
Fluorescence Properties of Quantum Dots and Their

Utilization in Bioimaging

HAO XU

Doctoral Thesis in Biological Physics
Stockholm, Sweden 2016



TRITA-FYS 2016:54
ISSN 0280-316X
ISRN KTH/FYS/–16:54-SE
ISBN 978-91-7729-074-2

KTH
SE-100 44 Stockholm

SWEDEN

Akademisk avhandling som med tillstånd av Kungliga Tekniska Högskolan framläg-
ges till offentlig granskning för avläggande av Teknologie Doktorsexamen i Biologisk
Fysik 29 September 2016 i Seminarierum Earth på SciLifeLab, Tomtebodavägen 23,
Solna.

© Hao Xu, September 2016

Tryck: Universitetsservice US AB



Abstract

Quantum dots (QDs), especially colloidal semiconductor QDs, possess properties
including high quantum yields, narrow fluorescence spectra, broad absorption and
excellent photostability, making them extremely powerful in bioimaging. Moreover,
high surface-to-volume ratio further renders QDs ideal for functionalization to ob-
tain good biocompatibility and sensitivity to the environment. In this thesis, we
studied the fluorescence properties of QDs and attempted multiple ways to boost
applications of QDs in bioimaging field.

By time-correlated single photon counting (TCSPC) measurement and detailed
analysis of fluorescence decay spectra, we quantitatively interpreted the fluorescence
mechanism of colloidal semiconductor QDs. Most importantly, it revealed that the
broad fluorescence spectra of CdSe QDs intrinsically originated from the Fermi
golden rule.

To enhance QD fluorescence, we used a porous alumina membrane, which has
been widely used for biomacromolecule filtration, as a photonic crystal structure
to modulate QD fluorescence, resulting in a distinguished modulation on QD flu-
orescence spectrum. This may be utilized as an effective means to identify QDs
embedded in the porous alumina membrane.

We studied the acid dissociation of 3-mercaptopropionic acid (MPA) coated
QDs and found that the electrophoretic mobility of 3-MPA coated CdSe QDs was
very low when the pH value of the QD solution was below 7.0 or with addition
of Ca2+ ions. meanwhile, the intensity of the QD fluorescence was reduced when
with the conditions mentioned above. The electrophoretic mobility and fluorescence
intensity of Ca2+-treated QDs was restored when an approximate amount of Ca2+

chelators, ethylene glycol tetraacetic acid (EGTA), was added to the QD solution.
Further analyses and first-principles study showed that the acid dissociated QD-
3MPA strongly interacted with Ca2+, forming a charge neutral QD-3MPA-Ca2+ in
the absence of EGTA. The devising strategies in this paper could also be applicable
for other studies.

Blinking phenomena of both CdSe-CdS/ZnS core-shell QDs and 3C-SiC nanocrys-
tals (NCs) were studied. For CdSe QDs, we meticulously studied their blinking
phenomena by various surface modifications, including QDs with different shell
thickness, Ca2+ ion and glycerol treatments. It was clearly shown that off-state
distributions obeyed the inverse power law distribution, while the on-state distribu-
tion was much more complicated and closely correlated with QD surface conditions.
By studying the optical properties under the treatment with glycerol, we unraveled
the fluorescence mechanism of 3C-SiC NCs. The fluorescence intensity of 3C-SiC
NCs increased with glycerol treatment while the fluorescence decay remained un-
changed, indicating that the electron transition pathway of the fluorescence was
not associated with the energy relaxation pathway via surface states.

To examine QD effect on ciliated cells, we conducted a 70-day long experiment
on the bioelectric and morphological response of human airway epithelial Calu-3
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cells with periodic deposition of 3-MPA coated QDs. By transepithelial electric
resistance (TEER) measurement and examination of immunofluorescence images,
the cytotoxicity of QDs was found very low. Further fluorescence measurement
directly demonstrated that a very limited amount of QDs penetrated through the
epithelial cell monolayer.

In a brief summary, in this thesis, we found a direct means to quantify the re-
laxation and recombination processes in the QD fluorescence, studied pH and ion
impacts on 3-MPA coated QDs for bio-sensing applications, and the blinking modu-
lation for bioimaging and biosensing. Moreover, QDs could be used not only to label
samples, as discussed in this thesis, they could be used to mimic the environment,
e.g., ultra fine particles (air pollution impact), as well as drug delivery carriers.
Super-resolution fluorescent bioimaging, such as, stochastic optical reconstruction
microscopy (STORM) and photo-activated localization microscopy (PALM), may
benefit from the modulation of the QD blinking in this study. Our fluorescence
model might be helpful for time-gating measurement in super-resolution imaging
or mapping of cellular components by fluorescence lifetime imaging (FLIM) mi-
croscopy through the separation of lifetimes of fluorescent QDs tagged.



Sammanfattning

Kvantprickar (QDs), speciellt kolloidala halvledarkvantprickar, har egenskaper
som högt kvantutbyte, smala emissionsspektra, breda absorptionsspektra och ut-
märkt fotostabilitet. Dessa egenskaper ger kvantprickar överlägsna fördelar för
biologisk avbildning. Utöver ovan nämnda fördelar har kvantprickar även högt
yta/volym-förhållande, vilket ger goda möjligheter för vidare ytfunktionalisering
för att öka biokompatibilitet och sensitivitet till den lokala biologiska miljön. I
denna avhandling har vi studerat kvantprickars fluorescensegenskaper och under-
sökt flertalet tillämpningar av kvantprickar för biologisk avbildning.

Med hjälp av tidskorrelerad enfotonräkning (TCSPC) och en detaljerad analys
av fluorescenslivstid, har vi lyckats uttyda mekanismen bakom kolloidala halvledark-
vantprickars fluorescens. Huvudsakligen kan enskilda CdSe-kvantprickars fluo-
rescensspektra härledas från den Fermis gyllene regel.

För att öka sensitiviteten hos kvantprickar i biologiska tillämpningar har vi an-
vänt porösa aluminiumoxidmembran, som regelbundet används som biomolekylära
filter inom biologisk forskning. Vi använde dessa membran som fotonisk kristall-
struktur för att studera dess effekt på QD-fluorescens. En robust modulering av
kvantprickarnas fluorescensspektrum observerades, vilket möjliggör detektion av
kvantprickar inbäddade i porösa aluminiumoxidmembran.

Vi har i denna avhandling även undersökt hur kvantprickars fluorescens påverkas
av pH-halt och Ca2+-koncentration. Vid elektrofores uppvisade 3-MPA-belagda
kvantprickar väldigt låg mobilitet när QD-lösningen hade en hög kalciumkoncentra-
tion eller ett pH-värde som underskred 7.0. För Ca2+-behandlade kvantprickar åter-
ficks både mobilitet och fluorescensintensitet efter att Ca2+-kelatliganden EGTA
tillsattes till kvantprickslösningen. Vidare analyser och beräkningar visade att
QD-3MPA starkt interagerade med Ca2+ och formade en laddningsneutral QD-
3MPA-Ca2+ i frånvaron av EGTA. Denna studie visar styrkan av denna metod
som biologisk sensor.

Vi har även studerat blinkningsbeteende för både 3C-SiC-nanokristaller och
CdSe-CdS/ZnS-kvantprickar. Vi studerade CdSe-kvantprickars blinkningsbeteende
med olika ytmodifikationer, vilket inkluderade kvantprickar med olika skaltjocklek,
kalcium- och glycerolbehandling. Det visade sig tydligt att distributionen av fluo-
rescenta av-lägen följer en potenslag, medan distributionen av fluorescenta på-lägen
är mer komplicerad och är starkt korrelerad till kvantprickens yttillstånd. Vi stud-
erade 3C-SiC-nanokristallers fluorescensmekanismer genom att undersöka kvant-
prickens optiska egenskaper under glycerolbehandling. Fluorescensintensiteten hos
3C-SiC-nanokristaller ökade vid glycerolbehandling, medan fluorescenslivstiden var
oförändrad. Detta indikerar att fluorescensens elektronövergång inte är relaterad
till relaxationen genom yttillstånd.

För att studera kvantprickars effekt på cilierade celler genomförde vi ett 70 dagar
långt experiment där vi mätte humana luftvägsepitelcellers (Calu-3) bioelektriska
och morfologiska respons till följd av periodisk deponering av 3-MPA-belagda kvant-
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prickar. Genom immunofluorescens och mätningar av den transepiteliska elektriska
resistansen (TEER) påvisades att kvantprickarnas cytotoxicitet var väldigt låg. Yt-
terligare fluorescensmätningar visade att en väldigt begränsad mängd kvantprickar
trängde genom det epiteliska monolagret.

För att kort sammanfatta har vi genom studierna som ligger till grund för
denna avhandling funnit ett sätt att direkt karakterisera relaxations- och rekombi-
nationsprocesserna för kvantpricksfluorescens, vilket inkluderar effekten av pH och
jonmiljö på 3-MPA-belagda kvantprickar för biosensortillämpningar, samt moduler-
ing av QD-blinkning för tillämpningar inom biologisk avbildning och biosensorer.
Kvantprickar kan dessutom inte bara användas för infärgning av preparat, utan
även för att simulera effekterna av miljöföroreningar och som ett sätt att leverera
läkemedel till kroppen. Superupplösningsmikroskopi (som PALM och STORM)
kan dra nytta av studiet av modulering av QD-blinkning. Vår fluorescensmodell
kan hjälpa att förklara tidsbaserade fenomen i superupplösningsmikroskopi och för
att kartlägga cellulära komponenter genom separation baserad på kvantprickars
fluorescenslivstid i FLIM.
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Chapter 1

Introduction

Light is an important way for a human being to explore the world. By light reflec-
tion and emission, we can acquire information of things including color, texture,
constitute, wet or dry, clean or miry, etc. In physics, light is an electromagnetic
wave, and the visible band for humankind is from 380 nm to 760 nm, i.e., pur-
ple to dark red. Light is essentially made of photons, a form of quanta energy of
electromagnetic radiation, demonstrating wave-particle duality [1, 2]. The relation
between wavelength and energy of photon is as below:

E = hν = h
c

λ
(1.1)

Here E refers to the energy of a photon, λ is the wavelength of a photon. As we
could see from the equation, it is clear that the shorter the wavelength, the higher
energy the photon has.

Indeed, the wave-particle duality applies to all the particles in nature [3], which
has been verified not only for elementary particles like electron, but also compound
particles like atom and molecules. The wave-particle duality property is well de-
scribed by De Brogile relation [4] by Equation. (1.2). Resolutions of microscopy,
including the optical, optoacoustic and electron microscopy (EM), are all based on
this principle.

λ =
h

p
=

h

mυ

√

1 − υ2

c2
(1.2)

where λ is the wavelength of the particle, p is momentum; h is the Plank constant;
υ the velocity; c is the light speed in vacuum.

Light can interact with matter through scattering, reflection, diffraction, absorp-
tion and emission, etc [5]. While considering light emission, there are many ways
for materials to emit photons [6, 7], like chemiluminescence, crystalloluminescence,
electroluminescence, mechanoluminescence [8], photoluminescence, radiolumines-
cence and thermoluminescence.

1



2 CHAPTER 1. INTRODUCTION

In my thesis study, I mainly focus on the fluorescence properties of cadmium
selenide (CdSe) based quantum dots (QDs) and their utilization in bioimaging and
related biological studies.

1.1 Fluorescence and bioimaging

When talking about photoluminescence, we need to introduce phosphorescence and
fluorescence. Basically, both ways are triggered through the absorption of photon
with high energy, resulting in an emission with a photon of low energy. Specific
process is shown in Fig. 1.1, an electron at its ground state firstly transits into
excited state after absorption of a photon, resulting in an electron-hole pair with an
excited electron in high energy and a positive charge vacancy/hole in lower energy
band. Then the excited electron will relax and generally go back to the bottom
of excited state band. Many physical processes could occur in this whole process.
Right after the ejection of electron into high energy level, vibrational relaxation will
immediately occur by the interaction between electron and phonon of oscillation of
atom, and the exited electron normally goes to the bottom of excited states in a
time range of picosecond (ps). Furthermore, two different processes could happen.
One process is that the electron quickly recombines with the vacancy/hole in the
ground state, resulting in an emission of a photon at a time delay in the range of
nanosecond (ns), which for the whole process is generally termed as fluorescence.
For the other process, the electron will go to a meta-stable state, e.g., triplet state,
photoisomerized, photoionized state or some equivalent state, where the electron
is restricted and forbidden to recombine directly with the hole in lower energy
band. It will eventually relax to the ground state with a recombination time several
orders longer than that of fluorescence, which is termed as phosphorescence. The
recombination time here is about microsecond (µs) to minutes [9, 10]. Note that
there are also many other processes occur in the diagram in Fig. 1.1, like internal
conversion and non-radiative recombination.
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Figure 1.1: Schematic diagram of photoluminescence
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Fluorescence techniques have been well developed and utilized in biological
study. With proper fluorescent probes, the subtle features of many biological struc-
tures, as well as the physical and chemical processes inside the biological samples,
could be clearly visualized. Note that, in biological study, bioluminescent materials
are also highly beneficial tools [11, 12, 13] with similar luminescence process as
fluorophores, thus they are also classified as fluorophores when being discussed in
this thesis.

1.1.1 Fluorohores and labeling approaches

Fluorophores

A proper fluorescent probe to the targeting object is normally a necessity in
bioimaging. By the origin of fluorophores, they could be simply grouped as intrinsic
and extrinsic fluorophores.

Intrinsic fluorophores: Intrinsic fluorophores refer to fluorescent proteins
(FPs) which are intrinsically developed inside biological samples. The fluorescent
constitutes inside the molecule structures are aromatic amino acids, tryptophan
(trp), etc [14, 15].

Green fluorescent protein (GFP) and its derivatives, which were originally found
in crystal jellyfish or Aequorea victora, have been adopted profoundly in many
applications [16, 17]. GFP is made of 238 amino acids, with an absorption peak
at 395 nm and an emission peak at 509 nm. Its β-barrel structure protects well
it chromophore from surrounding, shown in Fig.1.2(A), leading to a good stability.
Nowadays, the family of FP has covered almost the whole visible band [18], as is
shown in Fig. 1.2(B).

Intrinsic fluoreophores such as GFP are robust candidates because they can be
genetically encoded so that they can directly bind to proteins or organelles of in-
terest. They can even transgenically label a whole animal. FPs have consistently
been developed, behaving with basically non-toxicity. While some issues still re-
main, such as dimerization, environmental unstability, limited choices especially at
long wavelengths and crosstalk during multicolor labeling, hindering further ap-
plications of FPs. For instance, pH could substantially reduce the fluorescence
intensity of FPs due to denaturation or degradation of chromophore.

Extrinsic fluorophore: Extrinsic fluorophores refer to exotic fluorophores for
biological samples. They consist of organic fluorophores and inorganic fluorophores.

Organic fluorophores/dyes have a big family and have been well commercialized,
such as Alexa Fluor, Rhodamine, BODIPY, DAPI, fluorecein, quinine, tyrosine,
cynaines etc [19], as shown in Fig. 1.2(C). Some could be obtained from nature,
like quinine, while others are synthesized in the lab, like DAPI, which was originally
designed as drug against trypanosomiasis.

So far, inorganic fluorophres mainly refer to lanthanide probes and inorganic
QDs. Lanthanide probes are the metal ions in lanthanide series, like europium
(Eu(III)), terbium (Tb(III), samarium (Sm(III), gadolinium (Gd(III), cerium, lutetium,
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Figure 1.2: (A) β-barrel motif of GFP (adapted with permission from G. Kremers
et al.. Fluorescent Proteins at A Glance. J. Cell Sci., 124, 157–160, 2011, copy-
right © 2011). (B) Emission spectral properties of the brightest FPs (adapted with
permission from G. Kremers et al.. Fluorescent Proteins at A Glance. J. Cell Sci.,
124, 157–160, 2011, Copyright © 2011). (C) Plot of fluorophore brightness vs the
wavelength of maximum absorption for the major classes of fluorophores (adapted
with permission from L, Lavis et al., Bright Ideas for Chemical Biology. ACS Chem.

Biol., 3(3), 142–155, 2008, copyright © 2008 by the American Chemical Society).
(D) The excitation and emission spectrum of Tb(III) with minor change (adapted
with permission from X. Shi et al., Synthesis and Fluorescence Properties of Lan-
thanide(III) Complexes of A Novel Bis(Pyrazolyl-Carboxyl)pyridine-Based Ligand.
Spectrochimica Acta Pat A, 72, 198–203, 2009, copyright © 2008 by Elsevier).
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ytterbium. Fluorescence from these free metal ions is originally weak, however it
will drastically increases when metal ions become bound with certain organic lig-
ands. Lanthanide probes [20] usually show sharp emission with large Stokes shift
between excitation and emission, and a long lifetime in the order of µs. QDs are ex-
tremely bright and photostable, they however suffer from aggregation and difficulty
in specific labeling, and above all, their controversial cytotoxicity issues.

Fluorophores comparison: It is worth to mention that organic fluorophore
and FPs are closely related, e.g., the chromophores of FPs are essentially organic
fluorescent molecules, e.g., typtophan. For organic fluorophores, there are a plenty
of small fluorescent tags available for biological studies with minimal perturbation
on cellular function. Lanthanide ions can also be embedded into specific molecule
structure since their fluorescence intensities highly depend on their surrounding
structures. FPs usually have sizes of approximately 3 nm.

QDs are rather useful for many studies, e.g., single particle tracking due to their
brightness. But the size of QDs (ca. 6–10 nm) hinders their internalization into
cells and for studies like biomolecule dynamic conformation.

Properties of different fluorophores differ drastically, whereby researchers always
need to make their choices depending on the specific study, e.g., organelles labeling,
protein monitoring, ions indicators, apoptosis reagents, bimolecular conformation,
cell proliferation or transfer indicating, and based on a comprehensive consider-
ations about probe’s specific chemical properties including reactivity, lipophilic,
photostability, acid dissociation constant, sensitivity, as well as physical properties
(e.g., size, optical spectrum).

Bioluminescence: Bioluminescence materials, such as lucifer derivatives [13],
are also solid candidates in bioimaging. Their luminescence is triggered by the
addition of another chemical compound. The obstacle of deep tissue illumination
can therefore be effectively resolved since no external excitation source is needed
for these materials, thus they could be nicely adopted for living animals by means
of, e.g., subcutaneous injection through tails.

Labeling approaches

Genetically encoding: Labeling through genetic ways needs DNA constructs.
For instance, to introduce genetically encoded FP, like GFP, to a specific target
in cell, a construct contains GFP gene should be built. Transfection, including
viral and non-viral DNA transfer methods, is usually followed to transfer the con-
struct to nuclei. Typically with the aid like calcium phosphate, electroporation
or cationic acid, a transient pore will open to take up the specific DNA sequence
and express it under further cell culture. More to the upstream for FP gene selec-
tion, recently developed clustered regularly interspaced short palindromic repeats
(CRISPR) method is an enzymatic way to select and acquire specific gene [21], like
CRISPR/cas9.

Immunohistochemistry: Immunohistochemistry or immunostaining gener-
ally refers to antibody-based labeling for targeted proteins in biological samples. It
is widely and effectively adopted to label cells and tissues, mostly for in vitro study
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but also works for in vivo study [22]. Immunostaining commonly uses primary and
secondary antibody kits to specifically bind to certain cell components. Note that
primary antibody contains monoclonal and polyclonal groups, depending on the
antibody capability of recognition either specifically against one antigen epitope or
many epitopes of the same antigen, resulting in either a specific labeling or high
detection sensitivity.

As shown in Fig. 1.3, there are three different approaches: direct immonofluores-
cence (fluorescent tag linked with primary antibody), indirect immunofluorescence
(fluorescent tag linked with secondary antibody which could recognize primary anti-
body) and complementary indirect immunofluorescence (fluorescent tag linked with
a component which is strongly reactive with the other chemical linked to primary
antibody, like biotin and avidin pair).

      Direct 

Immunostaining
      Indirect

Immunostaining

Complement Indirect

    Immunostaining

fluorescent tag

primary antibody

protein target

secondary antibody

reactive pair

Figure 1.3: Schematic diagram of immunostaining

Chemically binding: This labeling method is through the high chemical reac-
tivity between probes and targets. For instance, DAPI [23] has a strong affinity to
minor groove of DNA, and propidium [24] exhibits 20–30-fold higher fluorescence
intensity upon binding to nuclei acid.

Many efforts have been dedicated to engineer fluorophores to enhance their
labeling specificity and sensitivity. For small fluorescent molecules, some could
directly penetrate through cell membrane. For some others, some extra physical
processes are needed to boost the internalization of probes into cytoplasm, like heat
shock or squeezing, which create transient pores on the membrane, thus leading
the fluorophore into the cells. Also to precisely locate the dye, signal/sequential
peptides are bond to functionalize fluorophores.

Label-free imaging: A trend in bioimaging is label-free characterization, be-
cause exotic fluorophores usually induce side effects, either on the behavior of living
cells, such as cytoskeleton reshaping, abnormal secretion of protein, or perturbation
of intracellular environment, which would finally lead to inaccurate, even mislead-
ing in biological information. On the other hand, light illumination would also lead
to certain phototoxicity. Indeed, for light microscopy, there are also ways to use la-
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bel free methods to observe cellular structure [25], e.g., second-harmonic generation
microscopy. More specifically, when infrared light with high power (e.g., wavelength
at 800 nm) is irradiated onto collagen, second-harmonic generation light with half
the wavelength of excitation light (i.e., 400 nm) originating from the oscillation of
electrons will be generated, thus making it possible to see the detailed structure.
Label-free methods could also refer to opto-acoustic, X-ray, Raman-scattering imag-
ing, etc.

1.2 Fluorescence based techniques in bioimaging

Many techniques are available to detect fluorescence brightness, spectral characters
and fluorescence lifetime. Hereby, I briefly introduce some techniques highly related
to this thesis study, with the focus on the utilization of QDs in biosensing and
bioimaging.

1.2.1 Optical microscopy

Optical microscopy, especially fluorescence microscopy, plays a key role in bioimag-
ing to visualize biological samples. Here are some microscopy techniques and their
strategies.

Wide field and confocal microscopy: Wide field microscopy technique is
the basis of many other optical microscopy modalities. Confocal microscopy is one
most important derivative. A simplified diagram of confocal microscopy is shown
in Fig. 1.4(A). The main difference between the wide field and the confocal mi-
croscopy is the implementation of pinhole. Illustratively, firstly excitation source,
either laser or lamp, is led onto sample. Fluorescence photons will be emitted from
fluorescent probes right after the absorption of the excitation photons, which will
pass together with excitation photons through the dichroic mirror with a band-
pass filter kit that blocks the excitation photons and permits only the fluorescence
photons to pass and reach the detector. The pinhole setting would substantially
filter away the fluorescence photons coming from out-of-focus points, thus reducing
the background and achieving an accurate read of the localized fluorescent probes.
Consider the diffraction-induced point spread function (PSF), the resolution of the
confocal microscopy could reach the limit shown below:

D =
0.61λ
N.A.

, N.A. = n sin (α) (1.3)

Here λ is the wavelength of fluorescence; N.A. is the numerical aperture; n the
refractive index, α is half the light collection angle; D is the closet distance between
two neighbour locations that could be discerned.

Nowadays, confocal laser scanning microscope (CLSM), an excellent derivative
of confocal microscopy, is commonly adopted in bioimaging. The scanning mode
works through a galvanometer scanner, which works by reflecting and deflecting the
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focused light to irradiate onto the sample point-by-point and detecting fluorescence
through pinhole setting. CLSM normally needs at least several µs dwelling at
each optical pixel, thus it needs up to hundreds of ms acquisition time for an
image frame with size 512×512 pixels. Such a slow acquisition is a big drawback
especially for studying biological dynamic processes. To make it faster, some other
modalities have been invented [26], e.g., resonant scanning confocal microscopy
using a resonant scanner to achieve a high scanning rate, spinning disk confocal
employing microlens disk together with pinhole array to simultaneously measure
several points.

Super-resolution microscopy: To overcome the resolution limit for studying
single molecules, super-resolution microscopy has been sprouting up to push optical
microscopy further beyond its optical diffraction limit, which was awarded with
Nobel Prize in Chemistry in 2014.

So far, three different techniques [27] are widely used, stimulated emission deple-
tion microscopy (STED) brought up by S. Hell in 1994 [28, 29], stochastic optical
reconstruction microscopy (STORM) and photoactivated localization microscopy
(PALM), structured illumination microscopy (SIM).

The key technique in STED is a doughnut STED beam: a circular excitation
light excites fluorescent molecules, and a depletion laser with doughnut shape su-
perimposing on the excitation area is used to stimulate the excited electron into
stimulated emission. By separating spontaneous emission and stimulated emis-
sion, a fine localization of fluorescence molecules in nanometer scale is obtained,
achieving a high resolution. Note that the doughnut shape is mainly formed by the
interference of light through phase modulation. The size of the doughnut tuned by
the depletion laser intensity largely determines the resolution limit.

Generally speaking, STED belongs to ground state depleted (GSD) microscopy
technique. Reversible saturable optical fluorescence transitions (RESOLFT) mi-
croscopy is another great representative. RESOLFT firstly uses a circular beam
to set the illuminated molecules to the on-mode, then deactivates the fluorophore
to the off-mode by another laser beam with doughnut shape, resulting in a sin-
gle molecule or few molecules in the center at the on-mode, and finally it uses an
excitation laser to excite the on-mode molecules, obtaining a fine localization at
nanometer scale. By this, high power laser is avoided, making the imaging process
less costly, achieving a high repetition of sample characterization due to the low
dosage of excitation light.

The fundamental strategies of STORM and PALM are highly related to the
point spread function (PSF) of single fluorescent probes. Consider an infinite light
spot passing through the optics of microscopy, the central profile of the spot in the
detection plane would generally forms a Bessel-function profile or approximately
a Gaussian profile. Thus by Gaussian fitting, the original location of the probe
in the sample stage could be re-localized. To use this strategy, the light emitting
molecules should sparsely distribute to avoid the profile overlap of two neighbour-
ing molecules in the detection plane and thus make sure Gaussion fitting process
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is doable. After thousands of frames, an image with subtle structures could be re-
constructed. For this technique, photo-activated fluorescent molecules are usually
needed to control the number of emission events, such as the FRET between cy3
and cy5 [30]. Moreover, a powerful computing capacity is needed to process the
huge raw image data.

The principle of SIM [31] is the structured illuminations. In SIM, a known
pattern of illumination is used. By changing the angle of the illumination plane,
a Moiré pattern is achieved. By correlating the images acquired from different
angles and the frequency of illumination pattern, through inverse Fourier transform
calculations, fine structures of the sample below diffraction limit could be resolved.

Many other strategies to reach super-resolution are now available or under de-
velopment. For instance, LSM880 from Carl Zeiss is equipped with an airy scanning
unit. By reducing the pinhole to rather a small size and detecting by the detector
assay, neighbouring fluorescent molecules could be discerned by comparing their
corresponding fluorescence profiles.

3D bioimaging: Large-scale characterization is a very hot topic in bioimaging
so far, like 3-dimensional (3D) construction of tissues or the progression of cell
development. And many efforts are spent in inventing 3D microscopy both from
the aspects of resolution and acquisition rate.

Super-resolution microscopies including 3D-STED, 3D-STORM or iPALM are
developed based on two similar but oppositely positioned units along the axial di-
rection. Using the interferometric method, the axial position of the fluorescence
source is localized and a high-resolved vortex is achieved. To obtain deep-tissue
imaging, light sheet fluorescence microscopy (LSFM) [32] employs a sheet-shaped
illumination to excite a series of planes of the large-scale sample then reconstructs
the whole body of the sample. Multifocus microscopy [33] utilizes a lens array to ex-
tract the fluorescence from different focus planes simultaneously, thus making a 3D
image in a highly efficient way, overcoming the dilemma between time-consuming
issue and 3D image acquisition.

Many other new techniques have been emerging to resolve biological issues.
For instance, universal point accumulation for imaging in nanoscale topography
(PAINT) draws the traces of fluorescent tagged molecules and enhances the resolu-
tion. Conical diffraction microscopy (CoDiM) super-resolution system shapes the
illumination light.

Beside the representative candidates briefly introduced above, there are numbers
of other optical microscopy techniques available, such as differential interference
contrast (DIC), phase contrast microscopy, dark field and total internal reflection
fluorescence microscopy (TIRF). TIRF takes advantage of the total internal reflec-
tion principle by which only a limited depth of the sample is excited, approximately
100 nm in depth. This is a good expert system to characterize sample surface or a
section around 100 nm, with an outstanding signal-to-noise ratio.
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1.2.2 Fluorescence microscopy related techniques

Using optical microscopy, many strategies are implemented to study the properties
of biology samples, e.g., Förster resonance energy transfer (FRET) for detecting
conformation of molecules or enforcing the fluorescence of paired molecules within
10 nm, fluorescence recovery after photobleaching (FRAP) to check the diffusion
properties of biological matters, fluorescence lifetime to map the distribution of dif-
ferent biomolecules. All these techniques are successfully utilized for analysis of the
structures, physical and chemical properties of the biomolecules, the surrounding
environment, interaction and distribution of the biomolecules.

Fluorescence correlation spectroscopy (FCS) is another important optical modal-
ity to study single biomolecules. It is quite suitable for single molecule study. It can
also be combined with FRET. Moreover, FCS can also be equipped with confocal
microscopy or even STED [34], to obtain the fluorescence signal of molecules from
precisely selected the area, which is quite powerful for biological sample sections,
e.g., cell membrane.

There are also modalities based on fluorescence. For example, flow cytome-
try counts different fluorescence signals respectively from the labelled targets. As
a derivative, fluorescence activated cell sorting (FACS), as shown in Fig. 1.4(B),
uses the fluorescence signal detection to sort out differently labelled cells by charg-
ing biological particles, which then migrates them to different collecting tubes by
exerting an electric filed. Flow sight captures the image of the targets, and after
further processing, information like cell morphology could be analyzed. Meanwhile,
techniques like fluorescence spectroscopy are also quite important to analyze fluo-
rescence properties of fluorescent probes like QDs and their bioimaging application.

For all the techniques mentioned above, a good photodetector is always manda-
tory for either fluorescence detection precision or fast response. Today, most used
photodetectors are photomultiplier tube (PMT), charge-coupled device (CCD),
complementary metal-oxide-semiconductor (CMOS) and avalanche photodiode (APD).

QDs actually have been used in all the above mentioned techniques for different
bioimaging applications. In this thesis study, we focus on the fundamental study of
QD fluorescence and fluorescence characteristics to further boost their utilization
in bioimaging.
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Figure 1.4: (A) Schematic structure of confocal microscopy. (B) Structure of FACS





Chapter 2

Semiconductor quantum dots and

bioimaging

In this chapter, I will discuss the basic quantum mechanics about semiconductor
QDs, QD fluorescence properties and the utilization of QDs in bioimaging, then
briefly introduce the aim of this thesis study.

2.1 Energy band theory

In quantum mechanics, electrons can only stay on allowed energy states, and they
tend to occupy the low energy states when left alone. In other words, for an atom,
the electrons will occupy the outer-shell orbitals (high-energy states) only if the
inner shells (low-energy states) are fully occupied. At equilibrium, the occupation
of an energy state E is described by Fermi function.

f(E) =
1

e(E−EF )/kBT + 1
(2.1)

where f(E) is the probability of electron occupation of state E, EF is Fermi energy
level, kB is the Boltzmann constant, T is temperature.

Since the inner-shell energy states are fully occupied (rigid electrons), the phys-
ical and chemical properties of an atom are mainly determined by the outer-shell
electrons (active electrons). Furthermore, when atoms get close to each other, the
outer-shell orbits of single atoms will hybridize, leading to the formulation of sub-
level energy states on which the electrons are shared, as indicated in Fig. 2.1(A and
B) of a five-atom system.

When a large number of atoms are brought together to form solid or crystal,
energy bands form. By filling the energy bands by electrons in the crystal energy-
wise, we notice that for an intrinsic semiconductor crystal, there is a distinguished
energy gap (termed energy bandgap) between the highest-occupied energy band and
the lowest-unoccupied energy band. The highest-occupied energy band is termed
as valence band, the lowest-unoccupied energy band is conduction band.

13
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There are actually three types of crystals in nature, sorting by conductivity:
insulator, semiconductor, and conductor. As indicated in Fig. 2.1(C-E), insulator
has a big energy bandgap between valence band and conduction band, normally
above 9 eV, forbidding electrons to transit from the valence band into the conduction
band. The energy gap of a commonly used semiconductor ranges from 1 eV to 3 eV.
Because of this energy bandgap, the electrons initially occupying the valence band
can be easily excited to transit to the conduction band, making the semiconductor
conducting, thus the term of semi-conductor. On the other hand, the conduction
band of a conductor is partially occupied by electrons so the conductor is electrically
conducting.
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Figure 2.1: (A) Outer shell quantum orbits of a single atom. (B) Quantum orbits
of a five-atom system. (C) Band structure of insulator. (D) Band structure of
semiconductor. (e) Band structure of metal.

Semiconductor material shows highly tunable properties in many aspects, such
as conductivity and fluorescence, and it has been constantly and extensively devel-
oped. Semiconductor industry, especially silicon-based devices, has been playing
a critical role in our daily life, e.g., from compute to illumination sources, from
satellite to military weapons.

In this thesis, since I have mainly conducted research on CdSe colloidal semi-
conductor QDs, I will introduce more in detail about them.
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2.1.1 Energy state

In quantum theory, the energy state of an electron is described by Schrödinger
equation, as shown in Equation. (2.2)

ih̄
∂Ψ
∂t

= − h̄2

2m
∂2Ψ
∂x2

+ VΨ (2.2)

where Ψ is the wave function; V is the potential energy.

Particle/electron in box
One-dimension infinite potential well: Consider the following simplified

situation, at a time-independent steady condition, a particle is confined in one-
dimension infinite well with length of L, as is shown in Fig. 2.2(A). The Schrödinger
equation now evolves as

EΨ = − h̄2

2m
∂2Ψ
∂x2

+ VΨ (2.3)

Equation. (2.3) could be further changed into Equation. (2.4)

∂2Ψ
∂x2

= −2m(E − V )

h̄2 Ψ (2.4)

Let 2m(E − V )/h̄2 = k2, Equation. (2.4) could be changed into

∂2Ψ
∂x2

= −k2Ψ (2.5)

The solution to Equation. (2.5) is

Ψ(x) = A sin(kx) +B cos(kx) (2.6)

Consider the boundary condition in Fig. 2.2(A) for the one dimensional case,
the solution becomes

Ψ(x) = A sin(nπx/L) , k =
nπ

L
, n = 1, 2, 3, 4, ... (2.7)

The energy E is therefore

E − V =
h̄2k2

2m
=

h2n2

8mL2
(2.8)

That is to say, a particle confined in such a one-dimensional potential well shown in
Fig. 2.2(A) could only have discrete energy states. By the formulae above, we could
also know length L is a critical parameter that determines the quantum states. If
L is extremely large, by the Equation. (2.8), the quantum energy states become
continuous.
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Density of energy states: We now calculate the density of energy states of
semiconductors of different dimensions. Consider a bulk material with dimension
L×L×L, shown in Fig. 2.2(B), the increment is L/π according to Equation. (2.7).
The number of energy states in a sphere with a radius k is

N = 2 × (
L

π
)3 × 4

3
× π × k3 (2.9)

where the first factor of 2 corresponds to two spin states; "(L/π)3" is the density;
" 4

3 × π × k3" is the whole sphere volume in the k space.
For the relation between E and k, we get the following relation

E =
h̄2k2

2m∗
⇒ k =

√
2m∗E

h̄
⇒ dk

dE
=
m∗

h̄2k
(2.10)

where m∗ is the effective mass of electron.
dN

dE
=
dN

dk

dk

dE
= (

L

π
)3πk2 dk

dE
(2.11)

From the Equation.(2.10) and (2.11), we can get the state density at a certain
energy. For three-dimensional bulk material, the density of energy states is

g(E) =
1
L3

dN

dE
=

1
2π2

(

2m∗

h̄2

)3/2 √
E , E ≥ 0 (2.12)

For the conduction band,

g3D(E) =
1

2π2

(

2m∗

h̄2

)3/2
√

E − Ec , E ≥ Ec) (2.13)

where Ec is the energy of conduction band edge.
Similarly, we can get the densities of states g2D(E), g1D(E) and g0D(E) for

two-dimensional, one-dimensional and zero-dimensional semiconductors,

g2D(E) =
4πm∗

h2
(2.14)

g1D(E) =

√
2πm∗

h2

1√
E − Ec

(2.15)

g0D(E) =
∑

2δ(E − Ec) (2.16)

for E ≥ Ec.
The schematic diagram of the densities of energy states in semiconductors are

shown in Fig. 2.2(C). Specifically, for the three-dimensional bulk material, the
higher energy, higher the density of states (DOS). For two-dimensional materi-
als, like nano-film, the DOS looks constant despite of the energy variation, while it
will become step-like distributions after including the energy dispersions in kz. For
1D materials, i.e., quantum wire, the DOS will be quite sharp due to the quantum
confinement. For zero dimensional material, QD, there is no k-dependence, thus
the energy levels are completely discretized.
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Figure 2.2: (A) One-dimension infinite potential well of a particle. (B) Wave vector
k space. (C) Density of state for semiconductor of different dimensions

2.2 Band structure of semiconductor QD

Similar to the energy structure in Fig. 1.1, in a semiconductor QD, after absorbing
a photon with high energy, an electron is ejected into the conduction band, leaving
a positively charged hole in the valence band. Coulomb attractive force between
the excited electron and the hole will form an exciton [35], i.e., an electron-hole
pair. The electron with a high energy in the conduction band will relax to the
conduction bandedge via energy relaxation processes, mostly via emitting phonons.
The same processes also occur for the hole in the valence band. The electron at the
conduction bandedge will recombine with the hole in the valence bandedge to emit
a photon, i.e., the QD will fluoresce. We could simply illustrate the fluorescence
process by Fig. 2.3. It shows the band structure of semiconductor with relevant
energy levels as function of its generic configuration [36].

Heterostructure semiconductor QD
To functionalize a semiconductor, a material structure with several layers of

different properties is often needed, normally forming into a structure of homojunc-
tion or heterojunction. Homojunction refers to the layers of the same semiconductor
material, i.e., all have the same bandgap, but with differently dopings; while hetero-
junction refers to multiple layers of different materials, i.e., of different bandgaps.

Our semiconductor QDs are usually of a heterojunction structure, as indicated
in Fig. 2.4, including structures of type I (straddling), type II (staggered), type III
(broken), which substantially determine QD’s physical properties.

For type I, electrons and holes are confined in the same layer of a narrow
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Figure 2.3: Energy structure of a semiconductor QD

bandgap, rendering a large overlap between the wave function of electrons and
holes and thus a high emission intensity, which is a necessity for light emitting
materials. In type II structure, shown in Fig. 2.4(B), electrons will go to the left
layer while holes to the right, all for low energy states, and this spatial separation
of electrons and holes benefits electric-signal-demand device, e.g., light detector or
solar cell. Type III could be treated as a subgroup of type II structure with a high
offset, which has been used for infrared light emitting from the junction.

BA C

Stradding Staggered Broken

Figure 2.4: Band structure of QD

Fluorescence of QDs of different types All the structures mentioned above
could be adopted to fabricate fluorescent QDs, they demonstrate however different
optical properties [37]. Type I structure is usually the candidate of choice. It dis-
plays the highest probability of the radiative recombination between electrons and
holes (wave function overlap between electrons and holes). However, there are also
few works studying the optical properties of type II QDs, and the studies from these
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works [38, 39, 40] showed that due to the separation of electron and holes located
at different layers, like in ZnTe/CdS structure, electrons should largely distribute
in the CdS layer while holes in the ZnTe layer. This led to QD fluorescence in
infrared (IR) range, i.e., emission of photons with energies smaller than the energy
bandgaps of the two materials.

QD fabrication methods There are many ways to fabricate QDs, includ-
ing wet chemical method, such as successive ionic layer adsorption and reaction
(SILAR), hydrothermal method, self-assembling, sol-gel method, or gas- or solid-
phase methods including physical vapor deposition (PVD), chemical vapor deposi-
tion (CVD), molecular beam epitaxy (MBE), exfoliation etc.

Normally defects are introduced during QD synthesis processes. Types and
amounts of these defects are also highly related to the fabrication techniques. De-
fects affect strongly many physical properties of QDs, including optical properties,
electrical properties and thermal properties, etc. Blinking phenomena are widely
believed to derive from the surface states (defects) of QDs.

Robust candidates With a tiny size, a high surface-to-volume ratio and a high
tunability, QDs are comprehensively studied and utilized. They have already been
used as light-emitting diode, laser source, television monitor, solar-energy convertor,
detector, invisible ink. QDs are also considered as promising candidates in quantum
computation. With proper designs on structure and surface modifications, QDs are
good photothermal and plasmonic materials as well.

Whilst in medical field, QDs could be used as drug-delivery carriers and indi-
cators, as well as important choices for bioimaging, including in vivo and in vitro

studies, especially after chemical conjugations. Furthermore, metal doping the QDs
can further modify the energy band structure of the QDs [41].

2.3 Fluorescence properties of QD in bioimaging study

In this section, I will discuss about fluorescence properties of QDs, which is closely
related to their applications in bioimaging.

Depending on different utilization of QDs in bioimaing, fluorescence properties
could be studied and utilized by different ways. From research point, the approaches
could be divided into single QDs and QD ensembles.

2.3.1 Fluorescence characteristics of single QD

As discussed in the last section, phonon is highly involved during the fluorescence
process. To directly observe the intrinsic fluorescence without much involvement of
phonons, it needs a strict control of the thermal motion or temperature.

Zero-phonon line/transition Zero-phonon line (ZPL) refers to the fluores-
cence line originating directly from a single recombination process without phonon
disturbance. The zero-phonon lines and phonon side band jointly constitute the
fluorescence spectrum of a QD. At room temperature, the zero-phonon transition
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is distorted due to the phonon-electron interaction, thus resulting in a broad flu-
orescence spectrum. ZPL study is therefore a clear way to obtain QD’s intrinsic
fluorescence.

Single dot luminescence (SDL) measurement and fluorescence line-narrowing
(FLN) spectroscopy at low temperature (liquid of helium or nitrogen) could sort
out discrete fluorescence lines [42, 43, 44, 45].

In the work by Bawendi and his colleagues, several distinct characters of single
QDs were nicely revealed by SDL measurement. As shown in Fig. 2.5(B), with a
short integral time at 10 K, the spectrum was super sharp, which could be as narrow
as 0.94 meV in photon energy, correspondingly to 0.3 nm in photon wavelength.
Compared to the spectral width for QD ensemble or a single QD in ambient atmo-
sphere, which was normally around 30 nm as in our test, a huge difference could
be seen.

From ZPL studies, they demonstrated that the broad spectrum that normally
recorded is due to several important factors, including time-dependent spectral dif-
fusion of single QDs and thus averaging effect when considering QD ensemble. For
single QDs, spectral diffusions occur for several reasons. In addition to the ther-
mal influence, as shown in Fig. 2.5(A), spectral diffusion happened with increasing
excitation power (the width of the spectrum becoming wider and wider) as well as
increasing integration time, as shown in Fig.2.5(C).

Stark effect on fluorescence Ref. [44] reported the Stark effect for single
QDs, and on QD fluorescence linearly shifted its spectral position with increase of
electric field exerted. Thus it indicated electric field fluctuation will also contribute
to the spectral diffusion.

Fluorescence polarization of QD Many fluorophores show conspicuous po-
larization effect of their fluorescence. So did QDs [45].

The setup of microscopy to detect the polarization of the QD fluorescence was
the insertion of a polarization filter. By changing the angle of the filter and then
recording the images, fluorescence of single QDs could be constructed at different
angles by plotting the fluorescence intensity, as shown in Fig. 2.6. Fig. 2.6(A) shows
a whole view of an image area, and Fig. 2.6(C) is an array of fluorescence plots
together with the analyzer angles. Obviously, regardless of the distinct characters
of fluorescence polarization, the polarization rates of different QDs varied pretty
much, ranging from almost 1 to 0, which could be described by Equation.(2.17).

Polarization =
I(max) − I(min)

I(max)
(2.17)

This polarization in fluorescence indicated that the origin of QD’s fluorescence
could be interpreted by dipole electromagnetic radiation, which refers to the oscil-
lation of a charge pair. On the other hand, the polarization deviation indicated
a complex polarization pattern. Unlike simplified oscillating dipole, which should
demonstrate a 100% polarization, QD’s fluorescence deviates from the dipole with
a "dark axis" [46], as shown in Fig. 2.6(B). This "dark axis" refers to a degenerate
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Figure 2.5: (A) Five consecutive 1 min spectra of a single over-coated dot at 65
W/cm2 and 25 W/cm2 excitation intensity respectively (reprinted with permis-
sion from S. Empedocles et al., Photoluminescence Spectroscopy of Single CdSe
Nanocrystallite Quantum Dots. Phys. Rev. Lett., 77(18), 3873-3876, 1996, copy-
right © 1996 by the American Physical Society). (B) Lower resolution 1 min spectra
of a single standard dot from 45 Åsample at 314, 150 and 65 W/cm2 respectively
(reprinted with permission from S. Empedocles et al., Photoluminescence Spec-
troscopy of Single CdSe Nanocrystallite Quantum Dots. Phys. Rev. Lett., 77(18),
3873-3876, 1996, copyright © 1996 by the American Physical Society). (C) Average
single nanocrystal linewidth as function of excitation intensity with integration time
of 30 s and average single nanocrystal linewidth as function of integration time with
85 W/cm2 excitation intensity (reprinted with permission from S. Empedocles et
al., Photoluminescence from Single Semiconductor Nanostructures. Adv. Mater.,
11(15), 1243-1256, 1999, Copyright © 1999 from John Wiley & Sons).

dipole orienting isotropically in the xy plane with a c-oriented ’dark axis’. For the
images, the in-plane orientation could give the phase angles distribution and out-
of-plane distribution could give the distribution of ’dark-axis’/c-axis against the
sample plane or excitation plane. This explanation well interpreted the polariza-
tion of QD’s fluorescence and also agreed well with the crystallite QD structure,
e.g., wurzite-crystal-structure of QD which grows along the c axis.

Blinking phenomena of QD fluorescence Fluorescence blinking refers to
the stochastic fluorescence change under continuous or pulsed light irradiation
[47, 48, 49, 50], which is also commonly used as the indicator of single QDs.
Fig. 2.7(A) contains a graph of blinking signals. The blinking phenomena have
been observed for over a century, still it remains puzzling. Massive efforts have
been spared to unravel the mechanism of blinking of QDs [51, 52, 53, 54] through
both experimental and numerical studies, and many models were proposed, such as
tunnelling process, Auger recombination, hot electrons ejection, etc., which mostly
only partly explained the blinking properties or specifically to their own results. To
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Figure 2.6: (A) Single NC image (reprinted with permission from S. Empedocles et
al., Photoluminescence from Single Semiconductor Nanostructures. Adv. Mater.,
11(15), 1243-1256, 1999. Copyright © 1999 from John Wiley & Sons). (B) Polar-
ization dependence, the "dark axis" coordinate system with light propagation along
the z-axis (reprinted by permission from Macmillan Publishers Ltd: Nature from
S. Empedocles et al., Three-Dimensional Orientation Measurements of Symmetric
Single Chromophores Using Polarization Microscopy. Nature, 399, 126-130, 1999.
Copyright © 1999). (C) Normalized emission intensity of single NCs as a function
of polarization angle with fit (reprinted by permission from Macmillan Publishers
Ltd: Nature from S. Empedocles et al., Three-Dimensional Orientation Measure-
ments of Symmetric Single Chromophores Using Polarization Microscopy. Nature,
399, 126-130, 1999. Copyright © 1999).

fully unravel blinking phenomena is highly important for both the fundamental flu-
orescence mechanism and QDs’ further utilization in many realms, e.g., bioimaging,
photon source, etc.

Blinking suppression Since blinking is normally treated as an adverse effect
in QD’s application, many works have committed in the suppression of QD fluores-
cence blinking. One way is to build giant QDs with thick shells [55]. Normally, like
in our study, we used QDs with shells of 2 or 3 monolayers (ML) (total QD size
around 5 nm) to achieve a good stability and quantum efficiency, while the giant
QDs had shells of about 20 ML shells, reaching a size around 20 nm. By this giant
structure, blinking was highly suppressed, making these QDs more ideal for single
particle tracking measurements. There were also other ways to get non-blinking
QDs. Chen et al. [56] used a slow controlling process to get high-quality crystallite
QDs, and Ref. [57] reported using mercaptoethylamine to suppress QDs’ blinking.
It is commonly believed that the blinking was largely due to defects. Both giant
QDs and "high-quality" QDs were believed to be mostly free of these defects.

Fluorescence lifetime The fluorescence lifetime normally refers to the time
when the fluorescence of QDs decays to 1/e of its peak intensity, which can be
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calculated from fluorescence decay profile. For a simple two-level energy state
system, theoretically, the fluorescence decay curve is an exponential profile,

Ifluorescence ∝ e−t/τ (2.18)

where Ifluorescence is fluorescence intensity, τ is the fluorescence lifetime.
In reality, the energy system of the QDs is much more complex, especially when

considering the vibrational relaxation processes.
Bawendi’s group used time-tagged, time-resolved (TTTR) measurement to si-

multaneously study the blinking statistics and fluorescence lifetime [47]. It was
found that the blinking signal at high intensity followed a single-exponential decay
with a stable lifetime, while, when measuring the fluorescence signal at low fluores-
cence intensity, the fluorescence decay curves contained multiple time decay series.
They related fluorescence decay at high-fluorescence-intensity to the intrinsic prop-
erties of QD fluorescence, while the fluorescence at low fluorescence intensity was
ascribed to be highly related to the surface states.

A B
Nomalized PL Decays

time(s) time (ns)

collection time(s)

Figure 2.7: Blinking and fluorescence decay of the identical single QDs (adapted
by permission from B. Fisher et al., Emission Intensity Dependence and Single-
Exponential Behavior in Single Colloidal Quantum Dot Fluoresce Lifetimes. J.

Phys. Chem. B, 108, 143-148, 2004, copyright © 2004 American Chemical Society).
(A) Three-dimensional count intensity vs stochastic photon arrival time (start-stop
time in ns) and collection time (in seconds), emission-intensity trajectory for the
data in a, and three different PL decays collected during different short period. (B)
Emission-intensity trajectory from single QD with four intensity ranges defined by
the three threshold levels and the PL decays correspondingly.
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2.4 Fluorescence of QD and environment

In the previous section, I mainly discussed some intrinsic properties of single QDs.
While in this section, we focus on the fluorescence properties of QDs in various
environment conditions.

2.4.1 Fluorescence and shells

Fluorescence shift Shells on the QD core provide a boundary condition that can
modify QD fluorescence spectrum, as shown in Fig. 2.8. In our measurement, during
the growth of the shells layer by layer, QD fluorescence peak basically redshifts,
which is reasonable considering the vacuum level has the highest energy level than
CdS core and the shells have less higher energy levels [58]. Moreover, the ligands on
QD surface also change the fluorescence properties, as was found in our experiments
of QD ligand exchange. Normally 3-MPA coated QDs would have a blue-shift
around 3 nm after exchanging the original ODA ligands of QDs.

2.4.2 Fluorescence versus temperature, pH, ions

As shown in Fig. 2.9, QD ensemble was tested from 282 K to 337.5 K. It was
observed that the fluorescence of this QD ensemble dramatically decreased following
the increase of the temperature. One important reason for such a decrease was
the non-radiative relaxation being enhanced at high temperature due to electron-
phonon scattering. Another thing was the redshift of the fluorescence peak with
increasing temperature, which was ascribed to the thermal expansion of the QD
lattice structure.

Impacts of ions and pH on QDs were also studied in our group. We found
that the fluorescence intensity decreased with at low pH, mainly related to QD
aggregation at low pH. The impacts of Ca2+ were through the electric field that
the ion exerted on the QD as well as the QD aggregation induced by reactions
between the ion and surface ligands of QDs.

Many sensing effects toward surrounding are actually related to the surface lig-
ands of QDs. Interactions between surface ligands and surrounding could be chem-
ical and physical. Meanwhile the surface ligands are the intermediates for different
conjugates before further application for bioimaging or biosensing experiments.
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Figure 2.8: QD structure and fluorescence (A) TEM image of ODA-coated QDs.
(B) TEM image of 3-MPA coated QDs. (C) Geometric structures of the CdSe/CdS
core-shell QD and its corresponding energy band structure. The external Cd atoms
are linked with 3-MPA (adapted from Z. Ning et al., Role of Surface Ligands in
Optical Properties of Colloidal CdSe/CdS Quantum Dots. Phys. Chem. Chem.

Phys., 13, 5848–5854, 2011, with permission of The Royal Society of Chemistry).
(D) Theoretical estimation of the excitation energy as a function of the QD surface
modification, which actually agreed with experiments (adapted from Z. Ning et
al., Role of Surface Ligands in Optical Properties of Colloidal CdSe/CdS Quantum
Dots. Phys. Chem. Chem. Phys., 13, 5848–5854, 2011, with permission of The
Royal Society of Chemistry).
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Figure 2.9: Fluorescence change under elevating temperature. (A) Fluorescence
Intensity. (B) Redshift of fluorescence emission peak

2.5 QD in bioimaging

In this section, I will discuss the utilization of QDs in bioimaging as well as strategies
of QDs for bio-labeling.

2.5.1 Colloidal QD in bioimaging

Due to their excellent properties, QDs are highly valued in bioimaging field, even
though there are some critical concerns, especially cytotoxicity.

Choices of QDs in bioimaging There is a huge family of QDs that could be
used for bioimaging. The most commonly used ones contain these of IV(A), e.g.,
silicon (Si); and II(B)-VI(A), e.g., cadmium selenide (CdSe), cadmium telluride
(CdTe), potassium sulfide (PbS), zinc selenide (ZnSe); also III-V, e.g., gallium
nitride (GaN); There are many noble-metal-based QDs like gold (Au) particles.

As shown in Fig. 2.10(A) [59], the emission of QDs from different species cov-
ers spectral range from ultraviolet (UV) light to far infrared light. The spectral
emission is primarily determined by the material species, that is to say, a certain
material normally only covers a certain range of the optical spectrum. And mak-
ing alloys by tuning the constitute ratio between different elements could further
extend their spectrum, e.g., CdHgTe alloy. For one particular material, we change
the size of the crystalline core to tune its spectrum.

Unlike many other fluorophores, e.g., FPs, QDs are quite photostable under
constant irradiation, as shown in Fig. 2.10, making them ideal for long-time obser-
vation, e.g., good for re-characterization of a sample after long storage time and
experiment needing extremely long exposure time and high repetition like long time
dynamic process.

Due to these outstanding and highly tunable properties of QDs in bioimaging,
QDs have been utilized for different purposes by versatile fluorescence microscopy
techniques.
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A

B

Figure 2.10: Reprinted by permission from Macmillan Publisher Ltd: Nat. Mater.
from I. Medintz et al., Quantum Dot Bioconjugates for Imaging, Labeling and
Sensing. Nat. Mater., 4, 435–446, 2005., copyright © 2005. (A) Representative
QD core materials scaled as a function of their emission wavelength superimposed
over the spectrum and representative areas of biological interest corresponding to
the emission. Inset representative materials used for creating magnetic QDs. (B)
QD resistance to photobleaching. Top row: Nuclear antigens were labelled with
QD 630-streptavidin (red), and microtubules were labelled with Alexa fluor 488
(green) simultaneously in 3T3 cell. Bottom row: microtubules were labelled with
QD 630-streptavidin and nuclear antigens were stained with Alexa 488.
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Multi-color labeling QDs are very suitable for multi-color imaging due to
the sharp spectral peaks of QDs, with a full width at half maximum (FWHM) of
around 20 nm, and their broad absorption, as shown in Fig. 2.11. By using a single
laser line, multiple QDs with different emission wavelengths could be visualized
simultaneously by careful selections of their corresponding fluorescence detection
windows. Fig. 2.11(B) shows a multi-coloring cell with QDs through both detections
of QD fluorescence and the fluorescence of dyes through FRET technique, for which
QDs were used as donors [60].

A B

Figure 2.11: Multi-color labeling (A) Absorption and sharp fluorescence spectrum
for two types of QDs with different sizes. (B) Spatiotemporal strategy for multicolor
QD labeling of A549 cells along with QD/QD-dye emissions utilized (reprinted
with permission from J. Delehanty et al., Spatiotemporal Multicolor Labeling of
Individual Cells Using Peptide-Functionalized Quantum Dots and Mixed Delivery
Techniques. J. Am. Chem. Soc, 133, 10482–10489, 2011. Copyright © 2011
American Chemical Society).

QDs in super-resolution microscopy QDs have also been extensively stud-
ied in super-resolution microscopy. As shown in Fig. 2.12(A), Hanne et al. used
QDs for STED study [61]. They used ZnS-coated CdSe QDs with emission at 705
nm, excitation laser at 628 nm and STED laser at 775 nm. In the work, STED laser
could also excite some fluorescence from QD, but this emission intensity was much
weaker than the fluorescence excited by excitation laser, thus by careful check, they
successfully subtracted the fluorescence residual of QDs induced by STED laser, and
then used the method in cellular vimentin fibres, reaching a resolution of 54 nm.

Fig. 2.12(B) demonstrates the strategies of QD’s utilization in a RESOLFT
microscopy [41]. Here, three-energy-level ZnSe QDs with dopant manganese were
used. A STED laser within the QD excited-state absorption (ESA) was used to
switch off the QD fluorescence by constantly pumping the excited electrons in the
doughnut-beam area to a high vibrational state. A resolution of 45 nm was reached
in this work.

Compared to STED and RESOLFT techniques, QDs have been more widely
used for dSTORM microscopy (shown in Fig. 2.12(C)). Hoyer et al. [62] imple-
mented a blueing effect of QDs while under oxidization to control the stochastic
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selection of QDs. Due to the oxidization, QD fluorescence would shift toward short
wavelength, like from red to green. Then they set their detection window at yellow
range, so only QDs that being oxidized to fluoresce at yellow range were detected.
Considering the blinking of QDs, the fluorescent probes were very sparsely dis-
tributed, making it excellent for STORM technique.

Although QDs have been successfully used for super-resolution, the studies are
very limited.

QDs in single particle tracking The high quantum yield and photostability
of QDs highlights their potential in single particle tracking project, as reviewed in
Ref. [63]. QDs also demonstrated their potential in diagnosis. Gao et al. used
QDs to monitor the tumor growth in live mice, with an outstandingly distinct
fluorescence above the autofluorescence background [64].

And for tissue labeling, considering the demand for deep illumination and flu-
orescence, there are some works that used infrared QD for in vitro and in vivo

bioimaging [65, 66], where the field is lacking proper fluorescent probe choices.
QD-based biosensing QDs were also applied for biosensing. Medintz et al. re-

ported using QD-dopamine conjugates mixed with FLX nanosphere as pH-sensitive
and pH-insensitive fluorophore to make a ratiometer to monitor the intracellular
pH change [67].

Some works implemented FRET technique for bioimaging research with QDs.
For instance, in Delehanty’s work [60], as shown in Fig. 2.10, QDs were used as
donors to further excite cy3 and cy5. So et al. used QDs as the acceptors in FRET
construct with Luc8 and triggered the system by tail injection of coelenterazine for
in vivo imaging in mice [12].

Graphene QDs (GQDs) have also been used for bioimaging [68]. Although their
spectra are much wider compared to traditional semiconductor QDs like CdSe, their
extraordinary thermal, chemical and optical properties make them very valuable in
bioimaging field.

Cytotoxicity Cytotoxicity is always a big issue in bioimaging field. QDs and
their possible toxicity effects on cells have been extensively debated in research
work [64, 68, 69, 70]. Results from different reports deviate a lot. Gao et al. [64]
did not find clear effects of QDs on cell viability and growth. Bradburne et al. [69]
extensively studied the impacts of QD surface ligand, delivery modality, cell type,
and found that the cytotoxicity significantly depended on QD surface ligand.

As discussed above, QDs, especially semiconductor QDs have been extensively
studied in almost every technique in bioimaging field. While, as an external fluo-
rophore, one fundamental problem is how to bioconjugate QDs to first make them
biocompatible then construct a good specificity towards their targets.

2.5.2 QD labeling and bioconjugate

Hereby I briefly list some strategies that commonly adopted for bio-labeling.
Directly labeling and signal sequence Direct labeling is a time-efficiency

way to label cells, but generally with weak specificity. As illustrated in Fig. 2.13,
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Figure 2.12: QD in super-resolution microsocpy. (A) QD 705 used for STED:
the excitation and the emission spectra of the antibody-coupled ZnS-coated QD
with excitation laser at λexc = 628 nm and STED laser at λST ED = 775 nm
(reprinted with permission from J. Hanne et al., STED Nanoscopy with Fluorescent
Quantum Dots. Nat. Comm., 6:7127, 2015 under a Creative Commons Attibution
4.0 International License, adapted with acknowledgement from the author). (B)
Schematic diagram of electronic transitions involved in modulating fluorescence of
Mn-QDs. Through excited-state absorption (ESA), the excited electron can be
pumped to higher levels. The right graph shows the absorption, emission and
ESA spectra of Mn-QDs, with indication lines of the excitation and modulation
wavelengths (reprinted with permission from S. Irvine et al., Direct Light-Driven
Modulation of Luminescence from Mn-Doped ZnSe Quantum Dots. Angew. Chem.,
120(5), 2008, from John Wiley and Sons copyright © 2008). (C) Blue shift enables
dSTORM. QD Bluing makes the traces of individual emitters feasible to track due
to the reduced events (reprinted with permission from P. Hoyer et al., Quantum Dot
Blueing and Blinking Enables Fluorescence Nanoscopy. NanoLetters, 11, 245–250,
2011. Copyright © 2011 American Chemical Society).
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Derfus et al. studied the intracellular delivery of QDs for live cells. They mainly
used transfection (using cationic liposome to penetrate cell membrane), electropo-
ration (by electric pulse) and microinjection (by micro-needle to enable subcellular
labeling) methods [71]. By these methods, they checked the location of QDs as
well as the aggregation effect of QDs, and compared the efficiency and specificity
between different ways. Among these ways, signal-sequence-bond QDs had the best
specificity, and they used nuclear localization sequence and mitochondrial localiza-
tion sequence peptides to deliver QDs to the nucleus and mitochondria, respectively,
resulting in a good observation.

Squeezing is also a method for direct labeling, referring to change the pressure
around cells thus creating transient pores on the membrane. In my research, I
also tried to use heat shock technique to introduce QDs into cells, and obtained an
enhancement of the uptake of QDs.

Figure 2.13: Subcellular localization of single QDs (reprinted with permission from
A. Derfus et al., Intracellular Delivery of Quantum Dots for Live Cell Labeling
and Organelle Tracking. Adv. Mater., 16(12), 961-966, 2004. from John Wiley
and Sons Copyright © 2004). (A) PEG-QDs conjugated to nucleus localization
sequence peptides (NLS) with 70 kD rhodamine dextran control and stained for
24h. (B) PEG-QDs conjugated to mitochondria localization sequence peptides
(MLS) with Mitotracker Red confirming mitochondrial labeling and stained for
24h. (C) QD fluorescence remained after 8 min continuous mercury lamp exposure,
while conventional MitoTracker dye (D) bleaches beyond detection after 30 s Of
continuous excitation. Different cells in images for (C,D).

Immunostaining As shown in Fig. 1.3, immunostaining is an most important
methods in bioimaging with QDs. More details about immunostaining process will
be given in Chapter 3.
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Chemical bioconjugate QD chemical bioconjugation is a complicated but
powerful method. Bioconjugate refers to ways to firmly bind two or more com-
pounds together. Different parts of the conjugate usually play roles of different
functions. For instance, one part is to transfer the binding particle to certain tar-
get, and the other part is destined to bind to the target.

There are many different strategies available for bioconjugate. One popular way
is the zero-length crosslinking [72]. As shown in Fig. 2.14(A), chemicals involved
in this methods is EDC & Sulfo-NHS. The main advantage of this technique is the
direct binding between the QD and the functional part without further elongation
of the structure. Similar ways are also available, like Sulfo-SMCC towards amino
QDs [73].

Another important way is through the (strept)avidin-biotin system, utilizing
the high recognition between avidin and biotin [74] or similar pairs.

QD conjugate commonly involves a similar process shown in the right of Fig. 2.14(B).
Antibody needs to be first activated (normally chemically reduced) before further
process, QDs need intermediate materials before be bounded with antibody. After
QD-antibody binding, a separation process is performed to select the conjugated
structures from free QDs and free antibodies.

A B

Figure 2.14: Bioconjugate of QD. (A) Zero-length crosslinking (EDC/NHS). (B) A
routine way for QD-antibody

Two things should be kept in mind in such bioconjugate process. Firstly, a
purification method is needed for every bioconjugation step to make sure that
each step reaches a high quality and the aimed structure is achieved. For this
purpose, different sorting methods are involved, like desalting columning to remove
the salt or extra reagents, and separation columning by using functionalized column
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to bind unwanted reagent to acquire the ideal structures, quenching reagent to
stop the reaction and make reactant inert to avoid unwanted reaction when using
for biolabeling. Secondly, in reality, the reaction is usually not stable. Reaction
condition should be carefully optimized and the products should be freshly made
and used as soon as possible for the biolabeling.

2.6 Puzzle and aim

Although plenty of research has been conducted on QDs, more research is needed
to boost QDs’ application in bioimaging. Among them, one important topic is to
thoroughly understand the fluorescence mechanism of QDs, by which to develop
more ways to tune QD fluorescence properties. Chemical properties of QDs are
extremely important for their biological applications. Thus in this thesis study, we
conduct several researches on the fluorescence mechanism, properties and modu-
lations of QDs as well as their cytotoxicity effects on cells, aiming to extend the
implementation of QDs in super-resolution microscopy, especially for STORM and
GSD microscopy.





Chapter 3

Methods used in this thesis

A thorough investigation on semiconductor QD, primarily on CdSe core-shell struc-
ture QDs, has been performed in this study. Many different methods were involved
for the whole research, both experimentally and theoretically.

3.1 Experimental methods

In order to measure the physical properties of QD, many measurements were in-
volved. Following are the main experimental methods involved in this thesis.

3.1.1 Synthesis of QD

Hereby I specify the synthesis protocol of QDs used in our research. From the point
of synthesis, we could have a deep insight into QD fluorescence properties.

SILAR method of QD synthesis SILAR method [75, 76] is an excellent way
thus adopted to synthesize high-quality semiconductor QDs in my research.

CdSe core A mixture of CdO (13 mg, 0.1 mmol), trioctylphosphine oxide
(TOPO) (0.65 g, 1.7 mmol), n-tetradecylphosphonic acid (TDPA) (56 mg, 0.2 mmol)
and octadecylamine (ODA) (0.35 g, 1.3 mmol) was put into a 50 mL three-neck
flask which was vacuumed for 30 min at 100 ◦C. After that, the flask was heated
to 330 ◦C under nitrogen flow to get a clear solution. The temperature was then
lowered down to 260 ◦C and 12 mg Se dissolved in 0.4 mL tributylphosphine (TOP)
was injected quickly into the reaction mixture. We kept the temperature at 260 ◦C
for the QD core growth, then switched off the heat supply for the reaction flask
when the desired QD size was reached. When the temperature came down to
100 ◦C, 15 mL acetone was added, leading to precipitation of the QDs. Centrifuga-
tion and decantation were carried out subsequently several times to remove residual
precursors and purify the QD cores.

Shell coating The following procedure was performed to add shell layers onto
the CdSe core: 1 g ODA and 4 mL 1-octadecene (ODE) were put into the 50 mL

35
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three-neck flask which was vacuumed for 30 min at 100 ◦C. The CdSe cores syn-
thesized before were dissolved in chloroform and quickly injected into the reaction
solution, which 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 get
the desired core/shell CdSe QDs.

Ligand conversion 3-mercaptopropionic acid (3-MPA) was used to replace
ODA on the oil-dispersible QDs to make them water dispersible. This replacement
is basically simple: dissolve QDs in chloroform in vial 1, mix 2 mL Milli-Q water
with 440 µL 3-MPA in vial 2, pour vial 2 into vial 1 and put a stirrer inside,
then vigorously stir it for 2 h, take the converted QDs in the upper layer into
3 eppendorf tubes, mixed with acetone, centrifuge and re-disperse QD in water
with pH adjustment by 1 M NaOH solution to value around 9, repeat the washing
again and centrifuge to get the clear water-soluble QDs. Fig. 2.8 demonstrates the
structure of QDs before and after water conversion. As we can see, for oil-soluble
QDs, it is quite mono-dispersed, while dry water-soluble QDs more tend to bind due
to the charging surface with ionization, all with size around 5 nm for this CdSe-core
with 2 ML CdS and 1.5 ML ZnS.

Meanwhile, we also tried other ligands conversion with cysteamine hydrochloride
and cystein in another way [77, 78] with slight changes. In this simple process, first
we took certain amount of cysteamine hydrochloride or cystein to a vial, and put
the vial in a 60-80 ◦C water bath, waited for the melting. After that, we added
the oil-soluble QDs into the vial drop wisely, recap the vial and stayed at 80 ◦C for
another 2 h. Solvent chloroform would evaporate even with cap on the vial. Then
the residue was washed in the same manner as that for 3-MPA ligand exchange as
discussed before.

3.1.2 Concentration measurement

We adopted the concentration measurement method used in Yu’s work [79]. UV-vis
Measurements was used to calculate the concentration of CdSe QDs:

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

where D is diameter of QD core; λ is the absorption peak position of the ground
exciton. Note that his calculation applies only to the CdSe core. The empirical
relationship between size and extinction coefficient is

ǫ = 5857 ×D2.65 (3.2)

where ǫ is the extinction coefficient
Thus the concentration could be calculated according to Beer-Lambert law

A = ln
(

I0

I

)

= ǫCL (3.3)
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Here A is the absorption value of CdSe-core solution; I0 is the original light inten-
sity; I is the transmission light intensity; ǫ is the extinction coefficient; C is the
concentration; L is the path length which is commonly fixed to be 1 cm.

The instrument for absorption measurement is a UV-vis spectrometer (U-1900
spectrophotometer from Hitachi), and its schematic graph is as shown in Fig. 3.1.

Lamp
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slit

QD
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Figure 3.1: Schematic diagram for absorption measurement: Wavelength is selected
by grating and absorption value is record after the light passing the tested sample.

3.1.3 Photoluminescence and time-correlated single photon
counting (TCSPC)

Photoluminescence spectroscopy is a main method to characterize the fluorescence
of QDs. In our experiment, we used an optical spectrometer (FluoroMax-3 Horiba
Jobin Yvon) for PL measurement, which was equipped with fluorescence decay
measurement unit.

Fluorescence spectra measurement A xenon lamp is equipped as an exci-
tation source. Similar to the optical path shown in Fig. 3.1, diffraction gratings are
used to select the excitation (in front of the source) and the emission light (in front
of the detector). Pure solvent solution is used as the reference buffer.

Time-correlated single photon counting Time-correlated single photon
counting (TCSPC) [80, 81] is equipped in the same device. The structure of the
TCSPC method is shown in Fig. 3.2: The excitation light is a laser pulser with a
tunable frequency up to 1 MHz. A constant function discriminator (CFD) precisely
marks the arrival times of the excitation laser photon and the emission photon. And
the time different between arrival times of the laser and the emission photons is
compared using a time-to-amplitude converter (TAC) by a voltage ramping, which
is further amplified by a programmable gain amplifier (PGA). Finally, the electric
signal is interpreted by an analog-to-digital converter (ADC). A window discrimi-
nator (WD) is used to tell if the signal is false or true by judging the signal intensity,
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assuring the detection accuracy. After several thousands to million of arrivals of
single photons, fluorescence decay curves could be properly acquired.

Because of the finite width of the laser pulse and the time broadening caused by
scattering, a reference sample is recorded as instrument response function which is
used for deconvolution to calculate the fluorescence lifetime of the sample.

Note that a high QD concentration in the sample could introduce measuring
errors since only the first arrived photons are recorded. Thus a high concentration
may show a fast fluorescence lifetime by mistake. Same issue occurs when a high
laser intensity is applied. Normally a proper detection condition (QD concentration
or laser intensity) should result in a record of around 1 emission photon from QD
sample for every 100 laser pulses.
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Figure 3.2: Electronic schematic for TCSPC. (Adapted with minor revision with
permission from Springer, copyright ©2006 from J. Lakowicz, Principle of Fluo-
rescence Spectroscopy. Springer, chapter 4, pp104, 2006, which was originally
adapted with minor revision from W. Becker et al., Time-Resolved Detection and
Identification of Single Analyte Molecules in Microcapillaries by Time-Correlated
Single-Photon Counting (TCSPC). Review of Scientific Instruments, 70(1835),
1999 (adapted with permission from AIP Publishing LLC, copyright ©1999)).

3.1.4 Microscopy

Several different microscopy techniques were used in this thesis study including
wide-field microscopy, LSM 510 META, and LSM 780.

Wide-field microscopy: Wide-filed microscopy was used to measure fluores-
cence blinking statistics of QDs. The setup is shown in Fig. 3.3, i.e., an Observer.D1
(Carl Zeiss) single particle tracking (SPT) wide field microscopy. A mercury lamp
(X-cite) was used as the light source, equipped with a shutter controllable to block
the light from the source. A power control for the input light intensity could tune
the excitation light intensity from 0 to 100 percent. The excitation light went
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through an aperture to control light intensity, and a field diaphragm to control the
illumination area. After that, the light went through a scanning disk with several
different kits of dichroic mirrors, then through the objective (normally we used 63×
N.A 1.4), QD fluorescence was selected through the dichroic mirrors, then led either
to eyepiece or a camera. The camera was an electron multiplying charge coupled
device (EMCCD) camera (Andor) with a fast response time at low noise level.

Many more parameters in the microscope could be tuned. By the software,
illumination on the sample could be controlled as either continuous or intermittent
light. Exposure time could be tuned down to 1 ms or even lower. Interval of the
bin could be optimized by using the streaming mode. The area of interest could
be changed from a large frame (512 × 512 pixels) or a small one (1 pixel), nicely
focusing towards single particles.

BA

Figure 3.3: (A) Observer.D1 SPT wide field microscopy. (B) LSM 780 (Carl Zeiss)

LSM 780 and lambda unmixing
LSM 780 has been used to take cell images in this thesis, as well as to record

spectral responses of different fluorescent QDs and dyes.
Different from standard confocal microscopy, LSM 780 is equipped with a 32-

channel GaAsP spectral detector array which has a spectral resolution down to 2.9
nm at a fast rate. The lambda mode fulfils its capacity to record simultaneously
the spectra of many fluorophores. The software could efficiently unmix several
fluorophores’ fluorescence from cross-talk by using lambda mode. Note that in
LSM 780, the filter range for emission lights could be tune very precisely due to
the GaAsP detector, unlike common short pass (SP), long pass (LP) and band pass
(BP) filters.

LSM 780 is equipped with many laser lines, including argon laser, He-Ne laser,
and carbon-dioxide lasers, enabling the imaging on many different fluorophores.

Moreover, LSM 780 is also equipped with FCS for diffusion measurements on
biological samples such as cell membrane.

It is also worth to point out that the LSM 880 was equipped with an airy unit
to achieve super resolution, through fitting the profile of a single light spot using a
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very small pinhole to distinguish neighbouring fluorescent probes.
A similar system, LSM 510 META, with a lambda resolution of 11 nm, was also

used for bioimaging in studies in this thesis.
Electron microscopy: Electron Microscopy, including scanning electron mi-

croscopy (SEM) and transmission electron microscopy (TEM), uses electrons as the
signal source. According to the following de Broglie relations, a spatial resolution
down to Å (10−10m) could be achieved.

p = h̄k =
h

λ
(3.4)

D =
0.61λ
N.A.

(3.5)

where p is the momentum of the electron, h Planck constant, λ is the wavelength of
the electron; N.A. is numerical aperture; D is the closet distance of two neighbouring
locations that could be resolved.

So far, the resolution of electron microscopy could go down to 0.2 nm, thus
visualizing the structure of single molecules.

In this thesis, SEM was used to characterize the photonic structure of membrane
for QD fluorescence modulation. TEM was used to measure the crystal structures
of QDs.

3.1.5 ImageJ, LSM image browser

ImageJ was used to read the signal of fluorescence from images obtained from
light microscopes. ZEN from Zeiss was used to process z-stack images to construct
orthogonal images for 3D characterizations.

Blinking statistics ImageJ was used to processing single QD blinking images.
Here an area of 1.5 × 1.5 µm2 (6 × 6 pixels) was chosen. Mean value of the area
was readout consecutively for 50 000 frames as the basic statistic data for the
fluorescence signal, see e.g. Fig. 3.4(A). A Fortran program was coded to calculate
the distribution of fluorescence intensity, i.e., Fig. 3.4(c). A threshold value was
set according to the distribution of the fluorescence intensity to distinguish the on-
and off-state, and the distribution of on/off-state sojourn time could be obtained
by adding the event numbers, Fig. 3.4(d). The definition of sojourn time is shown
in Fig. 3.4(b), e.g., the sojourn time for an off-state event is the time duration from
the first time point that QD fluorescence intensity goes below the threshold value
to the time point the fluorescence intensity is above the threshold value.

On/off probability density in Fig. 3.4(e) is acquired by dividing the number of
events with a certain time duration to the total number of the on-state and off-state
events. Moreover, to get rid of the stacking effect, especially for long-time events
in a rational way, we re-grouped the data, as shown in Fig. 3.4(e) by averaging the
data in each specific time window according to its exponential value.

In our blinking analysis process, we introduced a fluorescence efficiency param-
eter θ = A/(A+B), see Fig. 3.4(c).
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Figure 3.4: Blinking data process (A) One time series of one CdSe-CdS2ZnS1.5 QD
consisting of 50 000 frames. (B) A close picture of the first 275 frames showing
on (grey regions) and off states of different time durations. (C) The occurrence
profile that displays the on and off states. A is the area under the occurrence
profile when the fluorescence intensity is higher than the threshold level (dashed
horizontal line), and B is the area below the threshold level. θ = A/(A + B)
characterizes the fluorescence efficiency. For the time series in (a), θ = 0.84. (D)
Numbers of on/off events. (E) On/off probability densities. (F) Re-grouped on/off
probability densities.

Signal readout for other images, like cell imaging, was read in a similar manner
as for blinking statistics by using ImageJ.

3.1.6 Electrophoresis

Electrophoresis is widely used to sort different components by the charge-to-mass
ratio. In related work in this thesis, electrophoresis was used to study the charge
state of the QDs. Here we did not use EDTA commonly used in the buffer solution
since it could affect QD fluorescence signal.

TAE buffer (25x) was prepared in the following way: We dissolved 121 g Tris
base in 750 mL deionized water, carefully added 28.55 mL glacial acid or equivalent
Acetic acid and then adjusted to a final volume of 1 L. For agarose gel, we added 0.5-
3 wt% agrose (1-6 g in mass) into 400 mL TAE (1x) buffer, loosely covered the bottle
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and pre-warmed in a microwave at 320 W for 2 min, 800 W for 3 min, tightened the
bottle and shaked to make a thorough solution. Finally, the agarose gel buffer was
poured on to a holder with a comb to shape into gel with loading pores. TAE(1x)
solution was used as the buffer in electrophoresis gel for conductivity.

QD loading QDs was loaded then a 60 V electric field was applied for various
time durations ranging from half an hour to a few hours to characterize the mobility
of different types of QDs.

Odyssey Fc Dual-ModeR Imaging System (LI-COR) was used to capture the
pictures after electrophoresis. The device had two light sources: one is around
400–500 nm and the other is around 700 nm.

Samples The samples used in Paper III are as listed:
Group A, for Ca2+ effect

• 1: 35 nM QD-3MPA

• 2: 35 nM QD-3MPA + 0.5 mM Ca2+

• 3: 35 nM QD-3MPA + 1.0 mM Ca2+

• 4: 35 nM QD-3MPA + 1.5 mM Ca2+

• 5: 35 nM QD-3MPA + 2.0 mM Ca2+

• 6: 35 nM QD-3MPA + 2.5 mM Ca2+

Group B, chelation effect of EGTA for Ca2+

• 1: 35 nM QD-3MPA

• 2: 35 nM QD-3MPA + 0.5 mM Ca2+ + 0.5 mM EGTA

• 3: 35 nM QD-3MPA + 1.0 mM Ca2+ + 1.0 mM EGTA

• 4: 35 nM QD-3MPA + 1.5 mM Ca2+ + 1.5 mM EGTA

• 5: 35 nM QD-3MPA + 2.0 mM Ca2+ + 2.0 mM EGTA

• 6: 35 nM QD-3MPA + 2.5 mM Ca2+ + 2.5 mM EGTA

The result of electrophoresis is shown in Fig. 4.6.

3.1.7 Immunocytochemistry

Immunostaining was used to label Calu-3. The cells were fixed using 4% formalde-
hyde (PFA) (Acros Organics, Thermo Fisher Scientific), permeabilized in phosphate
buffered saline (D-PBS, Thermo Scientific, VWR) containing 0.3% Triton X-100
(VWR), blocked using D-PBS with 5.0% goat serum (Life Technologies). The cells
were subsequently incubated with one of the primary antibodies and a correspond-
ing Alexa Fluor 488 conjugated secondary antibody. We used mouse monoclonal
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antibodies (BD Transduction Laboratories, Franklin Lakes, NJ) to recognize E-
cadherin (protein associated with the tight and adherence junctions), rabbit poly-
clonal antibodies (Abcam, Cambridge, UK) to recognize occludin protein in the
tight junctions, rabbit polyclonal anti-ezrin antibodies (Merck Millipore, Darm-
stadt, Germany) to stain microvilli, and Alexa Fluor 546 phalloidin (Molecular
Probes, Thermo Fisher Scientific) to stain actin cytoskeleton. TO-PRO-3 Iodide
and DAPI (Life Technologies, Thermo Fisher Scientific) were used to label nuclei.

Primary antibodies were incubated for overnight at 4◦C and secondary anti-
bodies with fluorescent tags were for incubation of 1 h. Finally the samples were
mounted with antifadent mounting medium onto microscope slide, left under am-
bient atmosphere for overnight and then sealed by nail polish for further character-
ization under microscopy.

3.1.8 TEER measurement

Transepithelial electric resistance (TEER) measurement was used to measure the
resistance of Calu-3 cells. Device used in this measurement was a EVOM2. TEER is
normally used to determine the confluency of cells growth, but also for the treatment
effect onto cells [82]. TEER increased with the formation of cell monolayers. In our
research, we used this resistance as an indicator to characterize Calu-3 cell response
to a periodic QD treatment.

QD loading and test In our experiment for the impact of QD deposition on
Calu-3 cells, both short-term and long-term measurements were performed.

Short-term monitoring:

• the Transwell cluster was taken from the incubator and placed on the heating
plate

• the TEER was measured in one of the ports in an insert for 20 min

• the Transwell cluster was returned back to the incubator

Long-term monitoring:

• the Transwell cluster was taken from the incubator and placed on the heating
plate for 5 min

• the TEER was measured once in each of the three ports in each of six inserts
in the Transwell cluster (18 TEER measurements within 2 min)

• the Transwell cluster was returned back to the incubator

For the addition and time points for the TEER measurement are as following:

• Step 1: (long-term TEER): In three Transwell groups, A, B, and C (insert
A1-A6, B1-B6, C1-C6), we firstly measured the TEER at 08.00, then changed
the medium for both the inserts and in the basolateral compartments. The
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Transwell clusters were returned to the incubator. The TEER was then mea-
sured at 08.00 every day

• Step 2: (short-term TEER): Five hours after the medium change, i.e., at
13.00, we measured the short-term TEER of insert A1 for 20 min. At 5 min,
50µL of QD suspension (12µM) was added to insert A1. The TEER was read
once every 10 s between 5 and 8 min, and every 30 s during the rest of 20-min
period. The short-term TEER of insert B1 and C1 were measured in the
same way with a deposition of 20 µL of QD suspension to insert B1, and of
50 µL of 3-MPA solution (10 mM) to insert C1 at 5 min.

• Step 3: One day after step 1, similar experiments were performed at 13:00 on
insert A2 (50 µL QD suspension), B2 (20 µL QD suspension), and C2 (50 µL
3-MPA solution)

• Step 4: Two days after step 1, similar experiments were performed at 13.00
on insert A3, B3 and C3.

• Step 5: Three days after step 1, step 1-4 were repeated on insert A4-A6,
B4-B6, and C4-C6.

• Step 6: The cycle of steps 1-5 (six days long) was repeated. The whole
experiment continued for two months

3.1.9 Cell culture

All the cells were cultured at 37◦C with CO2 at 5% with proper growth media. Cell
used in this thesis was Calu-3 (Cultured Human Airway Epithelial Cells).

A Human airway epithelial cell (Calu-3) purchased from ATCC (ATCC HTB-
55TM [83]) was cultured using the protocol described previously [84] with slight
modifications. Briefly, the cells were cultured in ATCC-formulated Eagle’s Min-
imum Essential Medium (EMEM, ATCC 30-2003) supplemented with 10% fetal
bovine serum (FBS) and 100 units/mL of penicillin and 100 µg/mL of streptomycin
in a humidified atmosphere with 5% CO2 at 37◦C. The cells were seeded into cell
culture Transwell-Clear inserts (6-well clusters, 24-mm inserts with polyester mem-
brane, pore diameter 0.4 µm, Corning NY) at a density of 0.4 × 106 cells/insert
(0.085 × 106 cells/cm2).

The medium in the inserts and in the well under the inserts (the “basolateral”
compartments) was changed every 2 days at the beginning of the cell culture and
every 3 days after the maturation of the cell monolayer. Cells were allowed to grow
in the cell culture medium until their TEER had reached a plateau, indicating
the formation of a tight epithelial cell monolayer, which was further validated by
a three-dimensional confocal imaging using a Zeiss LSM 780 confocal microscope
with a 63 × /1.4 oil objective. We then replaced the cell culture medium in the
insert with simulated lung fluid (SLF) while the basolateral compartment remained
filled with the cell culture medium to mimic the in vivo situation. The SLF was



3.2. NUMERICAL CALCULATION 45

prepared according to formula SLF3 in [85], with Curosurf (porcine lung lipids and
protein, Takeda Pharma, 80 mg/mL) added as a lung surfactant at a concentration
of 0.0031%. The cells of passages 2–5 were used for the experiments.

3.1.10 Photonic crystal structure

Photonic crystal structures refer to those periodic structures with lattice constants
close to half the wavelength of light of interest, thus affecting the motion of photons
[86], like the one used in our study. As shown in Fig. 3.5, the size of the pores
was ca 0.2 µm. This structure behaved like a two-dimensional photonic structure
for the fluorescence of QDs embedded in the membrane. Due to the size of the
periodic structure (periodic dielectric), light that passes through the structure will
be modulated by diffraction and interference. Some light modes will be enhanced
while others suppressed.

(a) (b)1 µm 50 µm
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Figure 3.5: Figures adapted with permission from H. Xu et al., Modulated Fluo-
rescence of Colloidal Quantum Dots Embedded in a Porous Alumina Membrane.
Copyright ©2013 American Chemical Society. Typical SEM images of a Whatman
aluminum oxide membrane. (A) The surface morphology shows that the diameter
of the pores is about 0.2 µm. (B) A cross-section shows that the thickness of the
membrane is about 55 µm.

QDs with a concentration of 10 nM were deposited onto the membrane in
Fig. 3.5. The membrane was mounted with nail polish on a coverslip.

3.2 Numerical calculation

To seek valid theoretical models for our experimental results as well as to predict
results based on existing results, numerical simulations were performed to bridge
the theoretical prediction and experimental results.



46 CHAPTER 3. METHODS USED IN THIS THESIS

In this thesis, mainly two simulation methods were used, finite-difference time-
domain (FDTD) simulation and first principle calculation, and I ran the FDTD
simulation in my work.

3.2.1 Finite-difference time-domain simulation

By implementing Maxwell’s equations into finite space and time domains, FDTD
can simulate the dynamic development of an electromagnetic field.

Simulation parameter In our study, based on the membrane structure, we de-
fined an elemental unit of the periodic dielectric structure with a size of 0.6×0.6×0.6
µm3. While inside the elemental unit, four different pores with slightly varied radii
as well as slightly asymmetrical structures were positioned. Two detection planes
were put, one in the front plane and one at back plane at a distance of 2.2 µm
and -1.5 µm, respectively, to record the electromagnetic field. Moreover, two per-
fectly matched layers (PMLs) for electromagnetic field dissipation were introduced
to avoid the reflection of the electromagnetic field at positions z = +3 and z = −2
µm.

In the FDTD simulation, I used a Gaussian light pulse source centered at 607
nm and a spectral width of 540–690 nm, to mimic the QD fluorescence in our
experiment. By moving the Gaussian pulse from above into the bottom of the
cavity, we finally got the fluorescence intensity map as well as the electromagnetic
propagation pattern.



Chapter 4

Multiple studies on QDs

In this thesis, six papers are involved about our QDs, mainly CdSe based core-shell
QDs, from the study on QD physical properties for bioimaging and biosensing to
in vitro experiments of cytotoxicity study.

In paper 1, we used fluorescence decay to unravel the fluorescence mechanism
of QDs. In Paper 2, we achieved an enhancement of fluorescence of QDs by using a
Whatman membrane as photonic crystal structure, implying an enhanced molecule
selection method by QD tagging. In paper 3, we checked the ion and pH influences
on QD’s fluorescence and unraveled the acid dissociation of the QD surface ligand
3-MPA. In paper 4 & 5, we checked the blinking phenomena of CdSe QDs and
3C-SiC QDs, trying to resolve fundamental puzzles and seek ways to modulate QD
blinking for biosensing and super-resolution utility. In paper 6, we checked the
impact of periodic deposition of QDs on Calu-3 epithelial cells.

4.1 Mechanism of fluorescence decay by time-resolved

fluorescence measurement

Fig. 4.1(A) concisely demonstrates the fluorescence process in a single QD:

1. Three principal levels: Excited exciton state ψn (energy En), with its occu-
pation nn; ground exciton level ψ1(E1) with its occupation n1; vacuum level
ψ0(E0) with occupation n0 (originally without excitation, the valence band
is completely occupied and the conduction band is completely empty).

2. Optical excitation to generate an exciton from vacuum state ψ0 to ψn at a
rate of 1/α .

3. The ψn-exiton relaxes at a rate 1/τ to ψ1 nonradiatively, via largely the
electron-phonon interaction;

4. The ψ1-exciton transits to radiatively ψ0 at a rate 1/β, where β is the lifetime
of the radiative combination, i.e., fluorescence.

47
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While with a pulse excitation at t = 0 so that nn = 1 and n1 = n0 = 0. The
schematic process in Fig. 4.1(A) could be described by following equations.

dnn

dt
= −nn(1 − n1)

τ
(4.1)

dn1

dt
=
nn(1 − n1)

τ
− n1(1 − n0)

β
(4.2)

dn0

dt
=
n1(1 − n0)

β
(4.3)

Noting that Equation. (4.3) actually represents the theoretical time-resolved
fluorescence of QDs.

We performed a numerical simulation based on our experiment. For τ = 8.0
ns and β = 2.0 ns, the simulation results are shown in Fig. 4.1(B), where the
time-resolved fluorescence indicated by the red curve, according to Equation. (4.3).

A B

Figure 4.1: Figures adapted from H. Xu et al., Mechanisms of Fluorescence Decays
of Colloidal CdSe-CdS/ZnS Quantum Dots Unraveled by Time-Resolved Fluores-
cence Measurement. Phys. Chem. Chem. Phys. 17(27588), 2015 with permission
of The Royal Society of Chemistry. (A) Schematic for photogeneration, energy
relaxation τ and radiative recombination β of an exciton in the QD. (B) Temporal
development of nn, (1 − n0), the theoretical time-resolved fluorescence decay spec-
trum f(t) (red line, magnified by 102) and 1/n1, 1/(1 − n0). τ = 8.0 ns, β = 2.0
ns, δ = 0.1 ns.

A close examination showed that in a very short time directly after the excita-
tion, fluorescence can be well described by single exponential decay

f1(t) ∝ e−t/τ ′

(4.4)

while at late stage of fluorescence, nn is negligibly small, as indicated in Fig. 4.1(B)
so that the Equation. (4.2) and (4.3) could be reduced to

dn1

dt
= −n1(1 − n0)

β
(4.5)
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dn0

dt
=
n1(1 − n0)

β
(4.6)

And approximately 1 − n0 = n1 = n′

0, we could get:

1
n1

=
1
n0

′
=
t+ a

β
(4.7)

f2(t) =
n1(1 − n0)

β
=

βδ

(t+ a)2
(4.8)

Here f2(t) referred to the fluorescence profile at late stage of time-resolved fluores-
cence. From Equation.4.8, it was easy to get

1/
√

fn(t) ∝ t (4.9)

Thus we got a relation that could directly link the experimental result to a clear
fluorescence mechanism model.

By time-resolved single photon counting methods, we got a series of fluorescence
decay curves (shown in Fig. 4.2). Fig. 4.2(A) demonstrated a clear match between
the late-stage time-resolved fluorescence and Equation. (4.9). And Fig. 4.2(B)
showed the PL decays with change of the detection wavelength of QDs. By calcula-
tion of 1/

√

fn(ℓ) with relation of relaxation time τ and recombination time of β, as
shown in Fig. 4.2(C), we obtained the value of relaxation time τ and recombination
time β under different wavelengths of QD fluorescence spectra. Note that as we
checked, the FWHM of single QD fluorescence spectra measured obtained by LSM
780 microscopy was very close to that of the QD ensemble. The strong dependence
of τ and β on the detection wavelength and the agreement between the β profile and
the fluorescence peak suggested that the large FWHM of our QDs is most probably
due to the resonance and off-resonance exciton radiative recombination process.
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A B

C

Figure 4.2: Figures adapted from H. Xu et al., Mechanisms of Fluorescence Decays
of Colloidal CdSe-CdS/ZnS Quantum Dots Unraveled by Time-Resolved Fluores-
cence Measurement. Phys. Chem. Chem. Phys. 17(27588), 2015 with permission
of The Royal Society of Chemistry. (A) 1/

√

fn(ℓ) vs. TAC channel index l as of
function of Nmax and δ, and 1/

√

fn(ℓδ) vs. decay time t = lδ. (B) Time-resolved
fluorescence decay spectra F (l) of our QD solution measured at different detection
wavelengths ∈ (568, 631) nm while the detection bandpass was fixed to be 1 nm.
Normalized fn(l) and corresponding 1/

√

fn(l). Inset shows fluorescence spectrum
of QD solution. (C) Fitting parameters of the detection wavelengths. Solid stars: τ ;
hollow stars: β. Normalized QD fluorescence spectrum is presented as the dashed
line for comparison. Inset shows τ ′ and β′ (β′ is scaled down by a factor of 10).
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4.2 Modulated fluorescence of QDs

In this paper, we used a porous alumina membrane as the photonic crystal structure
for fluorescence measurement, as shown in Fig. 3.5. The membrane has pores with
diameter around 0.2 µm and thickness around 55 µm.

Sample preparation QD solution was diluted to 3 nM and the membrane was

immersed in the solution for 100 min to adsorb QDs. The membrane was air-dried
at room temperature and then immersed in immersion oil and fixed on a microscope
slide.

Results and discussion

Fig. 4.3(A) was recorded from QDs embedded in the porous membrane. More
specifically, Fig. 4.3(A-a’) was obtained from a series of circular areas of diameter
0.21 µm and Fig. 4.3(A-b’) from a series of concentric circular areas from 0.14 to
1.4 µm. As a comparison, the data of QDs on a flat microscopy slide was shown
in Fig. 4.3(B), implying that fluorescence spectra of QDs on the structure-less
microscopy slide were rather smooth.

BA
(a') (b')

(a')

(b')

(c')

Figure 4.3: Figures adapted with permission from H. Xu et al., Modulated Fluo-
rescence of Colloidal Quantum Dots Embedded in a Porous Alumina Membrane.
Copyright ©2013 American Chemical Society. (A) Fluorescence spectra features
of QDs embedded in a membrane (fluorescence spectra obtained from a series of
circular areas of diameter 0.21 µm along the vertical direction (arrow) in (a’) and
that from concentric circular areas with diameters increasing from 0.14 to 1.4 µm
in (b’)). (B) Fluorescence of single oil-soluble CdSe core/shell QDs indicated in
(c’) ((a’) refers to the spectra of single QDs by small ring in (c’) and (b’) refers to
the spectra of neighbouring QDs enclosed by large ellipses in (c’)).

To interpret the superimposing peaks of QD fluorescence spectra in Fig. 4.3(A),
we ran a series of FDTD simulations. Fig. 4.4 shows the geometric structure of our
FDTD simulations. QD fluorescence was simulated by a point Gaussian pulse from
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540 to 690 nm centered at 607 nm, as indicated by the red point in Fig. 4.4(Aa’),
placed it at (0.15, 0.15, d), where d changed along the z axial from d = −0.6 to
d = 0.1 µm). The simulation results showed that when QD was on or inside
the membrane, the fluorescence spectra was modulated, showing similar features
as observed in our experiment. The modulation disappeared when the Gaussian
pulse was moved to the outside of the membrane, as indicated in Fig. 4.4(A).
Fig. 4.4(B) shows the electric field distribution at given times in the simulation
while the Gaussian pulse was inside and outside the structure, showing clearly the
strong modulation when the light source was inside the structure.

A B

(a') (b')

(a')

(b')

(c') (d')

Figure 4.4: Figures adapted with permission from H. Xu et al., Modulated Fluo-
rescence of Colloidal Quantum Dots Embedded in a Porous Alumina Membrane.
Copyright ©2013 American Chemical Society. (A) Geometry of the FDTD sim-
ulation. The annotated x, y, and r indicate the positions and radii of the pores
(a’) and optical spectra of the light recorded by the planar detector. Red dashed
line: the spectrum of the point source in immersion oil; solid lines: spectra with
immersed porous-membrane structure, when the point source is situated at differ-
ent positions (shown by value of d corresponding to the left structure) (b’). (B)
Electric field distributions at time step 200 (a’,c’) and 400 (b’,d’). (a’,b’): The QD
(marked as “+”) is positioned at d = 0.2 µm; (c’,d’): The QD (marked as “+”)
is positioned at d = −0.3 µm. Dashed lines mark the boundaries of the simulated
membrane and the edges of the pore in the membrane.

4.3 Acid dissociation or 3-MPA coated QD and strong

ionic Ca2+ interaction

In this paper, we extensively studied acid dissociation of 3-MPA coated QDs at
various pH and Ca2+ concentrations by careful devising electrophoresis.

Sample preparation
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Sample preparation was mainly by addition of HCl or NaOH to tune the pH
value of the QD HEPES solution, and addition of Ca2+ into the QD HEPES solution
to change the ion concentration.

Electrophoresis was performed as described in the chapter of methods on elec-
trophoresis.

Results and discussion

Acid dissociation of 3-MPA ligands on QD
Fig. 4.5(A) shows the fluorescence spectra of 3MPA-coated QDs at different

pH and Ca2+ concentrations. QD fluorescence decreased and a small redshift was
observed when the pH value was decreased. Fluorescence decrease with the increase
of Ca2+ concentration was also observed.

To interpret the above phenomena, a series of electrophoresis experiments for
pH from 5 to 9 was performed (Fig. 4.5(B)). Moreover, the PL decays at different
pH value were measured. We further used LSM 780 confocal microscopy to check
the morphology and measure the fluorescence spectra of QD solution samples at
pH 7.2, 3.5, 2.4. We observed QD aggregation at low pH under a UV table.

By the electrophoresis experiment, we found that the QD aggregation was in-
duced by the low degree of proton dissociation of 3MPA at low pH value since the
low degree of proton dissociation of 3MPA on the QD surface meant less charge
on each QD, implying less degree of dispersion in water-based solution, thereafter
QD aggregation. Equation. (4.10) and (4.11) demonstrate the proton dissociation
of 3-MPA on QD surface

[3MPA] ⇀↽ [3MPA]− +H+ (4.10)

where [3MPA]− denotes the dissociated 3-MPA. Since the concentration of H+ is
determined by the pH value, i.e., pH = − log10[H+], the ratio between dissociated
and un-dissociated 3-MPA ligands is

β =
[3MPA]−

[3MPA]
= 10pH−pKa (4.11)

For pH=7.34 and if we used pKa = 4.34 of free 3-MPA, β = 103, showing that free
3-MPA were expected to be totally proton dissociated at pH=7.34. Our experiment
showed that the pKa of 3-MPA on QD surface must be much higher than 4.34, most
probably about 6.

Further we calculated the electric field screening effect on a charged QD by
a sphere model. Fig. 4.5(C) shows the H+ cloud around a single QD. At high
pH value, there was basically no QD aggregation, and the ground exciton state
of the QD was stable since the distribution of H+ cloud around the QD was also
spherically symmetric.

The screening effect of QD surface charge was simulated as shown in Fig. 4.5(D)
with calculation of the charge density of positive and negative charges as well as
the electric potential φ. by introducing the parent charge −Q′. It was found that
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the apparent charge of the QD was low due to the screening of the counterions in
the QD solution.

Electrophoretic mobility of QD-3MPA vs Ca2+ and EGTA

Fig. 4.6 demonstrated the electrophoresis results of QDs with Ca2+ and Ca2+

plus EGTA. We clearly saw here that with increasing concentration of Ca2+, the
mobility of QDs dramatically decreased and further addition of EGTA (Ca2+ chela-
tor) restored the electrophoretic mobility of QDs. The results clearly indicated the
strong interaction between 3MPA-QD and Ca2+, resulting in the formation of QD-
3MPA-Ca2+.

We further noticed the stretched tails in Fig. 4.6(A). And the tails were reduced
in a low concentration of gel (0.5%), as shown in Fig. 4.6(C-a’). These exper-
iments confirmed that the tails of QDs were mainly the retention effect by the
electrophoretic gel.

PL decays in Fig. 4.6(D) studied the relaxation time β and recombination time
τ in terms of Ca2+ concentration and the presence of EGTA. It showed that Ca2+

increased β and decreased τ , all were restored by EGTA. This agreed well with the
observation of the QD fluorescence decrease after adding Ca2+. The increase in the
recombination time was reasonable that the formation of QD-3MPA-Ca2+ would
push the wave functions of the electron and the hole towards the QD surface, making
them more accessible to surface states, thus shortening the energy relaxation time
τ but increasing the recombination time β due to the reduced overlap between the
wave functions of the electron and the hole.

First principles study on QD-3MPA-Ca2+

To further study the interaction between Ca2+ and 3-MPA coated QD. We did
first principles calculations. As shown in Fig. 4.7, we found the interaction between
Ca2+ and 3-MPA was stronger when 3-MPA had a better acid dissociation degree.
Moreover, we found that for 3-MPA coated QDs, 3-MPA linked on QD surface had
a tilted angle with one oxygen atom of carboxyl group interacting with ZnS surface,
which could be the very reason for limited degree of acid dissociation of 3MPA on
the QD surface at low pH. Meanwhile, by putting a Ca2+ ion on a location towards
QD’s surface or close to the acid dissociated 3-MPA, we observed a strong ionic
force attracting Ca2+, which well confirmed the interaction between QD and Ca2+.
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(b')

A B

C D

(c')(b')

(a')

(b')(a')

Figure 4.5: Adapted with permission from N. Shambetova et al., Acid Dissociation
of 3-Mercaptopropionic Acid Coated CdSe-CdS/Cd0.5Zn0.5S/ZnS Core-Multishell
Quantum Dot and Strong Ionic Interaction with Ca2+ Ion, J. Phys. Chem. C,
120(6), pp3519-3529, 2016. Copyright ©2016 American Chemical Society. (A)
Fluorescence spectra of QD600 at different pH values (a’) and fluorescence spectra
of the six QD612 samples (without and with Ca2+) (b’). Fluorescence spectra
were excited by a 400 nm laser beam and measured at room temperature. (B)
Electrophoresis of 3MPA-coated QDs at different pH values. The voltage was 60 V
and the gel was run for 60 min. (C) Acid dissociation of 3MPA ligands on the QD
surface: Schematic structure of 3MPA ligands on the QD surface (a’); protons are
represented by the H+ cloud; acid dissociation degree is low at low pH, resulting
in a dense H+ cloud (b’); high acid dissociation (thin H+ cloud) at high pH values
(c’). (D) Screening effect of the QD surface charge (QD radius R = 5 nm, i.e.,
shadow area, and Q = −1) by ions in the QD solution. Left vertical axis (black
lines): electric potential φ(r) as a function of radius r when the QD is in deionized
water (ρ0 = 0) and in a solution medium of different ion concentration (ρ0 = 10
and 50 mM). Right vertical axis (red lines): ion distributions ρ1(r) and ρ2(r) for
ρ0 = 50 mM. Inset: apparent charge Q′ (QD surface charge plus screening charges)
vs. QD surface charge Q in QD solution medium with different ion concentration
ρ0 = 1, 10, and 100 mM. T = 300 K. (D)
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A B

C D

(a')

(b')

(a')

(b')

(a')

(a')

(b')

(c')

 

(b')

Figure 4.6: Adapted with permission from N. Shambetova et al., Acid Dissociation
of 3-Mercaptopropionic Acid Coated CdSe-CdS/Cd0.5Zn0.5S/ZnS Core-Multishell
Quantum Dot and Strong Ionic Interaction with Ca2+ Ion, J. Phys. Chem. C,
120(6), pp3519-3529, 2016. Copyright ©2016 American Chemical Society. (A)
Agarose gel (1.5%) electrophoresis of QD-3MPA at 60 V (3.89 V/cm). 35-nM QD
samples were first loaded then covered by gel. pH=8.2: (a’) QDs in the absence
and presence of Ca2+. Sample 1 (pure QDs); Sample 2, 3, 4, 5, 6 (35-nM QDs
plus 0.5, 1.0, 1.5, 2.0 and 2.5 mM Ca2+). (b’) QDs in the absence and presence
of Ca2+ and EGTA. Sample 2’, 3’, 4’, 5’, 6’: 35-nM QDs plus 0.5, 1.0, 1.5, 2.0,
2.5 mM Ca2+ and EGTA. (B) Same as in (A) but the QD samples were fist mixed
with glycerol then loaded. (C) Agarose gel (0.5%) electrophoresis at 30 V for one
hour. QD samples were first loaded then covered by gel. The horizontal dashed line
marks the positions of the loading wells (a’); agarose gel (1.5%) electrophoresis at
60 V for one hour for different QD concentrations(b’) and same as (b’) but after a
long exposure time that revealed the QD tails (c’). (D) Time-resolved fluorescence
spectrum F (t) of QDs under the influence of Ca2+ and EGTA. Inset shows 1/

√
F

when the Ca2+ concentration was 0.1 mM. δ = 0.05746 ns and Nmax = 10000 (a’)
and energy relaxation time τ and radiative recombination time β (b’).
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A B

C
(a') (b')

Figure 4.7: First principle simulation for 3-MPA and interaction with Ca2+

ions. Adapted with permission from N. Shambetova et al., Acid Dissociation
of 3-Mercaptopropionic Acid Coated CdSe-CdS/Cd0.5Zn0.5S/ZnS Core-Multishell
Quantum Dot and Strong Ionic Interaction with Ca2+ Ion, J. Phys. Chem. C,
120(6), pp3519-3529, 2016. Copyright ©2016 American Chemical Society. (A)
Optimized structures of acid undissociated (a) and dissociated (b) ZnS-3MPA in-
teracting with one Ca2+ ion. The Ca atom is in green, Zn in pale blue, S in yellow,
O in red, C in grey, and H in white. (B) Optimized structure of two 3MPA ligands
periodically positioned on the ZnS (0001) surface. (C) Optimized structures of two
dissociated ZnS-3MPA ligands with one Ca2+ ion: (a’) The initial position of the
Ca2+ was at the terminal regions of the dissociated 3MPA ligands; (b’) The Ca2+

ion was initially positioned close to the ZnS surface. The two small horizontal ar-
rows in the yz side views mark the trajectories of the Ca2+ ions during structure
optimizations.
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4.4 Blinking of single CdSe QDs and SiC NCs

In this part, we studied on the blinking phenomena for single CdSe colloidal QDs
and SiC NCs.

4.4.1 Blinking of CdSe QD by surface modification

We checked the blinking phenomena for aqueous CdSe core-shell QDs, with surface
modification by thick shells on QDs, Ca2+ & EGTA and glycerol treatment, as
tabulated in Table.4.1.

By defining fluorescence efficiency in the manner shown in Fig.3.4(c), θ=A/A+B
(A referred to bins that have fluorescence intensity above the on/off-state thresh-
old value, while B referred to that below the value), we got the on- and off-state
distribution as shown in Fig.4.8: Very different from the off-state probability distri-
bution, the on-state distributions were not linear in the log-log scale, they typically
bended upwards. And a high θ value, i.e., a high fluorescence efficiency, was cor-
related with a high degree of the upwards bending. In other words, a QD with a
higher fluorescence efficiency tended to stay longer at the on-state. This was re-
flected within all QD groups under investigation. It remained among QD groups as
well. For example, the QD B had thicker shells than QD A so had a higher degree
of the upwards bending. Addition of Ca2+ to QDs reduced the fluorescence effi-
ciency, further adding EGTA that chelated Ca2+ away from the QD recovered the
fluorescence efficiency, which was confirmed in Fig. 4.8(C,D,E). Glycerol was shown
to passivate surface states thereafter increase the fluorescence efficiency, which was
clearly reflected in Fig. 4.8(F,G,H).

Further, we analyzed the autocorrelation of our QDs blinking statistics, as shown
in Fig. 4.9

Autocorrelation(δ) =
〈R(t)R(t+ δ)〉t

〈R(t)〉t〈R(t+ δ)〉t
(4.12)

We found QDs with high θ value generally demonstrated an autocorrelation
profile similar to the random telegraph signals.

Considering that the telegraph signal had an exponential on-state distribution
as in our simulation, thus finally, we built the model for the blinking statistics of

Table 4.1: QD samples under investigation

group sample structure surface ligands solution
1 A CdSe-(CdS)1/(ZnS)0.5 ODA chloroform

B CdSe-(CdS)2/(ZnS)1.5 ODA chloroform
2 C CdSe-(CdS)2/(ZnS)1.5 3MPA HEPES

D CdSe-(CdS)2/(ZnS)1.5 3MPA HEPES +Ca2+

E CdSe-(CdS)2/(ZnS)1.5 3MPA HEPES+Ca2++EGTA
3 F CdSe-(CdS)2/(Cd0.5Zn0.5S)1/(ZnS)1.5 3MPA Milli-Q water

G CdSe-(CdS)2/(Cd0.5Zn0.5S)1/(ZnS)1.5 3MPA 2% v/v glycerol
H CdSe-(CdS)2/(Cd0.5Zn0.5S)1/(ZnS)1.5 3MPA 10% v/v glycerol
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Figure 4.8: On/off probability densities of QDs grouped according to their θ values.
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QDs: For a perfect QD, it should have an on-state distribution that follows an
exponential distribution, which directly derives from the incident light. However,
an imperfect QD would result in a less bending character of on-state distribution
because of the surface states, leading to a profile close to the off-state distribution.
For off-state distribution, it follows a random walking model due to QD surface
states. The surface state distribution makes the off-state distribution follow the
inverse power law distribution.

4.4.2 Blinking of 3C-SiC NC

Sample preparation

3C-SiC NCs were prepared by etching by aqua regia (composed of 15 ml 65
wt% nitric acid (HNO3) and 45 ml of 40 wt% hydrofluoric acid (HF)) at 100 ◦C

for 1 h from 3C-SiC powders with grain size of several micrometer, followed by
centrifugation and ultrasonication. To passivate the surface of the as-grown 3C-
SiC NCs, a drop of glycerol (about 0.35 ml) was added to 10 ml as-grown 3C-SiC NC
suspension, followed by ultrasonic vibration, resulting passivated SiC NCs denoted
as Gly-SiC NCs.

Result and discussion

Fig. 4.10(A) shows the TEM image for as-grown SiC NCs with inset showing
the size distribution counted from many TEM images. PL spectra in Fig. 4.10(B)
demonstrated a slight enhancement of fluorescence intensity of SiC NCs after glyc-
erol treating, with the positions of fluorescence peaks remaining. Blinking of 3C-SiC
and Gly-SiC NCs was shown in Fig. 4.10(C). After the glycerol treatment, the on-
state rate dramatically increased and the averaged on-off distribution profile had
more events above the threshold value. These all confirmed that glycerol treatment
made SiC NCs fluoresce better by passivation of surface state.

Further, we checked the lifetimes of as-grown 3C-SiC and Gly-3C-SiC, and found
that the relaxation time τ and recombination time β were not much affected by the
glycerol treatment, as shown in Fig. 4.11(B).

From these studies, we concluded that unlike CdSe QDs, the passivation of
surface state of 3C-SiC NCs with glycerol had no clear impact on the excited
state h̄ω1 (shown in Fig. 4.11(A)), resulting in stable decay lifetimes. And the
broad fluorescence spectra of 3C-SiC were intrinsically derived from the large size
distribution of the NCs, as shown in the inset of Fig. 4.10(A).
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Figure 4.9: Autocorrelation spectra of our QDs. One noise series of QDs in HEPES
was shown in (C). (I) Autocorrelation of Gaussian noise series (inset)
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Figure 4.10: Adapted from Z. Gan et al., Electron Transition Pathways of Pho-
toluminescence from 3C-SiC Nanocrystals Unravelled by Steady-State, Blinking
and Time-Resolved Photoluminescence Measurements, J. Phys. D: Appl. Phys.,
49:275107, 2016. Reproduced with permission. ©IOP Publishing. All rights re-
served. (A) Typical TEM images of as-grown SiC NCs. Inset shows the size distri-
bution from multiple TEM images. (B) Steady-state PL spectra of as-grown 3C-SiC
NCs (black) and Gly-SiC NCs (red) under excitations of different wavelengths (de-
noted by the indications) measured at room temperature. (C) PL blinking data of
a single as-grown SiC NC excited by a 435 nm light: (a’) A typical image frame
of single NC and (b’) its grey value along the drawn horizontal line across the NC,
(c’) PL time trajectory of 10 000 frames from single SiC NC (6 × 6 pixels) with
the dashed line at 180 counts/bin set as threshold for on/off states, (d) Occurrence
profile of the PL blinking from the entire image series in (c’). (D) statistic PL
blinking of 25 randomly chosen single SiC NCs (black) and 25 Gly-SiC NCs (red):
(a’) Number of NCs versus on-state rate; (b’) Averaged on-off distribution profiles.
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Figure 4.11: Adapted from Z. Gan et al., Electron Transition Pathways of Pho-
toluminescence from 3C-SiC Nanocrystals Unravelled by Steady-State, Blinking
and Time-Resolved Photoluminescence Measurements, J. Phys. D: Appl. Phys.,
49:275107, 2016. Reproduced with permission. ©IOP Publishing. All rights re-
served. (A) Schematic energy diagram of 3C-SiC NC and electron transition path-
ways of photoexcitation, energy relaxation τ , radiative recombination β (lumines-
cence) and surface states. (B) Time-resolved PL spectra of (a’) as-grown SiC NCs
and (b’) surface-passivated Gly-SiC NCs excited by a 405 nm light and detected
at different wavelengths (from 450 to 550 nm at an increment step of 10 nm). The
spectral of (a’) and (b’) are almost identical, which is shown by putting the two
500 nm spectra together in (c’), (d’) is the exponential decay fitting in the photon
count range between 9 × 104 and 5 × 104, (e’) is the linear fitting 1/

√

F (t) in the
time window between 45 and 70 ns, (f’) is the fitting energy relaxation τ (stars)
and radiative recombination β (triangles) lifetimes.
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4.5 Bioimaging and cytotoxicity

In this work, we used Calu-3 as the testbed to study the interaction between 3-MPA
coated CdSe-CdS/ZnS core-multishell QDs and lung alveolar epithelial cell layer to
seek potential for QD as labeling and drug delivery materials.

Sample

Calu-3 cell layers were cultured and characterized by TEER measurement and
microscopic study for the cell confluency. QDs were used to treat different groups
of cells by different periods.

As is shown in Fig. 4.12, long-term and short-term effects were studied for 70
days. Long-term refers to the daily measurement for the cells, and short-term
measurement refers to the 20-min continuous measurement with QD being added
at the time point of 5 min. Two groups were involved in these studies: The first
group (Group A) was exposed with different amounts of QDs, including 50 µL QD,
20 µL QD, 50 µL 3-MPA. The original QD solution had a QD concentration of
12 µM. The other group (Group B) was also QD treated started at different time
point, i.e., from cell culture day 18, day 36, day 54, respectively.

Result and discussion

We found that the highest QD dosage had a more pronounced effect on the
immediate change in TEER. Despite the pronounced immediate effect of the QDs
on the TEER, the cell cultures treated with the two QD dosages demonstrated
similar long-term TEER dynamics (Fig. 4.12(A and C)). 3-MPA alone had a very
limited effect. The big TEER variations during the long-term measurements were
due to the effect of the regular medium change procedures.

Both the short-term and the long-term TEER variations were similar in cells
with QD treatments started right after the monolayer formation and in the cells of
the later stages (Fig. 4.12(B and D)).

We checked the health conditions of cells after 70-day measurements by labeling
nuclei, tight junction and cilia. As shown in Fig. 4.13(A), it was found that the cell
morphology remained basically unchanged. QDs sedimented on the apical surface
of the monolayers, especially in the area of cell-to-cell junctions (Fig. 4.13(B)),
no obvious amount of QDs penetrating through the epithelial cell monolayer was
observed.

We also collected the basolateral solution under the porous membrane. As
shown in Fig. 4.14, we found a little amount of QDs penetrated through the cell
monolayer, possibly through a transcellular pathway [87].
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Figure 4.12: Adapted from Turdalieva et al., Bioelectric and Morphological Re-
sponse of Liquid-Covered Human Airway Epithelial Calu-3 Cell Monolayer to Pe-
riodic Deposition of Colloidal 3-Mercaptopropionic-Acid Coated CdSe-CdS/ZnS
Core-Multishell QDs, 11(2):e0149915, PlosOne, 2016 (Open Access) (A) Averaged
long-term TEER data with standard deviation. (B) Average short-term TEER data
in Transwell insert clusters A (upper row), B (middle row) and C (lower row). At
each particular age of the cell cultures, there was no clear difference between the
different QD doses with regard to the immediate effect on the TEER. (C) Effect of
the cell culture age at the beginning of the QD treatment on the long-term TEER
values, respectively started at day 18 (a’, transwell insert cluster D), at day 36
(b’, cluster E), at day 54 (c’, cluster F). (D) Effect of the cell culture age at the
beginning of QD treatment on the short-term TEER values. With the samples as
in (C).
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A B

Figure 4.13: Adapted from Turdalieva et al., Bioelectric and Morphological Re-
sponse of Liquid-Covered Human Airway Epithelial Calu-3 Cell Monolayer to Pe-
riodic Deposition of Colloidal 3-Mercaptopropionic-Acid Coated CdSe-CdS/ZnS
Core-Multishell QDs, 11(2):e0149915, PlosOne, 2016 (Open Access) (A) Confocal
images of the control and QD-treated Calu-3 monolaygers (day 70 of the culture).
The cells were stained separately TP-PRO-3 (nuclei), E-cadherin (tight and ad-
herence junctions), and phalloidin (actin cytoskeleton). (B) Distribution of QDs
(orange) in Calu-3 monolayers after multiple depositions of QDs: QD clusters did
not co-localize with nuclei (DAPI, blue)(a); QD clusters did not co-localize with oc-
cludin (green)(b); QD clusters did not co-localize with microvilli (green)(c); Optical
spectra of a few fluorescence spots in the images of (a-c)(demonstrated in(d-f)). It
can be concluded that the QDs aggregated in the perinuclear areas within the cells.
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Figure 4.14: Fluorescence spectra of medium samples collected from the cell mono-
layers exposed to QDs for various time periods.(Adapted from Turdalieva et al.,
Bioelectric and Morphological Response of Liquid-Covered Human Airway Epithe-
lial Calu-3 Cell Monolayer to Periodic Deposition of Colloidal 3-Mercaptopropionic-
Acid Coated CdSe-CdS/ZnS Core-Multishell QDs, 11(2):e0149915, PlosOne, 2016
(Open Access)) (A) Medium collected from basolateral compartments. The black
lines represent the spectra from three inserts exposed to QDs for one to three
days. The red lines are fitted Lorentz peaks. (B) Medium collected from within
the inserts (intensities scaled down by 102). The red line denotes the fluorescence
from diluted insert medium with a nominal QD concentration of 3.8 × 10−2 nM.
(C) Fluorescence spectra of pure cell culture medium and SLF. The SLF signal is
scaled up 10-fold. (D) Peak intensity of the QD fluorescence versus nominal QD
concentration.





Chapter 5

Conclusion and outlook

In this thesis study, we extensively studied the fluorescence mechanism of CdSe
QDs and 3C-SiC nanocrystals, as well as their blinking phenomena, fluorescence
enhancement by photonic crystal, and sensing effects to pH and calcium ions. We
also studied the cytotoxicity by depositing QDs to epithelial lung cells.

Specifically, In paper I, directly by fluorescence decay measurement, we found
a novel way to concisely and effectively explain the fluorescence processes in single
QDs, which is also widely involved and confirmed in a few following works. By
fitting the relaxation process τ and recombination process β, we quantified the
two different processes, which could be used as indicators for biosensing the envi-
ronmental change. In paper II, we used a photonic-crystal-structure-like alumina
membrane to modulate the fluorescence of QDs. In paper III, by electrophoresis
and first principles study, we quantified the charge state of single QDs, demon-
strated the chemical structures of 3-MPA on QD surface, successfully explained
and indicated the possibility to use QDs as ionic indicator for biosensing. In pa-
per IV and V, we studied both the blinking phenomena of single CdSe colloidal
QDs and 3C-SiC nanocrystals, unravelled the intrinsic fluorescence mechanisms of
3C-SiC NCs by the passivation with glycerol, hinting a way for the blinking mod-
ulation by treatment of glycerol for both types of nanocrystals. In paper VI, we
thoroughly studied the impact of QDs on epithelial lung cell, indicated the minimal
cytotoxicity of CdSe QDs for calu-3 cells. We studied the impact of nanoparticles
on Calu-3 cells.

From the studies in this thesis, we have indicated a novel way for QDs’ appli-
cation in biosensing, and implicated that QDs with proper functionalization had
little cytotoxic effects and might be used as drug carriers.

More work needs to be done to achieve high-degree specific sensitivities of QDs
towards different bio-environment and for in vivo application. Better bioconjugat-
tion is needed to make QDs better biocompatible and less aggregation. More works
are needed to make QD based super-resolution microscopy, such as finding effective
ways to utilize fluorescence decay lifetime characters.
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