductor quantum dots (QDs) have attracted great attention as a novel flu-
orescent material in the last twenty years. Their superior optical properties such
as high brightness and photostability, broad absorption spectrum, narrow and size-
tunable emission spectrum, enable them great application in bioimaging.

However, the fluorescence from single QDs shows irregular on (bright) and off
(dark) switches under continuous irradiation which is known as blinking. QD blink-
ing may lead to information loss in single particle tracking and lower brightness in
other bioimaging applications. We studied the blinking behavior and its mechanism
by using CdSe-core QDs with different shell thicknesses under different excitations.
We observed two types of fluorescence behavior, blinking with apparent on and off
states and flickering without distinguishable on and off states under low (1.8 and
3.9 W/cm2) and high (12.1 and 25 W/cm2) excitations, respectively. The transfer
of photoexcited electron or hole from CdSe core to the QD surface is responsible
for QD blinking under low excitations. And further intraband excitation of pho-
toexcited electron and hole is responsible for QD flickering under high excitations.

Ca2+ serves as the second messenger in signal transduction. Monitoring Ca2+

concentration in live cell is a key technique in biological research especially in neu-
roscience. Most of the commercial Ca2+ indicators are organic dyes which are easy
to be photobleached. In order to develop QD-based Ca2+ indicator, we investigated
the effect of Ca2+ on the QD fluorescence. We found that the fluorescence intensity,
lifetime, and on-state ratio in single QD fluorescence were all decreased by Ca2+

ion. Theoretical study shows that one free Ca2+ could attach stably to the surface
of one QD, attracting the photogenerated electron and repel the photogenerated
hole, suppressing the radiative recombination between them, and resulting in the
reduction of fluorescence intensity, lifetime and on-state ratio.

Overexpression of vascular adhesion molecule-1 (VCAM-1) in endothelial cells
is a hallmark of inflammation-induced activation of endothelium and may serve as a
target for evaluation atherogenesis in early stages. We conjugated VCAM-1 binding
peptide to amino-coated QDs and employed the functionalized QDs (VQDs) to
specifically image activated endothelial cells. Upon the interaction between VQDs
and endothelial cells, a blue-shift of about 30 nm in the QD fluorescence peak was
observed. We anticipate that the VQDs and the blue-shift phenomenon could be
very useful for VCAM-1 detection in vitro and in vivo.

Furthermore, we studied the fluorescence of QDs embedded in a porous alumina
membrane which is widely used as biomolecule and cell filter for biological research.
We found that the fluorescence spectrum has small peaks superimposed on the
principle curve. Theoretical study identifies that this modulation is due to the pho-
tonic band structure introduced by the membrane pores. This work could supply
information about the interaction between QD fluorescence and porous membrane
structure which would be useful when applying QDs to image biomolecules or cells
filtered by the porous alumina membrane.



Sammanfattning

Under de senaste 30 åren har halvledarkvantprickar (QDs) fått mycket uppmärk-
samhet som nya fluorescenta material. I jämförelse med traditionella organiska
färger har kvantprickar flera fördelar såsom hög ljusstyrka och fotostabilitet, breda
absorptionsspektra, och smala, storleksberoende emissionsspektra. Dessa övertag
gör kvantprickar särskilt lämpade för biologisk avbildning.

Fluorescensen från enstaka kvantprickar är inte stabil, utan uppvisar oregel-
bundna övergångar mellan på- (ljus) och av-lägen (mörk) under kontinuerlig laserbe-
strålning. Denna egenskap är känd som blinkning eller fluorescent intermittens.
QD-blinkning kan ge upphov till informationsförlust i enpartikelsspårning och ge
lägre ljusstyrka i vissa tillämpningar inom biologisk avbildning. Vi studerade
mekanismen bakom QD-blinkning genom att använda CdSe-baserade kvantprickar
med olika skaltjocklekar under olika laserintensiteter. Vi fann att invididuell kvant-
pricksfluorescens uppvisar två olika typer av blinkningsbeteende. Under låg exci-
tation (1, 8 respektive 3, 9 W/cm2) framträder särskiljbara på- och av-lägen, vilket
vi kallar blinkning. Under hög excitation (12, 1 respektive 25 W/cm2) visas en
kontinuerlig förändring i fluorescens från individuella kvantprickar, vilket vi kallar
flimrande. En teoretisk analys visar att överföringen av den fotogenererade elek-
tronen och hålet mellan kvantprickens kärntillstånd och yttillstånd ger upphov till
QD-blinkning. Under högre excitationer kan den fotogenererade elektronen och
hålet ytterligare exciteras via övergångar inom ledningsband respektive valensband
och där fluktuera mellan olika energinivåer. Denna fluktuation undertrycker den
radiativa rekombinationen av elektron och hål och leder till QD-flimrande.

Ca2+ är en biologiskt viktig jon som fungerar som andrabudbärare i signal-
transduktion. Att bevaka Ca2+-koncentrationen i levande celler är en viktig teknik
inom biologisk forskning, framför allt inom neurovetenskapen. De flesta kommer-
siellt tillgängliga Ca2+-indikatorerna är organiska färger känsliga för fotoblekning.
För att tillverka kvantpricksbaserade kalciumindikatorer undersökte vi först kalci-
ums effekt på QD-fluorescens. Vi fann att fluorescensintensiteten, fluorescenslivs-
längden, och tiden mellan fluorescenta på- och av-lägen hos enskilda kvantprickar
alla minskade med ökande kalciumkoncentration i QD-lösningen. Efter tillsats av
Ca2+-kelatliganden EGTA för att minska koncentrationen av fritt kalcium i QD-
lösningen kunde alla tre av dessa egenskaper återställas. Teoretiska studier visar att
en fri kalciumjon kan bilda en stabil bindning till ytan av en kvantprick, attrahera
den fotogenererade elektronen och repellera det fotogenererade hålet. Detta under-
trycker den radiativa rekombinationen av elektron-hål-paret, vilket resulterar i en
minskning av fluorescensintensitet, fluorescenslivstid och tiden mellan fluorescenta
på- och av-lägen.

I nästa steg tillämpade vi kvantprickar för att avbilda aktiverade endotelceller in
vitro och in vivo. Ett överuttryck av VCAM-1 i endotelceller är ett kännetecken för
inflammationsdriven aktivering av endoteliet. Detta skulle kunna användas som en
markör för tidiga stadier av ateroskleros. Vi konjugerade VCAM-1-bindande pep-
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tider till aminerade kvantprickar och använde de funktionaliserade kvantprickarna
(VQDs) för att specifikt avbilda aktiverade endotelceller. Efter interaktionen mel-
lan VQDs och endotelcellerna observerades en blåförskjutning av kvantprickarnas
emissionstopp på ungefär 30 nm.

Vi testade dessutom fluorescensen hos kvantprickar med CdSe-kärna och
CdS/ZnS-skal, inbäddade i porösa aluminiumoxidmembran. Dessa membran har
bred användning som biomolekylära filter i biologisk forskning samt sjukdomsdi-
agnostik. Vi fann att kvantprickarnas fluorescensspektrum har små toppar överla-
grade på kvantprickens huvudsakliga fluorescenstopp. Teoretiska studier visar att
den fotoniska bandstrukturen från membranporerna ger upphov till denna moduler-
ing. Detta arbete kan bidra med information om interaktionen mellan kvantpricks-
fluorescens och porösa membranstrukturer, och kan vara användbar i tillämpningar
av kvantprickar för avbildning av biomolekyler eller celler filtrerade genom porösa
aluminiumoxidmembran.
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Chapter 1

Introduction

Quantum dots (QDs) have been intensively studied in the application of solar cells,
lasers, light emitting diodes and so on, since they were discovered [1, 2, 3]. They
have drawn much more attention as a novel fluorescent agent during the last two
decades [4, 5, 6]. The application of QDs in bioimaging has become one of the most
popular research subjects. The aim and main content of this thesis is to discuss the
optical properties of QDs as a fluorescent agent in bioimaging, including blinking
behaviors of single QD fluorescence, QD fluorescence modified by Ca2+ ion and
porous alumina membrane, functionalization of QDs and applying them to image
inflamed endothelium.

In chapter 2 we gave an introduction about the background in QDs, including
the materials used to synthesize QDs, common QD structure, optical properties of
QDs and the QD fabrication protocol used in our lab.

Chapter 3 describes the experimental procedure, equipment structure and phys-
ical mechanism for characterization of QDs, including absorption and fluorescence
spectra measurements, single QD fluorescence imaging by microscopy, lifetime mea-
surement and so on.

In chapter 4 we discussed two types of blinking behavior of single QD fluores-
cence, blinking with apparent on- and off-states and flickering without distinguish-
able on- and off-states, under different excitation powers. We also discussed the
underlying mechanism for each blinking behavior.

In chapter 5 we studied the optical properties of QDs under the influence of
Ca2+ ions, and hope to develop a QD-based Ca2+ sensor.

In chapter 6 we showed the conjugation of vascular adhesion molecule-1 (VCAM-
1) binding peptide to QDs, and used these functionalized QDs to specifically label
inflamed endothelium.

In chapter 7 we investigated the modulated fluorescence spectrum of QDs em-
bedded in a porous alumina membrane which is widely used in the laboratory
sample filtration and visualization. Small peaks superimposed on the principal QD
fluorescence spectrum were observed due to the interaction between QDs and pore

1
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structures.



Chapter 2

Background in quantum dots

Quantum dots, or semiconductor nanocrystals, are firstly discovered in aqueous
solution by Rossetti and Brus in Bell Laboratories in 1982 [7]. The name “quantum
dot” was introduced by M. A. Reed and coworkers in 1988 [8]. Marcel Bruchez Jr.
et. al. and Warren C. W. Chan et. al. introduced QDs to bioimaging application
for the first time in 1998 [9, 10]. After that intensive studies of QDs as fluorescent
agents were performed by researchers all over the world.

2.1 What are quantum dots

Quantum dots (QDs) are artificial nanocrystals, normally spherical-shaped, with a
diameter ranging from several nanometers to tens of nanometers. They are usually
made of semiconducting elements from IV (e.g. Si [11], Ge [12]) or groups of II-VI
(e.g. CdSe, CdTe [13, 14, 15, 16, 17, 18]), III-V (e.g. InP [19]) and IV-VI (e.g. PbSe,
PbS [1]) in the periodic table, usually have core [1], core/shell [14, 15, 16, 17, 18, 19],
or core/shell/shell [20] structures.

The shell structure could protect the core of QD from exposing to the surround-
ing environment. Furthermore, the shell could inhibit or facilitate photogenerated
electron or hole escape from the core according to the energy levels of conduction
band (CB) and valence band (VB) from the core and the shell. In this case, QDs
with core/shell structures are divided into two types, type-I and type-II, as shown
in Figure 2.1. For type-I QDs, e.g. CdSe/ZnS QDs, the shell has a higher CB
and lower VB compared with the core, thus photogenerated electron and hole are
both confined in the core with which nonradiative decay pathway could be inhib-
ited and quantum yield could be increased. Type-I QDs could be widely used in
bioimaging [4, 5, 21, 22], QD lasers [2] and light-emitting diodes (LEDs) [3, 23].
For type-II QDs, e.g. CdTe/CdSe [18, 24], CdSe/ZnTe [24] QDs, CB and VB of
the shell are both lower or higher than that of the core which would facilitate
the photogenerated electron or hole escape from the core. This type of QDs is
widely studied for solar cell applications because of the efficient photon-to-current

3
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conversion [25, 26, 27]. There are also works reported for using type-II QDs for
near-infrared bioimaging. Whereas the quantum yield is normally lower than that
of type-I QDs [15, 16, 17, 18, 20, 28].
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Figure 2.1: The energy structures of conduction band and valence band from type-I
and type-II QDs.

2.2 Optical properties of quantum dots

Due to quantum confinement effect, the energy levels of QDs are quantized [29],
as shown in Figure 2.2. The electron in the VB could be excited to the CB by
absorbing a photon with energy higher than the band gap energy, leaving a hole in
the VB, forming an electron-hole pair or exciton. After non-radiative relaxation to
the lowest energy level of CB, the photogenerated electron would decay to the VB
to recombine with the hole, simultaneously emit a photon with lower energy which
is the fluorescence, as shown in Figure 2.2. The total time for a cycle of absorption,
relaxation and emission is normally from several nanoseconds to tens of nanoseconds
which is the fluorescence lifetime for QDs [30, 31, 32, 33]. This lifetime scale is much
longer than that of autofluorescence of tissue as well as most organic dyes which
is normally from 0.1 to 4 nanoseconds [33, 34]. The long fluorescence lifetime of
QDs facilitate their application for time-gated detection by fluorescence lifetime
microscopy [4].

The probability of absorbing a photon with higher energies (corresponding to
shorter wavelengths) is higher, resulting in a broad absorption spectrum for QDs
from UV to visible region. The fluorescence spectrum of QDs is dependent on the
composition and the size of the core which could be precisely controlled in the
synthesis procedure. Figure 2.3 shows the fluorescence wavelength regions of QDs
made from different semiconductor elements. Among these, CdSe core-based QDs
are the most widely used QD-based fluorophores for biological applications because
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of the high brightness, wide fluorescence covering almost the whole visible region,
mature synthesis technique, and so on [5].

Figure 2.3: The fluorescence wavelength ranges of core QDs made by different
semiconductor materials. Adapted by permission from Macmillan Publishers Ltd:
[Nature Materials] (Ref. [5]), copyright (2005).

Figure 2.4 shows the absorption and emission spectra of CdSe QDs with differ-
ent sizes which could be obtained through controlling the reaction time of CdO and
Se-TOP in the synthesis step. The longer the reaction time is, the bigger the QDs
would be. Broad absorption spectrum and narrow size-tunable emission spectrum
are remarkable features of QDs in comparison with organic dyes. The vertical blue
line in Figure 2.4 indicates the 488 nm laser line which could excite all QDs by
the single laser. These features make QDs very suitable to be used in simultane-
ous observation of multiple targets based on simultaneous excitation of different
fluorescence colors, as shown in Figure 2.5.

Furthermore, high photostability is another feature that distinguish QDs from
organic dyes, as shown in Figure 2.6.
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Figure 2.4: The absorption and fluorescence spectra of CdSe core with different
diameters. The vertical blue line indicates the 488 nm laser line which could excite
all kinds of QDs.

Figure 2.5: Multicolor fluorescence image of fixed human epithelial cells labeled by
five-color QDs. The cyan signal came from QD-655 labeled nucleus. The magenta
signal came from QD-605 labeled Ki-67 protein. The orange signal came from QD-
525 labeled mitochondria. The green signal came from QD-565 labeled microtubule
and the red signal came from QD-705 labeled actin filament. Adapted by permission
from Macmillan Publishers Ltd: [Nature Materials] (Ref. [5]), copyright (2005).
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Figure 2.6: High photostability of QDs in comparison with organic dyes. Top row:
The red signal came from the QD 630-streptavidin labeled nucleus and the green
signal came from organic dye Alexa 488 labeled microtubule in a 3T3 cell. Bottom
row: The red signal came from the QD 630-streptavidin labeled microtubule and the
green signal came from Alexa 488 labeled nucleus. Under continuously irradiation
of 3 minutes, the green signal from Alexa 488 decreased dramatically and can’t
be detected after 2 minutes’ irradiation. The red signal from QD 630-streptavidin
didn’t show significant change. Adapted by permission from Macmillan Publishers
Ltd: [Nature Biotechnology] (Ref. [35]), copyright (2003).

2.3 Surface modification

In order to make QDs specifically label a target, antibodies, affibodies and binding
peptides that specifically bind to a protein or other biomolecules could be conju-
gated to QDs through surface modification technique. Then the functionalized QDs
could specifically label the target protein or other biomolecule. There are two com-
monly used methods for QD surface modification, sulfo-SMCC mediated reaction
between amino-coated QDs and thiol-containing biomolecules, and EDC/sulfo-NHS
mediated reaction between carboxyl-coated QDs and biomolecules containing pri-
mary amine groups.

Sulfo-SMCC (sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxyl)
is a heterobifunctional crosslinker that contains an amine-reactive N-
hydroxysuccinimide (NHS) ester at one end and a sulfhydryl-reactive maleimide
at the other end. Sulfo-SMCC could help to link amino-coated QDs and thiol-
containing biomolecules by two steps, as shown in Figure 2.7. The NHS ester end
of sulfo-SMCC can react with amino groups on the surface of QDs to form the
sulfhydryl-reactive QD-maleimide intermediate. Then the activated QD-maleimide
could couple to thiol-containing biomolecules through the binding between maleimide
group of the QD and the thiol group of the biomolecules [36, 37].

EDC (or EDAC; 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlorid)
is a zero-length crosslinker that could be used to conjugate carboxyl-coated QDs
with amine-containing biomolecules by forming the stable amide bonds. EDC
could react with carboxyl group on the surface of QD to form an amine-reactive o-
acylisourea intermediate (QD-EDC). However, this intermediate QD-EDC could be
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Figure 2.7: Conjugation reactions of amino-coated QD and thiol-containing
biomolecule by using Sulfo-SMCC.

easily hydrolyzed in aqueous solution, leading to carboxyl-coated QD regeneration.
Sulfo-NHS could improve the efficiency of EDC-mediated conjugation by form-
ing a more stable amine-reactive sulfo-NHS ester intermediate (QD-NHS) which
is shown in Figure 2.8(b). Furthermore, the intermediate QD-NHS is negatively
charged, enable them not to interact with unreacted carboxyl-coated QDs to form
QD aggregates due to charge repulsion [36]. With the presence of amine-containing
biomolecules, QDs are ultimately conjugated to the biomolecules by forming the
stable amide linkage. The conjugation reactions are shown schematically in Fig-
ure 2.8.

2.4 Fabrication of quantum dots

Our colloidal core/shell QDs were chemically synthesized following the method very
similar to the common one published in literature [13, 14]. The typical synthesis
protocol is as follows.

2.4.1 CdSe core synthesis

The first step is to synthesize CdSe cores. In a typical CdSe core synthesis ex-
periment, a mixture of CdO (13 mg, 0.1 mmol), TDPA (56 mg, 0.2 mmol), ODA
(0.35 g, 1.3 mmol) and TOPO (0.65 g, 1.7 mmol) was put into a 50 mL three-neck
flask which was evacuated for 30 minutes at 100 ◦C. The mixture was then heated
to 330 ◦C under nitrogen flow to get a clear solution. At this moment CdO was
dissolved in the organic solvent. After that the reaction mixture was cooled to
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Figure 2.8: Conjugation reactions of carboxyl-coated QD and amine-containing
biomolecule by using EDC and Sulfo-NHS.

260 ◦C and 0.15 mmol Se-TOP (Se dissolved in TOP) was injected quickly (less
than 1 second) into the reaction mixture to allow the growth of CdSe QDs. After
the desired QD size was reached (estimation under a UV lamp), the heat supply
was turned off.

When the solution was cooled to about 100 ◦C, plenty of acetone was added.
The solution was then transferred to several glass vials and centrifuged for 6 minutes
at 60 ◦C. After that the QDs located at the bottom of the glass vials. Remove the
solution, add chloroform to dissolve the QDs, then add acetone and centrifuge for
3 minutes at room temperature. The QDs were extracted again and located at the
bottom. The resulting CdSe core QDs are oil soluble and coated by ODA, TDPA,
TOPO and TOP.

2.4.2 Shell-coating CdSe core

In order to add desired shell to the CdSe cores, the following experiment was
performed. ODA (1 g, 4 mmol) and ODE (4 mL, 12.5 mmol) were put in the
50 mL three-neck flask. The mixture was heated to 100 ◦C and evacuated for
30 minutes to remove the impurities that are possible in the chemicals. CdSe



10 CHAPTER 2. BACKGROUND IN QUANTUM DOTS

cores synthesized above were dissolved in chloroform and injected quickly into the
reaction solution. After that the solution was evacuated for another 30 minutes to
remove the chloroform. The mixture was then heated to and kept at 230 ◦C under
nitrogen flow. Cd-, S- and Zn-precursors were injected into the reaction mixture,
sequentially, to allow the growth of shell layer by layer. The Cd-, Zn-precursors
were prepared by dissolving CdO or ZnO in OA and ODE. The S-precursor was
prepared by dissolving sulfur in ODE. Each precursor injection was very quick (less
than 1 second), and the time interval between two subsequent injections was about
8–10 minutes.

After the desired core/shell QDs were obtained, the heat supply was turned off.
When the mixture was cooled to 100 ◦C, the QDs were precipitated with acetone,
and then washed with chloroform and acetone for two times. The resulting QDs
are ODA-coated and oil-soluble that can dissolve in chloroform.

2.4.3 Surface ligand exchange
In order to make the QDs water-soluble, 3-MPA was used to replace ODA on oil-
soluble QDs’ surface. This reaction was performed by the following way. QDs
were dissolved in chloroform and mixed with equal volume of water containing
3-MPA (1 M, M=mol/L). The mixture was under vigorous stirring for 2 hours.
During this time the surface ligand exchange was carried out and the QDs moved
from the chloroform layer to the water layer. By putting the QD water solution
to an eppendorf tube and then centrifuging for 3 minutes, QDs were extracted
as they were located/aggregated at the bottom of the eppendorf tube. Remove
the solution and then add 0.1 M NaHCO3 solution to the eppendorf tube until
QDs were dissolved in the solution. Add acetone and centrifuge for 3 minutes, the
resulting QDs are carboxyl-coated and can dissolve in water.



Chapter 3

Experimental characterization of
quantum dots

3.1 Absorption spectrum measurement

The absorption spectrum of QDs was measured by a Pharmacia LKB Biochrom
4060 UV-visible spectrophotometer. It needs a control solution to refresh the base-
line to zero. For water-soluble QDs the control solution is Milli-Q water, for oil-
soluble QDs it is chloroform. Then the absorbance of the QD sample at each
wavelength is measured and the absorption spectrum is obtained.

3.2 Determination of QD size and concentration

Because the emission wavelength of QDs is dependent on the size, the size parameter
becomes a very important factor involved in QD application. The size of QDs could
be precisely revealed by transmission electron microscope (TEM) image. Peng et
al. fitted the curve that QD size plotted against first absorption peak position, and
got the following formula which is widely used in QD size calculation (for CdSe)
[38]

D = 1.6122 × 10−9λ4 − 2.6575 × 10−6λ3 + 1.6242 × 10−3λ2 − 0.4277λ+ 41.57 (3.1)

D (nm) is the diameter of the given QD sample and λ (nm) is the wavelength of
the first absorption peak of the corresponding sample.

Furthermore, by fitting the curve that the extinction coefficient per mole of QD
versus QD size, they got the following formula (for CdSe) [38]

ε = 5857 ×D2.65 (3.2)

ε is the extinction coefficient per mole of QDs (L/mol·cm), D is the diameter of
the QDs.

11
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Through Lambert-Beer’s Law

A = εCP (3.3)

where A is the absorbance at the first absorption peak, ε is the extinction coefficient
per mole of QDs, C is the concentration of QDs (mol/L), P is the path length (cm)
of the light beam used for recording the absorption spectrum which is usually 1 cm.

Then we can get
C = A

εP
(3.4)

by which we could obtain the concentration of the QD sample [38].

Detector

Excitation 

monochromator

Figure 3.1: The working principle of fluorescence spectrum measurement.

3.3 Fluorescence spectrum measurement

The fluorescence spectrum of QDs was measured by an optical spectrofluorometer
(FluoroMax-3, Horiba Jobin Yvon). The basic working principle of the spectroflu-
orometer is shown in Figure 3.1. This machine is equipped with a Xenon Arc lamp
which emits light in a wide region from about 250 nm to more than 1100 nm.
According to Kasha’s rule, the emission spectrum should not dependent on the ex-
citation wavelength [39]. By setting an excitation wavelength such as 450 nm, only
the light with the wavelength of 450 nm could pass the excitation monochromator
and excite the sample. The fluorescence intensity in a specific wavelength would be
detected by the emission monochromator in the direction that is vertical to the ex-
citation light direction to minimize the mix of excitation light into the fluorescence.
The fluorescence spectrum could be obtained through scanning the fluorescence
intensity in a wide range of wavelengths by the emission monochromator.
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Figure 3.2: The structure and light path of AxioObserver.D1 microscope used for
recording single QD fluorescence.

3.4 Microscopes for imaging quantum dots

An AxioObserver.D1 microscope (Carl Zeiss) was used to record single QD fluo-
rescence. The structure and light path of the microscope are shown in Figure 3.2.
The light source to excite QD is a mercury HBO 100 lamp (Carl Zeiss). The
mercury lamp emits light in a wide wavelength region from about 200 nm to 600
nm. A filter set including an exciter (FF02-435/40-25, Semrock), a dichroic mir-
ror (FF510-Di02-25×36, Semrock) and an emitter (FF01-500/LP-25, Semrock) was
used to excite the QD sample and then collect the fluorescence. The exciter allows
the light from the mercury lamp with a wavelength between 415 nm and 455 nm
pass, and reflects other light. The dichroic mirror reflects the light with a wave-
length less than 510 nm and transmits the light with a wavelength longer than 510
nm. The emitter allows the light with a wavelength longer than 500 nm pass. So
that the light passing through the exciter could be reflected by the dichroic mirror,
and excites the QD sample. Then the corresponding fluorescence from the QD
sample could pass the dichroic mirror and the emitter, and finally be collected by
an EMCCD camera (Andor). In the light path, there are six options in the aperture
diaphragm (Number 2 in Figure 3.2). By adjusting this aperture diaphragm as well
as the control panel of the mercury lamp, we could tune the illumination intensity
for the QD sample. By adjusting the field diaphragm (Number 3 in Figure 3.2)
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we could change the illumination area. To avoid stray light and thus decrease the
background we used the smallest illumination area by adjusting the field diaphragm
to the lowest level when recording single QD fluorescence.

The Zeiss Elysa PS microscope was used to extract the QD fluorescence spec-
trum through imaging QD at a specific wavelength and then scanning in the whole
QD fluorescence wavelength region. This microscope is a combination setting in-
cluding structured illumination microscopy (SIM), single-molecule localization mi-
croscopy (PALM and STROM) and laser-scanning confocal microscopy (LSM 780).
However, in our experiments we just used the confocal setup to image the QD fluo-
rescence at a specific wavelength with the help of a spectrofluorometer equipped in
the microscope. The optical resolution of the spectrofluorometer is 2.9 nm. By an-
alyzing the fluorescence signal in each image, the fluorescence spectrum of a single
QD or QD cluster was obtained. This setup was mainly used in the experiments of
Chapter 7.

3.5 Time-resolved fluorescence lifetime measurement

3.5.1 Fluorescence lifetime

Before talking about fluorescence lifetime measurement technique, it’s better to
know what is lifetime first. The lifetime of a fluorophore indicates the time that
the fluorophore stays at the excited-state before going back to the ground-state
following excitation [39]. Suppose an initial population N0 of fluorophore molecules
are excited to the excited states, when the fluorophore sample is excited by an
infinitely sharp light pulse. The curve that excited-state population Nt plotted
against time t would be looked like the one presented in Figure 3.3.

Suppose at time t1 there are N1 fluorophore molecules stayed at the excited
states. And at time t2 the value decreases to N2. Then we can get

N1 −N2 = N1γ
Rδt+N1γ

NRδt (3.5)

γR is the radiative decay rate and γNR is the non-radiative decay rate for the
fluorophore molecule. δt is equal to t2 − t1.

N2 −N1

δt
= −N1(γR + γNR) (3.6)

If the δt is infinitely small, then

dNt

dt
= −Nt(γR + γNR) (3.7)

By integration the equation, we can get

Nt = N0e
−(γR+γNR)t (3.8)
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Figure 3.3: Schematic curve showing the temporal development of the number of
molecules stayed at the excited-state.

The lifetime τ is defined as the average time that the fluorophore stays at the
excited-state before going back to the ground-state [39]

τ = ⟨t⟩ =

∫ ∞

0
tNtdt∫ ∞

0
Ntdt

=

∫ ∞

0
t e−(γR+γNR)tdt∫ ∞

0
e−(γR+γNR)tdt

= (γR + γNR)−1 (3.9)

Note that the lifetime is a statistical value. For a large number of fluorophore
molecules, the fluorescence event is random. Some molecules may emit photons
quicker than the lifetime, but some others may emit slower. The time distribution
of the emitted photons is the fluorescence intensity decay [39].

In a lifetime measurement experiment, we can’t measure the number of fluo-
rophore molecules that stays at the excited-state, but we can measure the fluores-
cence intensity decay through detecting emitted photons. The fluorescence intensity
at time t (It) is proportional to the number of excited fluorophore molecules Nt.

It = Ntγ
R = N0γ

Re−(γR+γNR)t = I0e
−t/τ (3.10)

I0 is the fluorescence intensity at t = 0.
Note that the above equation is only suitable for single-exponential decay. In

a more complex condition such as multi-exponential decay, the following equation
should be used.

It =
∑

i

Iie
−t/τi (3.11)
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3.5.2 Time-correlated single photon counting
The working principle of time-correlated single photon counting (TCSPC) can be
shown in Figure 3.4. A light pulse from a picosecond or femtosecond laser light
source is split into two ways. One arrives a constant function discriminator (CFD)
directly. The CFD could measure the arrival time of the laser pulse precisely,
and transfer this signal to a time-to-amplitude converter (TAC). The TAC would
generate a voltage ramp which is a voltage increasing linearly along with time on
the nanosecond scale. The laser pulse in another way excites the sample first,
then the emitted fluorescence photon would be detected by the CFD. The CFD
determines the arrival time of the fluorescence photon accurately, and sends this
signal to the TAC to stop the voltage ramp. The light paths for the two ways are
equal. Now the TAC contains a voltage that represents the time delay between the
signals from the two ways which is actually the measured lifetime of the sample.
The voltage could be amplified by a programmable gain amplifier (PGA), and then
be converted to an output numerical value by an analog-to-digital converter (ADC)
[39]. By repeating this process millions of times a histogram of the fluorescence
decay could be obtained, as shown in Figure 3.4.

Figure 3.4: The working principle of lifetime measurement by time-correlated single
photon counting (TCSPC) [39].

Note that in the lifetime measurement using TCSPC, only the first fluorescence
photon could be detected in each cycle. This determines that the detection rate
should be very low. Normally one photon could be detected for 100 excitation
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pulses. Because if there are many fluorophore molecules be excited and then emit
photons in each cycle, but only the first one is detected and counted, the resulted
fluorescence intensity decay would be distorted to shorter times. The detection
rate could be lowered by diluting the sample and decreasing the detected emission
wavelength bandwidth [39].





Chapter 4

Single quantum dot blinking

QDs have drawn great attention as a novel fluorescent agent during the last twenty
years. Because of their superior optical properties such as higher brightness and
photobleaching resistance, QDs have been widely applied in bioimaging experiments
including single particle tracking (SPT). Whereas the fluorescence signal of single
QD is normally not continuous, but shows irregular on (bright) and off (dark) states
switches under continuous irradiation which is known as blinking or fluorescence
intermittency. Blinking is a specific character of single QD. Because for a QD cluster
containing two, three, or more QDs, the off state of one QD could be compensated
by the on state of another QD, and the overall fluorescence would be almost steady.
QD blinking could lead to information loss in SPT experiments. It could also reduce
the overall quantum yield of QDs.

Many studies have been performed to investigate the mechanism of QD blinking.
Some studies show that the trap states existed in the interface between core and
shell as well as the surface of QD, which could be denoted as interface trap states
and surface trap states, could capture photoexcited electron or hole, suppress the
radiative recombination between electron and hole and lead to the off state of QD.
The QD would return to the on state when the captured electron or hole going
back to the core [40, 41, 42]. In this case coating CdSe core with CdS shell first and
then ZnS shell could decrease the interface trap states significantly than coating
CdSe core directly by ZnS shell, because the lattice mismatch between CdSe core
and CdS shell is much smaller than that between CdSe core and ZnS shell (3.9%
versus 12%) [13]. Furthermore, coating the core with a giant shell could efficiently
suppress photoexcited electron or hole tunnelling to the surface of QD, and thus
suppress the off state and increase the quantum yield [43, 44].

Some other studies show that Auger recombination is responsible for QD blink-
ing. In this theory, charged QDs are formed upon excitation due to strong in-
teraction between multiple excitons following multiple photon absorption. For the
charged QD, newly formed exciton would decay through fast non-radiative pathway
which induces the off state. When the charged QD becomes neutral it would return

19
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to the on state [41, 42, 45].
Whereas the detailed information about QD blinking mechanism is still un-

clear. In this chapter, we want to study the QD blinking behavior under different
excitation powers and discuss the underlying mechanism.

4.1 Experimental details

4.1.1 Properties of QD sample
In this study, we used three types of QDs, oil- and water-soluble CdSe-
CdS/Cd0.5Zn0.5S/ZnS core-multishell QDs and oil-soluble CdSe-CdS/ZnS core-
multishell QDs. The oil-soluble QDs are ODA-coated and the water-soluble QDs
are 3-MPA-coated. The QDs were fabricated according to the protocol presented
in Chapter 2. The absorption and fluorescence spectra of the three types of QDs
are shown in Figure 4.1, from which we could see that the surface ligand ex-
change does not affect the absorption and emission spectra of QDs. The CdSe-
CdS/Cd0.5Zn0.5S/ZnS and CdSe-CdS/ZnS QDs have an emission peak at 601 and
622 nm, respectively.

Figure 4.1: The absorption and fluorescence spectra of the three types of QDs used
in this study.

In order to calculate the size of QDs, we need to calculate the diameter of
CdSe core first by using the first absorption peak of CdSe core and Equation (3.1).
Whereas we didn’t keep the core samples, so we used the first absorption peak in the
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absorption spectra of core-multishell QDs to calculate the size as an approximation.
For CdSe-CdS/Cd0.5Zn0.5S/ZnS QDs, the first absorption peak is at 584 nm, as
shown in Figure 4.1. And the diameter of the CdSe core is calculated as 4.0 nm
by using Equation (3.1). The shell of CdSe-CdS/Cd0.5Zn0.5S/ZnS QDs contains
2-monolayer (ML) of CdS, 4-ML of Cd0.5Zn0.5S and 1.5-ML ZnS. The average
thicknesses of 1-ML of CdS, Cd0.5Zn0.5S and ZnS are 0.35, 0.33 and 0.31 nm,
respectively [13, 14]. So the thickness of the shell is 5.0 nm and the diameter of
CdSe-CdS/Cd0.5Zn0.5S/ZnS QDs is 9.0 nm.

For CdSe-CdS/ZnS QDs, the first absorption peak is at 601 nm, as shown in
Figure 4.1. And the calculated diameter of CdSe core is 4.6 nm. The shell of CdSe-
CdS/ZnS QDs contains 2-ML of CdS and 1.5-ML of ZnS with a thickness of 2.3
nm. And the diameter of CdSe-CdS/ZnS QDs is 6.9 nm.

4.1.2 Single QD fluorescence imaging
For single QD fluorescence imaging, 5 µL QD sample with a QD concentration of
about 1 pM was dropped on the glass coverslip. For oil-soluble QDs the solvent
was chloroform and for water-soluble QDs the solvent was Milli-Q water. After
drying, the glass coverslip was mounted on an AxioObserver.D1 microscope (Carl
Zeiss) equipped with a 100× 1.4 NA oil immersion objective (Carl Zeiss). The QDs
were excited by the light with a wavelength of 415–455 nm from a mercury lamp
(HBO 100, Carl Zeiss) filtered by an exciter (FF02-435/40-25, Semrock), within
which there is an emission line at 436 nm in the spectrum of the mercury lamp.
The fluorescence was collected by an EMCCD camera (Andor). By adjusting the
field diaphragm (Number 3 in Figure 3.2) on the microscope we minimized the
illumination area to about 280 µm2, as shown in Figure 4.2. And we used this
minimal illumination to record single QD fluorescence because of the lowest stray
light and thus the lowest background obtained in this setting.

By adjusting the aperture diaphragm (Number 2 in Figure 3.2) in the micro-
scope as well as the mercury lamp control panel, we could change the light power
illuminated in this area. And four light power levels were used to excite QDs. They
are 5, 11, 34 and 70 µW, corresponding to the excitation intensities of 1.8, 3.9, 12.1
and 25.0 W/cm2. The fluorescence images were recorded under continuous irradi-
ation. Each stack of fluorescence images contained 10000 frames. The size of each
frame was 64×64 pixels (6.4×6.4 µm2), as shown in Figure 4.2 and 4.4. The time
duration for each frame was 5.2 ms including the exposure time of 4.29 ms and the
readout time of 0.91 ms, corresponding to 192 Hz.
Data analysis for blinking and flickering in single QD fluorescence
The time series of single QD fluorescence imaging was analyzed by ImageJ software
[46]. The diameter of the bright spot coming from the fluorescence of a single QD
is about 1 µm, and the full width at half-maximum (FWHM) of the fluorescence
intensity distribution is about 0.3 µm which is consistent with the optical resolution
of the microscope, as shown in Figure 4.3. The fluorescence signal I(t) from each
single QD in each frame was denoted by the maximal grey value in the area of 4×4



22 CHAPTER 4. SINGLE QUANTUM DOT BLINKING

10 µm

Figure 4.2: An image (512×512 pixels, 51.2×51.2 µm2) shows the smallest illumi-
nation area which is about 280 µm2. The yellow square represents the recording
area for the observation of single QD fluorescence which is 64×64 pixels (6.4×6.4
µm2).

pixels (0.4×0.4 µm2), which is shown in Figure 4.4. A smaller analysis area of 3×3
pixels (0.3×0.3 µm2) or 2×2 pixels (0.2×0.2 µm2) was used when two single QDs
are too close to each other, i.e. the distance between them is lower than 0.6 µm, to
avoid the crosstalk between two QD fluorescence signals. Furthermore, the use of
maximal grey value in the analysis area as the QD fluorescence signal also decreases
the possibility of problems related to light diffusion.
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Figure 4.3: Fluorescence intensity distribution profile of a single QD shown in the
inset.

In order to study the on-off state distribution of single QD, we divided the
full fluorescence range from 0 to the highest fluorescence intensity it obtained in a
fluorescence trajectory into 500 sub-ranges. The number of occurrence in each sub-
range was counted. The on-off distribution curve was fitted by Gaussian function.
Let Aon and Aoff represent the on- and off-distributions which were measured as the
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QD-A

QD-B

1 µm

Figure 4.4: One typical image frame that contains two oil-soluble CdSe-
CdS/Cd0.5Zn0.5S/ZnS QDs A and B with a distance of 0.66 µm. The yellow square
represents the analysis area of 4×4 pixels (0.4×0.4 µm2) where the fluorescence sig-
nal of the QD is extracted.

areas enclosed by the vertical axis and the fitted on- and off-curves, respectively,
as shown in Figure 4.5, the on-state rate was calculated as

Aon

Aon +Aoff

Data analysis for time correlation in fluorescences from two neighboring
QDs
The time-correlation effect is described by the cross correlation between the flu-
orescence signals of two neighboring QDs [47]. For paired QDs with fluorescence
signals IA(t) and IB(t), the cross correlation is defined as

gAB(τ) =

⟨[
IA(t) −N

][
IB(t+ τ) −N

]⟩
t⟨

IA(t) −N
⟩

t
·
⟨
IB(t+ τ) −N

⟩
t

(4.1)

τ is the time interval and operation ⟨. . .⟩t denotes the time average. N is the mean
value of the background signal N(t) which was recorded at a nearby dark point.

To quantitatively characterize the time-correlation effect, we calculated the
mean value

gAB = 1
10

∑
τ

gAB(τ) (4.2)

for τ = ±1,±2, . . . ,±5, as well as the corresponding standard deviation (σ), and
compared with gAB(0). The fluorescences of paired QDs are defined as time corre-
lated when gAB(0) > gAB + σ. Furthermore, the time-correlation effect is defined
more restrictively with gAB(0) > gAB + 2σ.

4.2 Blinking and flickering of single QD

Figure 4.5 and 4.6 and 4.7 show typical fluorescence trajectories and the cor-
responding occurrence of three types of QDs, oil- and water-soluble CdSe-
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Figure 4.5: (a–d) Typical fluorescence trajectories of one single oil-soluble CdSe-
CdS/Cd0.5Zn0.5S/ZnS core-multishell QD under four different excitation powers.
(e–h) The occurrence of fluorescence intensity in (a–d) shows the change of on-off
distribution by increasing the excitation power. (d’) shows the first 100 fluorescence
data points in (d) to demonstrate the change of fluorescence intensity more clearly,
and (h’) shows the corresponding fluorescence occurrence.
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CdS/Cd0.5Zn0.5S/ZnS QDs and oil-soluble CdSe-CdS/ZnS QD, under four differ-
ent excitations. It can be observed that under low excitation powers (1.8 and 3.9
W/cm2) the fluorescences of all the three types of QDs display clear on- and off-
states, which is known as blinking. In this case QD stays comparatively longer time
at one state before going to another state. Under high excitation powers (12.1 and
25 W/cm2) the fluorescence trajectories are mainly composed of sharp emission
events in which the fluorescence intensity increases from the background to a very
high value and then reduces to the background quickly. This condition is normally
called flickering. In this condition the fluorescence doesn’t show distinguishable on-
and off-states, but show more evenly in each fluorescence sub-ranges.
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Figure 4.6: (a–d) Typical fluorescence trajectories of one single water-soluble CdSe-
CdS/Cd0.5Zn0.5S/ZnS core-multishell QD under four different excitation powers.
(e–h) The occurrence of fluorescence intensity in (a–d) shows the change of on-off
distribution by increasing the excitation power.

We fitted the fluorescence occurrence spectrum by two Gaussian peaks, as an
example shown in Figure 4.5(e). The green solid curve shows the on-state peak and
the red solid curve shows the off-state peak. As mentioned before, we calculated
the on-state rate as the on-state peak area Aon divided by the total area of the
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Figure 4.7: (a–d) Typical fluorescence trajectories of one single oil-soluble CdSe-
CdS/ZnS core-multishell QD under four different excitation powers. (e–h) The
occurrence of fluorescence intensity in (a–d) shows the change of on-off distribution
by increasing the excitation power.

occurrence spectrum Aon + Aoff. The number of QDs under investigation was 50
for each type of QDs and the result is shown in Figure 4.8. The statistics analysis
shows that the QDs with a thicker shell have a higher on-state probability. For
CdSe-CdS/Cd0.5Zn0.5S/ZnS QDs with a shell of 5 nm, it stays at 73% at on-state
in average. And for CdSe-CdS/ZnS QDs with a shell of 2.3 nm, it stays at 58% at
on-state in average. The result also shows that surface ligand exchange from ODA
to 3-MPA doesn’t affect the on-state rate significantly.

In order to further understand the experimental results, we calculated the en-
ergy levels of QD structure, surface ligands and the simulated QD surface structure
by solid state theory and density functional theory (DFT), respectively. Figure 4.9
shows the energy band diagram of QD core and shell structure, as well as the HOMO
(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular or-
bital) of surface ligands (3-MPA and ODA), Zn6S6-3-MPA and Zn6S6-ODA (to
simulate the QD surface structure). Here we found that the HOMO levels of sim-
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Figure 4.8: On-state rates of the three types of QDs under the excitation power of
1.8 W/cm2. The results were fitted by Gaussian function.

ulated QD surface structure Zn6S6-3-MPA and Zn6S6-ODA are very close to the
ground hole state in the QD core. And the LUMO levels are also very close to the
ground electron state in the QD core. The coupling between the hole and electron
states in the QD core and the surface HOMO and LUMO levels will channel the
photoexcited carriers from the QD core to the surface, separating the electron and
hole from each other, and thus prohibiting the radiative recombination between
them until they are both back to the QD core. This process is most probably
responsible for the observed on- and off-states in our QD fluorescence spectrum.
This is also consistent with our experimental result that QDs with a thicker shell
stay longer at the on-state, because a thicker shell could reduce the transition of
photogenerated electron and hole from QD core states to the surface states. The
surface ligand exchange from ODA to 3-MPA doesn’t affect the QD on-state rate as
revealed in Figure 4.8, because the HOMO and LUMO levels of the two QD surface
structures Zn6S6-3-MPA and Zn6S6-ODA are very similar, as shown in Figure 4.9.

In our previous work we found that for a CdSe-based QD about 25% of the
photons with a wavelength of 436 nm can get into and be absorbed by the QD,
and the other 75% will be scattered on the surface of QD [37]. For the excitation
wavelength of 436 nm, corresponding to the energy h̄ωex = 2.85 eV, the number of
photons Nex that are absorbed by one QD per second can be calculated as

Nex = 25% × WS

h̄ωex
(4.3)

S is the cross section of a single QD. Here we considered the QD with a diameter
D of 10 nm, S = πD2/4. W is the excitation intensity which are 1.8, 3.9, 12.1, 25
W/cm2 in our experiment. As a result, we got the Nex as 7.76 × 105, 1.68 × 106,
5.21 × 106 and 1.09 × 107 1/s, respectively. And the time interval τ between two
successive absorbed photons is 1289, 595, 192 and 92 ns, respectively.
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CdS/ZnS QD, HOMO and LUMO levels of surface ligands (3-MPA and ODA) and
simulated QD surface structure (Zn6S6-3-MPA and Zn6S6-ODA).

It can be seen from Figure 4.10 that when a photon with an energy of h̄ωex is
absorbed by an electron occupying a VB state of the QD core, the electron will
transfer to an unoccupied CB state, leaving the VB state unoccupied which means
creating a VB hole. This process is called interband excitation and its time duration
is in the picosecond time scale. The photoexcited electron and hole will relax to
the ground exciton state through many non-radiative relaxations. Each step of
non-radiative relaxation occurs in the picosecond time scale for a CdSe-based QD
[48]. And the total relaxation time could be several nanoseconds. After relaxing
to the ground exciton state, the photoexcited electron and hole will radiatively
recombine in the picosecond time scale to emit a photon h̄ωQD. The time duration
for the whole process of absorption, non-radiative relaxation and emission, which
is measured as the lifetime of the QD, can be from several nanoseconds to tens of
nanoseconds [30, 31, 32, 33, 49].

At high excitation powers of 12.1 and 25 W/cm2 in our experiment, the time
interval between two successive absorbed photons is very close to the lifetime of
the QD, alternatively we can say that it is very close to the time duration that the
electron stays at the CB state. In this condition before the electron and hole pair
relaxing to the ground exciton state it will absorb another photon and be excited to
a higher exciton state which is referred to as intraband excitation. Thus the electron
will fluctuate in the different energy levels of CB, preventing the relaxation to the
lowest energy level of CB and the following radiative recombination with the hole,
resulting in QD flickering.

The explanation of QD flickering at high excitation power with the intraband
excitation could be also revealed in the relationship between fluorescence intensity
and excitation power, as shown in Figure 4.11. The fluorescence intensity in Fig-
ure 4.11 was obtained by averaging the fluorescence signal of QD in 10000 frames.
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Figure 4.10: Schematic diagram showing the mechanism of QD flickering at high
excitation powers.

Thirty-five single oil-soluble CdSe-CdS/Cd0.5Zn0.5S/ZnS QDs were studied to form
this figure. It can be seen that the average fluorescence intensity of the thirty-five
QDs at high excitation powers (12.1 and 25 W/cm2) is lower than the value be
obtained by linear fitting of the average fluorescence intensity at low excitation
powers (1.8 and 3.9 W/cm2). This can be explained that the energy of absorbed
photon h̄ωex via intraband excitation is consumed by the non-radiative relaxation,
and thus has no contribution to the emission of fluorescence.
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Figure 4.11: The function of QD fluorescence (red star) and background (blue circle)
versus excitation power. Thirty-five single oil-soluble CdSe-CdS/Cd0.5Zn0.5S/ZnS
QDs were studied. And the four vertical spectra (a–d) show the number of QDs in
the specific fluorescence intensity range. The peak number in (a) is nine.
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At low excitation powers of 1.8 and 3.9 W/cm2, the time interval between two
successively absorbed photons is much longer than the QD lifetime. In this case
once there comes one photon h̄ωex that be absorbed, it will be followed with the
emission of one photon h̄ωQD. And the fluorescence of QD is basically more stable,
i.e. the QD stays comparatively longer time at the on-state.

0

200

400

600

800

0

500

1000

0 2000 4000 6000 8000 10000
0

1000

2000

3000

4000
0

1000

2000

3000

1.05

1.10

1.15

1.15

1.20

1.25

0.95

1.00

1.05

-4 -2 0 2 4
1.05

1.10

1.15

QD B

(b)

(a)

QD A

(d)

Frame [5.2 ms]

(c)

Fl
uo

re
sc

en
ce

 I A
(t)

 a
nd

 I B
(t)

C
or

re
la

tio
n 

g A
B
(

)

(f)

25

12.1(g)

3.9 

(e) 1.8 W/cm2

(h)

Time interval [5.2 ms]

Figure 4.12: The fluorescence trajectories and the corresponding time-correlation
test results of the two QDs in Figure 4.4 under four excitation powers, 1.8 W/cm2

(a, e), 3.9 W/cm2 (b, f), 12.1 W/cm2 (c, g) and 25 W/cm2 (d, h), respectively.

4.3 Time correlation of fluorescences from neighboring QDs

Furthermore, we also observed a time-correlation effect in fluorescences from two
neighboring QDs. Figure 4.12 shows the fluorescence spectra of QD A and B in
Figure 4.4, as well as the time-correlation test results under the four excitation
powers of 1.8 (a, e), 3.9 (b, f), 12.1 (c, g) and 25 W/cm2 (d, h), respectively.
The time-averaged background (N) is 135, 152, 185 and 225 under the above four
excitation powers respectively. The result indicates that under the excitation of
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1.8 and 3.9 W/cm2 QD A and B seem to emit fluorescence individually and don’t
have significant time-correlation effect. Increasing the excitation power to 12.1 and
25 W/cm2, QD A and B emit fluorescence synchronously and become strongly
correlated (g(0) > g+2σ). The result shows that the time-correlation phenomenon
in fluorescences of two neighboring QDs is related to the flickering events under
high excitation powers (12.1 and 25 W/cm2).

Since the diameter of the bright spot from the fluorescence of a single QD is
about 1 µm and this value is almost the same for the four excitation intensities,
as shown in Figure 4.3. It would have overlap between the two bright spots of
QD pair if their distance is below 1 µm. We studied the effect of cross-linking on
the time-correlation test result, and found that this effect is negligibly small in our
experimental and data analysis setting (for more details see Paper 1).

Many oil-soluble CdSe-CdS/CdZnS/ZnS QD pairs with different spatial sepa-
rations have been studied, and Figure 4.13 shows the statistic result. Note that the
time-correlation effect is only observed in flickering events of QD pairs under high
excitation powers, which are 12.1 and 25 W/cm2 in our experiment. Figure 4.13
indicates that the fluorescences of QD pairs are time correlated when their distance
is smaller than 1.2 µm.
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Figure 4.13: The statistic result of time-correlation effect from paired oil-soluble
CdSe-CdS/Cd0.5Zn0.5S/ZnS QDs with different spatial distances under excitation
intensities of 12.1 W/cm2 (a) and 25.0 W/cm2 (b). The values in the column of
total number indicate the numbers of QD pairs be studied.

Similar results are found in water-soluble CdSe-CdS/Cd0.5Zn0.5S/ZnS QDs and
oil-soluble CdSe-CdS/ZnS QDs (data not shown, for details see Paper 1).
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4.4 Conclusion

In this chapter we discussed two types of blinking behavior and the underlying
mechanism for single QDs under different excitation powers. Under low excitations
of 1.8 and 3.9 W/cm2, the fluorescence of single QD demonstrates discrete on-
and off-states, referred to as QD blinking. Under high excitations of 12.1 and 25
W/cm2, the fluorescence of single QD changes continuously in the whole fluores-
cence intensity range and doesn’t show apparent on- and off-states, referred to as
QD flickering. The transition of photoexcited electron or hole from QD core to the
trap states on the QD surface is responsible for the QD blinking. The photoexcited
electron generated from interband excitation could be further excited through in-
traband excitation under high excitation powers, prohibiting to relax to the ground
exciton state and radiatively recombine with the hole, leading to QD flickering. We
also observed that two neighboring QDs tend to emit fluorescence synchronously,
a phenomenon called time-correlation effect.

This study is helpful to understand the physical mechanism and process of
QD fluorescence which is an essential prerequisite to further better apply QDs in
bioimaging, especially in single particle tracking experiments.



Chapter 5

Modification of QD fluorescence by
Ca2+ ion

QDs have been extensively investigated and developed as optical contrast elements
in bioimaging applications, due to their superior optical properties comparing with
traditional organic dyes [4, 5, 22]. Many works have also been devoted to utilize
QDs as biosensors [6] such as to monitor pH values [50, 51] and ion concentrations
[30, 52] in the bio-environments. The primary sensing mechanism is that the QD
fluorescence signal is modified due to the changes in the pH values and ion con-
centrations in the bio-environment. Many studies show that the fluorescence of
QDs with different surface ligands could be affected by different ions, such as Zn2+

[53, 54], Cu2+ [54, 55, 56], Ag+ [57, 58], Fe3+ [54, 58], Hg2+ [56, 57, 58], Mg2+ [58],
whereas most of the works don’t show clear QD response to Ca2+ ions.

Ca2+ ions play an important role as secondary messenger in signal transduction
such as stimulating neurotransmitter release, modulating cell differentiation and
apoptosis [59, 60]. The extracellular Ca2+ ion concentration ([Ca2+]o) is about 1–2
mM, whereas the intracellular Ca2+ ion concentration ([Ca2+]i, in cytoplasm) is
only 0.1 µM. In Ca2+-mediated signal transduction process, [Ca2+]i is increased
either by Ca2+ entrance into the cell from extracellular medium through Ca2+

permeable ion channels on the plasma membrane, or by Ca2+ release from Ca2+

stores in Endoplasmic Reticulum (ER) or Sarcoplasmic Reticulum (SR) [59, 60,
61, 62]. However, in some pathological conditions such as ischemic brain injury,
excessive Ca2+ ions accumulate in the cell, resulting in over activation of some
enzymes including proteases and endonucleases, which leads to the breakdown of
proteins, lipids and nucleic acids, and finally cell death [63, 64]. Monitoring calcium
signal in live cell is a key technique in biological research, especially in neuroscience.

There are several commercial Ca2+ indicators such as Fura-2, Fluo-3, but most
of them are very easy to be photobleached [65]. To develop QD-based fluorophores
that can monitor dynamic change of [Ca2+]i in real time will be very useful for
biomedical research. In this work we studied changes in the fluorescence of water-

33
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soluble CdSe-CdS/ZnS core-multishell QDs in the presence of Ca2+ ions as a first
step to develop QD-based Ca2+ sensor.

A critical issue for a well functioned QD-based ion sensor is the ability to follow
the increase as well as the decrease of the ion concentration. Whereas decreasing
the ion concentration in the QD solution is normally much more difficult than
increasing the ion concentration. Ca2+ ion chelator, ethylene glycol tetraacetic
acid (EGTA), is able to specifically bind and capture free Ca2+ ion, usually in a
relationship of one to one, and thus decreasing the free Ca2+ ion concentration in
the solution [66]. Ca2+-EGTA interaction provides an excellent tool for studying
the ion-sensing function of the QDs.

The aim of this study is to investigate whether the fluorescence of QDs could
response to the increase of Ca2+ concentration in the QD solution, and furthermore,
whether such change is reversible after reducing free Ca2+ ion concentration by
EGTA. We also performed DFT calculations to investigate possible mechanisms
involved.

5.1 Preparation of QD samples

3-MPA-coated water-soluble CdSe-CdS/ZnS core-multishell QDs were used in this
study. The QDs were fabricated and surface modified to become water-soluble by
the protocol presented in Chapter 2. The absorption and fluorescence spectra of
CdSe core and CdSe-CdS/ZnS core-multishell QDs are shown in Figure 5.1. The
first absorption peak of CdSe core is at 567 nm, obtaining the diameter of CdSe core
as 3.44 nm through Equation (3.1). The CdSe-CdS/ZnS QDs have a fluorescence
peak at 607 nm, consisting of the CdSe core with the diameter of 3.44 nm, a CdS
shell of 2-ML, and a ZnS shell of 1.5-ML. The average thicknesses of 1-ML of CdS
and ZnS are 0.35 and 0.31 nm, respectively [13, 14]. The total thickness of the shell
is 2.33 nm, and the total diameter of the CdSe-CdS/ZnS QDs is 5.77 nm.

All the solutions were prepared by dissolving corresponding regents in Milli-Q
water (Integral 3, Merck Millipore), according to the following recipes.

HEPES buffer: 50 mM HEPES, 23 mM NaOH, pH 7.2.
Ca2+ stock solution: Different amounts of CaCl2·2H2O dissolved in HEPES

buffer to get a Ca2+ concentration of 5, 1 M, 100, 10, 1, 0.1 mM, respectively.
NaCl stock solution: 5 M NaCl in HEPES buffer.
MgCl2 stock solution: 1 M MgCl2 in HEPES buffer.
EGTA stock solution: 0.5 M EGTA, 1 M NaOH in HEPES buffer.
Before doing measurements, 3-MPA-coated CdSe-CdS/ZnS QDs were dispersed

in HEPES buffer to get a final QD concentration of 37 nM which was calculated
through the method presented in Chapter 3. Ca2+, Na+, Mg2+ ions and EGTA
were then added to the QD solution step by step through very high dilution times
(500–2000 times for ions and 100–250 times for EGTA, K+ ions were added by
directly dissolving the desired amount of KCl powder into the QD solution), so
that the change of the volume of the QD solution was very small and could be
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Figure 5.1: The absorption and fluorescence spectra of CdSe core and CdSe-
CdS/ZnS core-multishell QDs.

negligible. And thus the change in the QD concentration during the experiment
and therefore the influence of that on the QD fluorescence intensity was negligible.

There are many studies show that the change of pH value affects the QD fluo-
rescence intensity significantly [58, 67, 68, 69]. Special cares were taken to ensure
as small change as possible in the pH value in preparing EGTA solution. Using the
stock solutions prepared through the recipes above, the change of pH value of the
QD solution during the experiments was negligibly small (about 0.15), monitored
by a pH electrode (InLab, Semi-Micro, Mettler Toledo), as shown in Table 5.1. So
that the effect of the pH change on the QD fluorescence was negligible.
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5.2 QD fluorescence characterization

The fluorescence spectra of QD solution were measured immediately after dispersing
QDs in HEPES buffer as well as adding ions and EGTA, and repeatedly measured
in every 4 minutes, by an optical spectrometer (FluoroMax-3, Horiba Jobin Yvon).
QDs were excited by a light with a wavelength of 450 nm from a wide-field lamp
and the QD fluorescence was detected within the wavelength region of 530–710 nm.
The fluorescence intensity of QDs was calculated as the area under the fluorescence
peak in the optical range of 550–665 nm.

0.5–1.0 hour after QD sample solution was prepared (to ensure the interactions
between QD, Ca2+ and EGTA were completely done), single QD fluorescence imag-
ing was performed by an AxioObserver.D1 microscope (Carl Zeiss). The imaging
sample was prepared by dropping 10 µL QD sample solution on the microscope
slide and being sealed by nail polish and glass coverslip. Waiting for several min-
utes to let QDs attach to the surface of glass coverslip and thus be immobile, the
imaging sample was transferred and mounted on the microscope for imaging. The
excitation power was 10.7 W/cm2. The detailed information about the equipment
structure, experiment parameter and data analysis could be found in Chapter 3
and 4.

0.5–1.0 hour after QD sample solution was prepared, QDs’ fluorescence lifetime
was measured by a time-correlated single photon counting machine (FluoroMax-
3, Horiba Jobin Yvon), equipped with a 495 nm laser. The detector was set at
607 nm with a bandpass of 2 nm which is the fluorescence peak wavelength of the
QD sample. The peak of the lifetime decay curve was set at 10000 which means
after 10000 counts is reached in the peak position the photon counting will be
stopped. The photon counting signal was recorded by DataStation v2.3 software
(Horiba Jobin Yvon). More detailed information about lifetime measurement could
be found in Chapter 3.

5.3 Results and discussion

5.3.1 Influence of Ca2+ on QD fluorescence intensity
Figure 5.2 shows one series of QD fluorescence spectra after each injection of Ca2+

or EGTA. The text indicates the final concentrations of Ca2+ and EGTA in each
step. From here we could see that the fluorescence intensity was decreased along
with the increase of Ca2+ concentration in the QD solution. But the peak position
remained unchanged. Furthermore, the reduced fluorescence intensity was totally
recovered after adding EGTA to chelate free Ca2+ ions from the QD solution. In
other words, the modification of QD fluorescence intensity by Ca2+ is reversible.

The decrease and recovery process of QD fluorescence intensity by Ca2+ are
more clearly shown in Figure 5.3(a), in which the temporal development of the
fluorescence intensity after each injection of Ca2+ and EGTA is presented. Here
the fluorescence intensity was calculated as the area under the QD fluorescence
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Figure 5.2: One series of QD fluorescence spectra along with the addition of Ca2+

and EGTA. The fluorescence spectra in step 9 and 10 were marked in red in the
inset. The text indicates the final concentrations of Ca2+ and EGTA in each step.

peak in the range of 550–665 nm. And the time interval between two successive
measurements was 4 minutes. The QD fluorescence intensity decreased dramatically
immediately after Ca2+ injection, and became stable after 12 minutes. 2 mM
EGTA addition recovered QD fluorescence intensity a little, and an extra 3 mM
EGTA recovered QD fluorescence intensity totally in about 50 minutes, as shown
in Figure 5.3(a).

Furthermore, we found the dramatic decrease in the QD fluorescence intensity
happens in the Ca2+ concentration ranges of 0–1 µM and 0.2–2 mM, which are
corresponding to the intracellular and extracellular Ca2+ concentration variation
ranges, respectively, as shown in Figure 5.3(b). This result indicates the possibility
of using 3-MPA-coated QDs to monitor intracellular and extracellular Ca2+ levels.

The dissociation constant Kd of EGTA for Ca2+ is dependent on the pH value,
temperature and ionic strength of the solution [70, 71]. For example, Kd is 150.5
nM for the solution containing 0.1 M KCl, pH 7.2 at 20 ◦C [71]. Using this value
as a reference, for the QD solution in step 9 in Figure 5.3(a) which contains 2 mM
Ca2+ and 2 mM EGTA, the concentration of Ca-EGTA complex is calculated as
1.983 mM and the free Ca2+ ion concentration is 0.017 mM. That’s why adding
2 mM EGTA just recovered the QD fluorescence intensity a little. For the QD
solution in step 10 which contains 2 mM Ca2+ and 5 mM EGTA, almost all the
Ca2+ ions are chelated by EGTA and the concentration of free Ca2+ ion is 0.1 µM.
In this condition the reduced QD fluorescence intensity is almost totally recovered.

At the presence of 5 mM EGTA in the QD solution, then adding Ca2+ ions
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Figure 5.3: (a) Temporal change of QD fluorescence intensity after Ca2+ and EGTA
injections. The text indicates the final concentrations of Ca2+ and EGTA in each
step. (b) The function of QD fluorescence intensity plotted against Ca2+ concen-
tration. Each data point was presented as the last measured fluorescence intensity
in the corresponding step in (a).

can’t suppress the QD fluorescence intensity the way in Figure 5.3(a), as shown
in Figure 5.4(a). However, we noticed an immediate decrease in QD fluorescence
intensity after each Ca2+ addition which then gradually recovered. This is most
probably due to the reaction between EGTA and Ca2+ is slower than that between
QD and Ca2+. This speculation is also reflected in Figure 5.3(a) that it needs
about 10 minutes to decrease QD fluorescence intensity by Ca2+, but 50 minutes
to recover the fluorescence intensity by EGTA.

We also noticed a sudden decrease in the QD fluorescence intensity after EGTA
addition in step 10 of Figure 5.3(a) and Figure 5.4(a). The EGTA is mostly existed
as H2EGTA2− at pH 7.2 [72]. In the previous work we showed that a positively-
charged ion near QD could decrease the QD fluorescence intensity through at-
tracting the photoexcited electron and repelling the photoexcited hole and thus
suppressing the radiative recombination between the electron and hole [30]. A sim-
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ilar effect could be expected to be fulfilled by negatively charged H2EGTA2−. This
process is mostly contributed to the sudden decrease in QD fluorescence intensity
when a large number of EGTA were added into the QD solution. However, 3-MPA-
coated QD could only bind to positively-charged substance stably. So the sudden
decreased fluorescence intensity by H2EGTA2− gradually recovered, as shown in
Figure 5.4(a).

Figure 5.4: (a) The influence of Ca2+ on the QD fluorescence intensity with the
presence of EGTA. (b) The influence of Ca2+ on the QD fluorescence intensity in
a simulated intracellular environment.

In a simulated intracellular environment which contains 10 mM Na+, 0.5 mM
Mg2+ and 140 mM K+, the addition of Ca2+ could suppress the QD fluorescence
intensity further, and EGTA could recover the fluorescence intensity but to the
level above that before Ca2+ addition, as shown in Figure 5.4(b). This is possibly
because EGTA could also bind with Mg2+.

5.3.2 Influence of Ca2+ on single QD fluorescence
After interacting with Ca2+ and EGTA, most QDs were still single QDs and didn’t
become clusters because they still had the blinking behavior. A typical fluorescence
trajectory of a single QD in HEPES buffer is shown in Figure 5.5(a). We studied
the on-, off-states distribution of the single QD fluorescence similar with our pre-
vious work [32]. More detailed, the fluorescence range of one single QD in time
series, from 0 to the highest fluorescence detected, was divided into 400 sub-ranges.
The number of fluorescence occurrence in each sub-range was calculated, as shown
in Figure 5.5(b). In order to remove the long baseline as well as the incidental
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fluorescence events, such as the one marked with an arrow in Figure 5.5(a), the
data points of fluorescence occurrence lower than 6 were deleted in both directions
(from 0 and from the highest fluorescence to the middle) until there is a 7. Then
the new fluorescence range was calculated, and the occurrence in 400 sub-ranges
was also recalculated, as shown in Figure 5.5(c).

Figure 5.5: (a) One typical fluorescence trajectory of single QD in HEPES buffer.
The inset shows the fluorescence signal of the first 200 frames. (b) The original on-
off distribution of this QD. (c) New on-off distribution after excluding incidental
events.

After summarizing many single QD fluorescences in three different QD envi-
ronments which are QD in HEPES buffer, HEPES + 2mM Ca2+, and HEPES +
2mM Ca2+ + 5 mM EGTA. The statistical on-off distribution results are shown
in Figure 5.6. It could be clearly seen that after adding 2 mM Ca2+ into the QD
solution, the on-state ratio was decreased and off-state ratio was increased. After
adding EGTA to chelate free Ca2+ ions, the changed on-off distribution recovered
to some extent.

5.3.3 Influence of Ca2+ on QD fluorescence lifetime

We measured the lifetime of QD in different environments with different Ca2+

concentrations as well as EGTA. Figure 5.7 shows some of the fluorescence decay
curves. The curves of QDs in HEPES buffer with 0.1 and 1 µM Ca2+ are not shown
because they are too closely packed between the curves of QDs in HEPES with 0
and 0.1 mM Ca2+. The results clearly show that Ca2+ decreased the QD lifetime
and EGTA restored the lifetime to some extent.
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Figure 5.6: Statistical on-off distributions of single QD fluorescence in three differ-
ent environments.
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Figure 5.7: Fluorescence decay curves of QDs in different conditions.
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5.3.4 Theoretical study and discussion
Through DFT study, we found that the binding energy between Ca2+ and Zn6S6-
3-MPA which is to simulate the QD surface structure, is about two times of the
binding energy between Ca2+ and free 3-MPA (4.90 eV versus 2.61 eV) in vacuum.
Because Ca2+ could not only interact with the oxygen atom of the carboxyl group
of 3-MPA, but also with the sulfur atom of Zn6S6, as shown in Figure 5.8. This
study verifies the chemical binding between 3-MPA-coated QD and Ca2+.

(a)

2.312 Å

3-MPA - Ca2+Zn6S6-3-MPA - Ca2+

2.318 Å2.765 Å

(b)

Zn

S

C

H
O

S

C

H

O

Ca2+
Ca2+

Figure 5.8: Optimized structures of Zn6S6-3-MPA-Ca2+ and 3-MPA-Ca2+

If taking the solvent effect into account which is water in our experiments, the
interaction between Zn6S6-3-MPA and Ca2+ is 1.048 eV [73]. Now we want to know
how many Ca2+ ions could bind to one QD. If we put two Ca2+ ions to one QD
at a distance of 5 nm (QD diameter), the Coulomb potential energy between them
would be 1.152 eV which is larger than the binding energy between Ca2+ and QD
(1.048 eV). So normally there is only one Ca2+ ion could bind to one QD stably.

In order to better understand the experimental results about the effect of Ca2+

on the QD fluorescence, we calculated the wave functions of the photoexcited elec-
tron at the conduction band ground state ψc0(r) and the photoexcited hole at the
valence band ground state ψv0(r) with the presence of a charge αe (e is the charge
unit), as shown in Figure 5.9(a, b). We also calculated the radiative recombination
rate R between the electron ψc0(r) and the hole ψv0(r) as [74]

R =
∣∣∣∣∫ ψ∗

c0(r)ψv0(r)dr

∣∣∣∣2

(5.1)

Figure 5.9(c) shows the radiative recombination rate R as a function of the
charge α as well as the distance between the charge and QD core. It can be
clearly seen that with the existence of positive charge αe on the QD surface, it
attracts the photoexcited electron and repels the photoexcited hole. The radiative
recombination rate R decreases along with the increase of the charge value |α|, as
well as the decrease of the distance between the charge and QD core. For example,
with the presence of αe (α = 1) at a distance of 3.7 nm from the QD core, the
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radiative recombination rate R is 0.2. An even smaller R could be expected when
Ca2+ ion is attached to the QD surface which is 2e. So we can consider the QD-
Ca2+ (the complex after Ca2+ ion binds to the QD) as totally dark. This is what
we saw in the experiment that after adding Ca2+ into the QD solution, the QD
fluorescence intensity, on-state rate of single QD fluorescence and QD lifetime were
all decreased.
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Figure 5.9: (a, b) The wave functions of the photoexcited electron ψc0(r) and
the photoexcited hole ψv0(r) at z = 0 with the existence of a positive charge αe
(α = 0.5) at the position (xα, 0, 0) (xα = 3.7 nm). (c) The function of radiative
recombination rate R plotted against the charge value |α| (xα = 3.7 nm, red dashed
curves), and the distance between the charge and the QD core xα (black curves).
The inset image shows the geometrical structure of QD and the position of the
charge αe (xα, 0, 0).

We noticed that not only Ca2+ could suppress the QD fluorescence, other ions
like Na+, Mg2+, K+ also could, as shown in Figure 5.4(b). Now we want to estimate
the binding strength between QD and different ions by calculating the association
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Table 5.2: Association constants pKa between QDs and ions, as well as between
EGTA and ions.

QD-Ca2+ QD-Mg2+ QD-Na+ QD-K+ EGTA-Mg2+ EGTA-Ca2+

pKa 3.20 2.61 1.23 1.10 3.20 [75] 6.91 [72, 76]

constant between them. As mentioned before, only one Ca2+ ion could bind to one
QD, and after binding the QD-Ca2+ should be totally dark. The process of binding
and unbinding between QD and Ca2+ ion could be written as

QD + Ca2+ ⇀↽ QD-Ca2+ (5.2)

The dissociation constant is

Kd = [QD] · [Ca2+]
[QD-Ca2+]

(5.3)

in which [QD], [Ca2+] and [QD-Ca2+] represent the concentrations of QD, free
Ca2+ ion, and QD-Ca2+ complex, respectively. The association constant could be
calculated as

pKa = − log10 Kd = log10
[QD-Ca2+]

[QD] · [Ca2+]
(5.4)

Since we consider the QD-Ca2+ complex as totally dark, [QD-Ca2+]/[QD] should
be equal to the ratio between the reduced fluorescence intensity and the remaining
fluorescence intensity after adding Ca2+ ions. [Ca2+] is hard to estimate. But when
it is much higher than the QD concentration which is 37 nM, we could consider it
as the total added Ca2+ concentration for approximation, like the condition in step
7, 8 of Figure 5.3(a). The association constant pKa was calculated as 3.2 between
QD and Ca2+. The pKa between QD and other ions was calculated in the similar
way according to the data in Figure 5.4(b). The results are listed in Table 5.2.

Here we could see that the binding between QD and Ca2+ is much weaker
than that between EGTA and Ca2+, so that EGTA could easily chelate Ca2+ and
restore the fluorescence intensity, single QD fluorescence and fluorescence lifetime,
as seen in the experimental part. Although other ions like Mg2+, Na+ and K+

could also suppress QD fluorescence intensity, the pKa between them and QD is
much weaker than that between Ca2+ and QD, demonstrating the possibility of
developing QD-base Ca2+ sensor.

5.4 Conclusion

In this chapter we studied the influence of free Ca2+ ions on the optical properties
of QDs, including fluorescence intensity, on-state rate of single QD fluorescence and
QD lifetime, as the first step to develop QD-based Ca2+ sensor. We found all the
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three aspects were decreased after increasing Ca2+ concentration in the QD solu-
tion, and after adding EGTA to chelate free Ca2+ ion, the decreased parameters
were recovered. Theoretical analysis shows that Ca2+ ion could bind to QD stably,
whereas this binding is weaker than that between Ca2+ and EGTA. With the exis-
tence of positively-charged Ca2+ ion on the QD surface, it attracts the photoexcited
electron and repels the photoexcited hole, reducing the radiatively recombination
rate between the electron and hole, leading to the decrease of fluorescence intensity,
on-state rate in single QD fluorescence and QD lifetime. EGTA could chelate Ca2+

ion away from QD, so that the three parameters could recover.



Chapter 6

Imaging inflamed endothelium
with functionalized QDs

Cardiovascular diseases have become the top one killer which are responsible for
31.5% of deaths in female and 26.8% in male, according to the statistical data
released in 2008 by the World Health Organization [77]. Atherosclerosis is the most
common pathological condition in cardiovascular system, in which the plaque is
formed in the inner surface of the artery wall that narrows the artery and thus
limits the supply of oxygen-rich blood to the heart, brain, kidney and other organs
or places. Severe atherosclerosis could lead to ischemia in the downstream tissues.
An even severer condition, the formation of thrombus, could lead to the death of
the downstream tissues in several minutes.

Atherosclerosis is a chronic inflammatory disease that could develop for many
years without significant symptoms, until an acute event occurs. Risk factors that
trigger and promote atherogenesis include hyperlipoidemia, obesity, diabetes, infec-
tion, oxidant stress and so on [78]. In general atherosclerosis is a response-to-injury
disease. The development of atherosclerosis is complicated. However, it could be
briefly concluded into several steps.

First, the accumulation and modification of low-density lipoproteins (LDLs) in
the artery wall, high plasma homocysteine concentration, high angiotensin II con-
centration, infection by herpesviruses and C. pneumoniae and/or other factors that
damage the endothelium and the underlying muscle cells, and trigger the immune
response of the endothelium [79]. Then endothelial cells increase the expression of
leukocyte adhesion molecules, especially vascular cell-adhesion molecule 1 (VCAM-
1) in response to lipid accumulation in the intima. Circulating monocytes bind to
VCAM-1 on the plasma membrane of endothelial cells and migrate into the intima.
Once inside the intima, monocytes differentiate to macrophages which express scav-
enger receptor on the plasma membrane that can bind to modified LDL particles
and make them be internalized. The accumulation of lipid droplets in the cyto-
plasm of macrophages turns them to foam cells which marks the formation of early
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atherosclerotic plaque or fatty streak. The foam cells secret pro-inflammatory cy-
tokines and reactive oxygen species that amplify the local inflammatory response.
Dead foam cells represent the major component of necrotic core of the atheroscle-
rotic lesion [78, 80].

At early atherosclerotic stage, the artery enlarges to compensate the expansion
of the intima caused by atherosclerotic plaque and preserve the normal lumen. But
if the risk factors still exist and the plaque develops further that the dilation of
the artery can’t compensate the increased volume of the intima, the lumen would
be narrowed. And the early plaque could develop to vulnerable plaque which is
characterized by a thin fibrous cap and a large lipid pool. The thin fibrous cap, the
structure that separates the blood and the atherosclerotic lesion, is susceptible to
rupture. Once it happens, the components in the atherosclerotic lesion are released
into the blood. Platelets are activated by thrombin, together with the interaction
with the released atherosclerotic lesion components, leading to the formation of
thrombus [78].

Early plaques or fatty streaks are prevalent in young people without any symp-
toms [80]. It is hard to recognize the early pathological change in the cardiovascular
system, and then take actions by individuals. However, the overexpressed VCAM-
1 on the plasma membrane of activated endothelial cells of inflamed endothelium
could be a target to detect atherosclerosis at early stage. There are works using
anti-VCAM-1 antibody or VCAM-1-binging peptide conjugated magnetic nano-
/micro-particles to detect activated endothelial cells [81, 82, 83].

In this chapter we want to discuss the functionalization of amino-coated QDs
with VCAM-1 binding peptides, and the specificity and efficiency of these function-
alized QDs on labeling inflamed endothelium.

6.1 Functionalize QDs with VCAM-1 binding peptides
(VQDs)

The amino-coated QDs (Qdot 705 ITK™Amino (PEG) Quantum Dots) were bought
from Invitrogen, Sweden, which were referred as amino QDs. The fluorescence peak
of these amino QDs was actually measured at about 696 nm. VCAM-1 binding pep-
tides were bought from Innovagen, Sweden, and have an amino acid sequence of
VHPKQHRGGSKGC. We used Sulfo-SMCC (Thermo Scientific, Sweden) as the
cross-linker to help to conjugate VCAM-1 binding peptides to QDs by two steps,
as shown in Figure 6.1. The amine on the surface of QDs, and thiol group of cys-
teine (abbreviated as C) at one end of the amino acid sequence of VCAM-1 binding
peptides serve as the reactive sites for conjugation.

Amino QDs and Sulfo-SMCC were mixed in 50 mM phosphate-buffered saline
(PBS, Gibco, Sweden) at a molar ratio of about 1:150000 (0.0034 nmol amino QDs
versus 500 nmol Sulfo-SMCC), and gently shaken for 1 hour. During this period the
NHS ester at one end of Sulfo-SMCC would react with amine on the surface of QDs
to form QD-maleimides, as shown in Figure 6.1(a). After removing the unreacted
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Sulfo-SMCC by NAP-10 column (GE Healthcare, Sweden), 400 nmol VCAM-1
binding peptides were added to the QD-maleimide solution. Then the mixture was
gently shaken at 4 ◦C overnight. During this period the desired functionalized QDs
with VCAM-1 binding peptides (referred to as VQDs) were formed through the
binding between maleimide group of the QD and thiol group of VCAM-1 binding
peptide, as shown in Figure 6.1(b). Unreacted VCAM-1 binding peptides were then
removed by Amicon Ultra-4 filter (100 kDa cutoff, Millipore, Sweden).
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Figure 6.1: Conjugation steps of amino QDs with VCAM-1 binding peptides by
Sulfo-SMCC.

6.2 VQDs labeling activated cultured endothelial cells

Mouse aortic endothelial cells, which were cultivated in the medium containing
endothelial growth medium-2 (EGM-2, Lonza, Denmark), 20% fetal bovine serum
(FBS), 100 U/mL penicillin, 100 mg/mL streptomycin, 29.2 mg/mL glutamine and
0.25 mg/mL amphotericin B (Invitrogen, Sweden) at 37 ◦C, were firstly used to test
the labeling efficiency and specificity of VQDs. Treating cells with 20 ng/mL TNF-
α for 24 hours was used to activate endothelial cells and increase the expression of
VCAM-1 on the plasma membrane [78, 84, 85]. The cells without TNF-α treatment
were served as control. After removing TNF-α, 1.3 nM amino QDs or VQDs were
added to the culture medium and incubated the cells for 5 or 24 hours. The
typical confocal images of cells incubated with VQDs for 24 hours in Figure 6.2(a,
b), and statistical result in Figure 6.2(e) show that TNF-α treatment increases
the uptake of VQDs. Pre-incubation of VQDs with recombinant VCAM-1 (R&D
Systems, Sweden) for 5 hours blocks the uptake of VQDs by the cells, as shown in
Figure 6.2(c, d, e). Furthermore, Figure 6.2(e) shows that the uptake of VQDs is
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significantly higher than that of amino QDs. This is probably because the uptake
of VQDs is through the interaction between VQDs and VCAM-1 molecules on the
cell plasma membrane and then internalization by the cells. The uptake of amino
QDs is through un-specifically endocytosis with which the uptake probability is
much lower than that of VQDs. These in vitro results indicate the high specificity
and efficiency of VQDs on labeling VCAM-1 expressing cells.

Figure 6.2: The functionalization of QDs with VCAM-1 binding peptides increases
the labeling efficiency on VCAM-1 expressing endothelial cells. (a–d) Typical con-
focal images of cultured mouse endothelial cells with different treatments. The blue
signals are from DAPI nuclei staining and the red signals are from QDs. (e) Sta-
tistical result of QD signal in the cells with different treatments. Values are shown
as means±SD. ∗p < 0.001 vs amino QD in the same treatment group at the same
time point. +p < 0.001 vs control VQD at the same time point. #p < 0.001 vs
VQD in the same treatment group at the same time point.

6.3 VQDs labeling inflamed endothelium

Male adult C57BL/6 mice were used in this animal study. They were injected
intraperitoneally with 30 mg lipopolysaccharide (LPS, Sigma-Aldrich, Sweden) to
induce the inflammation in the endothelium of aorta and increase the expression of
VCAM-1 [84, 85]. The mice without LPS injection were served as control. Twenty-
four hours after LPS injection, 10 pmol VQDs or amino QDs were injected into
the mouse body through tail vein. Four hours later, the aorta was collected from
the euthanized mouse. The confocal images of endothelium in Figure 6.3(a) and
statistical result in Figure 6.3(b) clearly show that LPS treatment significantly
increases the VQDs uptake by endothelium. And there is basically no QD signal
found in LPS and amino QDs treated mice.
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Figure 6.3: The functionalization of QDs with VCAM-1 binding peptides increases
the labeling efficiency on endothelium in vivo. (a) Typical confocal images of en-
dothelium of mouse aorta with different treatments in vivo. The blue signals are
from DAPI nuclei staining and the red signals are from QDs. (b) Statistical result
of QD signal in the cells of endothelium with different treatments. Values are shown
as means±SD. ∗ ∗ ∗p < 0.001.

6.4 Blue-shift of VQD fluorescence in inflamed endothelium

Besides the high specificity and efficiency of VQDs on labeling cultured endothelial
cells and endothelium, we found a blue-shift phenomenon in the fluorescence peak of
VQDs in cultured TNF-α treated endothelial cells (Figure 6.4(a)), circulating blood
cells (Figure 6.4(b, c) and endothelium from LPS treated mice (Figure 6.4(d)), from
originally about 700 nm to about 670 nm.

A similar blue-shift phenomenon was found in tube mixing VQDs and recom-
binant VCAM-1 at a molar ratio of 1:1, but not at 10:1, as shown in Figure 6.5.
No blue-shift phenomenon was found by mixing VQDs with 10% FBS, indicating
the blue-shift in the fluorescence peak of VQDs is due to the interaction between
VQDs and VCAM-1. Note that the two peaks in the fluorescence spectra of amino
QDs, VQDs, VQDs with 10% FBS, VQDs with recombinant VCAM-1 at 10:1, are
due to the intrinsic quality of amino QDs bought from Invitrogen.
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Figure 6.4: Blue-shift in the fluorescence peak of VQDs from cultured TNF-α
treated endothelial cells (a), blood obtained from cardiac puncture of LPS treated
mice (b, c) and endothelium from LPS treated mice (d).

Figure 6.5: Blue-shift phenomenon found in the fluorescence peak of VQDs after
incubation of VQDs with recombinant VCAM-1 at a molar ratio of 1:1 in tube.
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6.5 Conclusion

In this chapter we presented the method of conjugating VCAM-1 binding peptides
to amino-coated QDs, and showed the high labeling specificity and efficiency of these
functionalized QDs on both cultured endothelial cells and inflamed endothelium in
vivo. We also observed a blue-shift phenomenon in the fluorescence peak of the
functionalized QDs after interacting with VCAM-1, which could be expected to be
a parameter to detect inflamed endothelium in vivo.





Chapter 7

Fluorescence of QDs embedded in
porous alumina membrane

The study about the interaction between QDs and other molecules or structures,
and the effect of that on the QDs’ optical properties, are always interested by
researchers. Because these information could be helpful to further understand the
physical mechanism of QDs and better apply them in bioimaging.

The porous alumina membrane studied in this chapter was bought from What-
man Ltd. with a product number of Anodisc 47, 6809-5522. It is composed of
high-purity aluminum oxide matrix with 0.2 µm-diameter honeycomb pore struc-
tures inside, as shown in Figure 7.1(a). The thickness of the membrane is about 55
µm. The porous alumina membrane is widely used in laboratory sample filtration
and visualization, such as bacteria filtered from soil [86], nucleic acids analysis [87]
and DNA detection [88]. The membrane is also widely used as cell culture sub-
strate [89, 90]. It can be modified with other reagents to have additional functions
such as a catalytic membrane [91]. The porous alumina membrane becomes trans-
parent when wet which facilitates the direct imaging of cells, microorganisms and
molecules after filtration, cultivation or reaction. Furthermore, the membrane has
no autofluorescence, as shown in Figure 7.1(c).

Since QDs have been widely used as a novel fluorescent agent in bioimaging, it
is necessary to investigate the interaction between QDs (the fluorophore) and the
porous alumina membrane (the imaging substrate) which is the subject discussed
in this chapter.
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Figure 7.1: Typical SEM images of porous alumina membrane from the top (a) and
lateral (b). (c) Reflected light signals by the microscope slide and porous alumina
membrane which shows that the membrane has no autofluorescence.

7.1 QD-membrane sample preparation

The CdSe-CdS/ZnS core-multishell QDs used in this study were the same as the
QDs used in Chapter 5. Different samples were prepared through the following
description.

Sample A: Untreated porous alumina membrane immersed in immersion oil
(Immersol 518F, Zeiss).

Sample B: QD solution (water-soluble QDs in Milli-Q water, 100 nM) dropped
in the middle of the microscope slide and be sealed by nail polish and glass coverslip.

Sample C: QD-embedded membrane which was prepared by immersing the
membrane in a 3 nM QD solution for 100 minutes and then in water for 20 min-
utes to wash away loosely attached QDs on the membrane surface. Air-dried QD-
embedded membrane was immersed in immersion oil and be sealed by microscope
slide and glass coverslip.

Sample D: QD solution (oil-soluble QDs in chloroform, 10 pM) dropped in the
middle of the microscope slide. Wait for several seconds to make it dry and then
seal with glass coverslip. The QD solution was so diluted that single QDs obtained
on the microscope slide finally in this procedure.

7.2 Fluorescence spectrum of QDs in alumina membrane

Figure 7.2(a) shows the fluorescence spectra of QDs embedded in the pores of the
membrane (sample C) obtained from a series of circular areas with a diameter of
0.21 µm. It is observed that several small peaks are superimposed to the principal
QD fluorescence spectra. The position of small peaks is varied when we change the
0.21 µm-in-diameter analysis area along the red arrow. If we enlarge the analysis
area from 0.14 to 1.4 µm-in-diameter, the small peaks are gradually disappeared
and the fluorescence spectra tend to be smooth, as shown in Figure 7.2(b).
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Figure 7.2: Fluorescence spectra of QDs embedded in the membrane (sample C) ob-
tained from 0.21 µm-in-diameter circular areas along the red arrow (a) and circular
areas from 0.14 to 1.4 µm-in-diameter along the black arrow (b).

The fluorescence spectra of single QDs (sample D) and QD solution (sample
B) are almost smooth that are totally different from the fluorescence spectra of
QDs embedded in the membrane (sample C) obtained from small analysis area, as
shown in Figure 7.3. This result indicates that the small peaks superimposed on
the principal QD fluorescence spectra observed in sample C are highly related with
the pore structures of the membrane.

Figure 7.3: Fluorescence spectra of single QDs (sample D) that are far away from
other QDs (a) indicated by small rings in (c) and near other QDs (b) indicated
by small rings enclosed by large ellipses in (c). (d) Fluorescence spectrum of QD
solution (sample B) which is smooth and has a similar shape with that of QDs em-
bedded in the membrane obtained from a large analysis area (1.4 µm-in-diameter)
but has a blue-shift in the fluorescence peak.
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We performed a finite-difference time-domain simulation to investigate the fine
features in the fluorescence spectrum of QDs embedded in the porous alumina
membrane. We found that the detected QD fluorescence spectrum is almost smooth
when the QD is placed on the top of the membrane. When the QD is on the
membrane surface or inside the membrane the fine spectral features appear due
to the photonic band structure induced by the pores which is consistent with the
experimental results. Furthermore, if we change the position and size of the pore
structures the fine spectral features at different wavelengths are obtained. This
finding perfectly explains the experimental result in Figure 7.2(b) that the QD
fluorescence spectrum is averaged out and tend to be smooth after enlarging the
analysis area. For the details see Paper 2.

We also found that the fluorescence peak of QDs embedded in the membrane
moved towards to a longer wavelength when increased the excitation power. How-
ever, the fluorescence peak of QD solution (sample B) was not changed. This is
probably due to the heat generated from the relaxation process of the photoexcited
electron-hole pair from the high-energy exciton state to the ground exciton state,
diffuses much slower from QD to the immersion oil in sample C than that from QD
to the water in sample B. The temperature increase in QDs of sample C induced
this red-shift in the fluorescence peak when increased the excitation power with
which more heat would be released during the relaxation process. For more details
see Paper 2.

7.3 Conclusion

In this chapter we studied the fluorescence spectrum of QD embedded in the porous
alumina membrane which is widely used in the laboratory sample filtration and vi-
sualization. We found small peaks were superimposed to the principal QD fluores-
cence spectrum. These fine spectral features are most probably due to the photonic
band structure induced by the interaction between QD and the pore structure of
the membrane. We also found a red-shift phenomenon in the fluorescence peak
of QDs embedded in the membrane after increasing the excitation power. This
phenomenon is probably due to the temperature increase in the QD through the
heat released from relaxation process of photoexcited electron-hole pair from the
high-energy exciton state to the ground exciton state.



Chapter 8

Summary of the papers and
outlook

QDs have been widely applied in bioimaging because of their superior optical prop-
erties. However, the blinking behavior of single QDs is a defect that could limit
their application. In Paper 1 we studied the mechanism of QD blinking by us-
ing CdSe-core QDs with different shell thicknesses under different excitations. We
found that single QD fluorescence shows two different kinds of blinking behavior.
Under lower excitations (1.8 and 3.9 W/cm2) it displays distinguishable on and off
states which we called blinking. Under higher excitations (12.1 and 25 W/cm2)
it shows continuous change in the fluorescence intensity which we called flickering.
Theoretical analysis shows that under lower excitations the transfer of photogen-
erated electron and hole between QD core states and surface states leads to QD
blinking. Under higher excitations the photogenerated electron and hole could
be further excited via intraband excitation and fluctuate between different energy
levels, which will suppress the radiative recombination between electron and hole,
leading to QD flickering. Coating the CdSe core with a thick shell made of ma-
terials with a higher band gap energy such as a CdS/Cd0.5Zn0.5S/ZnS shell could
significantly increase the on-state rate of single QD fluorescence and thus increase
the overall quantum yield. However, a very thick shell is easy to split and thus
made the QD lose fluorescence. Further optimization of QD fabrication protocol is
needed in our lab to synthesize non-blinking QDs.

Monitoring [Ca2+]i is a key technique in biological research especially in neuro-
science. In order to develop a QD-based Ca2+ sensor, we investigated the influence
of Ca2+ on the QD optical properties in Paper 4. We found that the fluorescence in-
tensity, on-state rate of single QD fluorescence and QD lifetime could be reversibly
modified by Ca2+ interaction. More experiments on the cell level is needed to test
the efficiency of these QDs as a Ca2+ sensor. Normally the QDs could be unspecif-
ically uptaken by cells through endocytosis and then be confined in the lysosomes
but can’t freely move in the cytoplasm [92, 93]. We need to label the cells with
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QDs that can freely move in the cytoplasm so that the QDs could interact with the
intracellular Ca2+ ions. This may need the help of transfection, microinjection or
other techniques [94]. Then we need to test if the QD fluorescence could follow the
dynamic change of [Ca2+]i efficiently.

In Paper 3 we discussed the method to conjugate VCAM-1 binding peptides
to QDs by using Sulfo-SMCC. And these functionalized QDs have shown high
specificity and efficiency in labeling inflamed endothelium. QD toxicity evaluation
for live animal and whole body QD fluorescence imaging are needed to perform
to apply these functionalized QDs to clinical diagnosis of atherosclerosis at early
stage. We also found a blue-shift in the fluorescence peak of QDs after interacting
with VCAM-1. But the mechanism of this phenomenon is still unclear. Further
works need to be done in this subject. For example, we could study if this blue-
shift phenomenon is related to the emission wavelength of QDs by using QDs with
different sizes.

In Paper 2 we studied the modulated fluorescence of QDs embedded in a porous
alumina membrane which is widely used in the laboratory sample filtration and
visualization. The fluorescence spectrum of QDs is modulated by the photonic
band structure introduced by the interaction between QDs and the pore structure
of the membrane. This study could supply information for the experiments using
QDs as the fluorescent agent and the porous alumina membrane as the imaging
substrate.
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