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ABSTRACT Quantum dots (QDs) have unique optical properties that comple-
ment fluorescent proteins and organic fluorophores. Despite the widespread use as a
fluorescent label in biological imaging studies, the types of biological questions an-
swered by utilizing QDs have been limited due to crucial shortcomings. This thesis
focuses on pushing the boundaries of QD applications in vitro, exploring improve-
ments in construct design and methodology to overcome these shortcomings. First,
the issues of non-specific binding and reactivity are alleviated by exploring a new
method to conjugate molecules onto the QD surface. The improvements that were
made enabled a collaborator situated across the country to conjugate biomolecules in
a one-step process without performing the usual amine/N-hydroxysuccinimide cou-
pling, thereby diminishing non-specific binding.

The utility of QDs in biological applications is further demonstrated by incorpo-
rating the nanocrystals into a dynamic sensor construct and taking measurements
in a bioenvironment. A dye construct that can act as a Fluorescent Resonant En-
ergy Transfer (FRET) acceptor is conjugated to the FRET donor QD through a
molecular linker whose conformation changes depending on the analyte in the mi-
croenvironment. As a proof-of-concept, pH is chosen as the environmental factor and
the QD-dye FRET sensor is used to track the pH in subcellular compartments along
the endocytosis pathway.

Lastly, a new microfluidic device is used to deliver QDs into the cell cytosol with
high viability and high throughput. QDs delivered this way are shown to be non-
aggregated and to interact with the cytosolic environment, opening up the possibility
of single molecule tracking of a specific protein of interest inside the cytosol.

Thesis Supervisor: Moungi G. Bawendi, Ph.D.
Title: Lester Wolfe Professor of Chemistry
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Chapter 1

Introduction to Semiconductor
Nanocrystals and Their Use in

Biological Research

1.1 The Unique Characteristics of Semiconductor

Nanocrystals, or Quantum Dots (QDs)

1.1.1 An Analogy to the Atom, in the Nanoscale

Quantum Dots (QDs) have catapulted to widespread use in biological imaging [1],[2],
photovoltaic cells [3], and lighting devices [4]. Thanks to extensive characterization,
we now have a comprehensive understanding of QDs. In order to explain the prop-
erties of QDs that make them so appealing for these applications, we can take an
analogy to the particle-in-a-box approach and apply it to semiconductor materials
[5].

It is well known that the electronic structure of bulk semiconductors is characterized
by two bands consisting of continuous energy states, the conduction band and the
valence band. Under the most simplifying assumptions, the conduction and valence

band are both isotropic and parabolic. Their energies vary as a continuous function
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Figure 1-1: A simplified illustration of the changes in the density of energy states in
a semiconductor material as the boundary conditions move from green bulk, blue
2D surface, and red spherical limits.

of k?, where k is the wave vector (Fig. 1-1a). However, as more boundary conditions
are imposed, the density of states becomes no longer continuous (Fig. 1-1 blue, red
lines). Due to the inverse relationship between the AE and the size of confinement,
this model predicts that the energy of the exciton will increase as the crystallite radius

R? is decreased.

However, because of the Coulomb attraction between the electron and the hole,
quantum confinement effects govern the optical and electronic properties of QDs only
for a specific size range. We can assume that the confinement term dominates the
Coulomb attraction term for nanocrystals smaller than the Bohr radius of the mate-
rial, which is in the neighborhood of ~5 nm for commonly used QD materials.
Theoretically, there can therefore be some variation not only in the nanocrystal mate-
rial but also in the nanocrystal size, as long as the matter is a semiconductor and the

size is within the Bohr radius. Currently, we have the ability to synthesize high-quality
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Figure 1-2: The tunability of emission and absorption wavelengths of nanocrystals
by crystallite radius (A). Image reproduced from W. Liu, Ph.D. Thesis, MIT, 2010.

QDs with a limited number of materials: CdSe have been the most conventional but
others such as InAs have also been developed. Currently, we can reliably achieve a
monodisperse, stable solution of nanocrystals of sizes as small as 1 nm to as large as
>5 nm. This tunability in material and size translates directly to tunability in emis-
sion wavelength. The QDs used in this project all consist of CdSe cores overcoated
with either a CdZnS or CdS shell that passivate the CdSe surface. The Bohr radius
is 56 A for CdSe, and CdSe cores between a radius of 17 A to ~50 A correspond to
emission in the visible wavelength (Fig. 1-2).

The CdZnS or CdS shell results in a Type-I core-shell architecture in which the
electron and hole are both confined within the CdSe core. 4-5 lattice layers of such
shell material passivates surface defects on the CdSe core that would otherwise cause
non-radiative recombination of the electron and the hole. For more background on

the Type-I core-shell structure, see references [6] and [14].

1.1.2 Overview of Core/Shell Quantum Dot (QD) Synthesis

Historically, a number of different synthesis precursors and methods have been tried

[7]. For the QDs used in this project, the two CdSe core synthesis methods used either
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Cd(AcAc); or CdO as cadmium precursors. In addition, two methods were used for
overcoating the cores, one for a CdZnS shell from extremely reactive precursors and
one for a CdS shell from less reactive precursors. The protection of CdSe and the
mitigation of surface traps result in QDs that have much higher storage stability
and higher quantum yield [12]. In addition, the presence of a thick shell can greatly
increase the absorption cross-section of the nanocrystals, contributing to even brighter
QDs [9]. The core and the shell synthesis method were chosen based on the desired
emission wavelength and the width of the emission peak required for the application.
In the Bawendi group, QD synthesis methods are constantly being improved and
advanced; for example, Dr. Ou Chen has recently developed extremely high quantum
yield, low blinking QDs that emit in the visible wavelengths [10].

For QDs that emit in the green or yellow (510-580 nm), CdO core preparation
(Fig. 1-3) followed by a CdS overcoating procedure (Fig. 1-4) will yield high quality
nanoparticles. This highly reliable method was developed by Peng et al.[11], who
showed that a Cd-phosphonic acid complex could be generated first by heating CdO
with tetradecylphosphonic acid (TDPA) in TOP/TOPO. In this method, CdO is
heated in TOP/TOPO in the presence of TDPA at 340 °C under nitrogen in order to
“crack” the CdO into a clear solution. Non-coordinating solvents such as 1-octadecene
and other fatty acids may also be used; both [12] and [13] are good references for an
analysis of their effects. After cracking the CdO, TOP-Se is rapidly injected into
the solution at 360 °C to produce high quality, monodisperse CdSe nanocrystals that
can be so small that its first absorption feature is around 480-490 nm. For this
project, CdSe synthesized from a CdO precursor was overcoated with a Cd;S; shell.
The shell was synthesized by simultaneously’ injecting a Cd precursor consisting of
Cd-oleate and decylamine in a 1:2 molar ratio in octadecene (ODE)/TOP, and a S
precursor consisting of hexamethyldisilathiane [(TMS),S] in TOP. The quantum yield
of CdSe/CdS QDs synthesized by this procedure have been as high as unity [14].

Even though the quantum yield is lower, the older Cd(AcAc), core preparation

1The SILAR method that Andrew Greytak from reference [14] described is not necessary. We
have found that while the general Cd-oleate method is a significant advance, the SILAR injection
sequence does not make a difference,
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(Fig. 1-3) followed by a CdZnS overcoating procedure (Fig. 1-4) can achieve pre-
cise targeting of redder emission wavelengths (590-620 nm). In this method, Cd?*
is reduced to elemental cadmium using dodecanal in a solution of TOP, forming a
yellow colored homogenous solution [15]. The elemental Cd precursor solution is then
introduced simultaneously with TOP-Se into a solution of TOP/TOPO at high tem-
perature, typically 300°C, to produce monodisperse and crystalline nanocrystals. For
these CdSe nanocrystals, a Cd,Zn;_,S shell was used to overcoat the cores. The shell
was synthesized by careful addition of the highly reactive precursors dimethyl cad-
mium (CdMe;), diethylzinc (ZnEt,) and bis(trimethylsilyl)sulfide (TMS,S) simulta-
neously into a solution of CdSe QD cores and hexadecylamine (HDA) in TOP/TOPO.

1.1.3 QD Preparations for Applications

QDs synthesized either way can now be used for applications such as use in light-
absorbing devices [16], explorations in quantum phenomena, [49], and fluorescent tag-
ging in biological microscopy [18]. For each of these applications, the nanocrystals
require a different method of sample preparation. In order to be used in biological
microscopy as a fluorescent label, QDs should be water-soluble and programmable, in
addition to being inert towards surfaces and molecules present in the bioenvironment.
For this project, we focus on how to improve QD-based fluorescent labels so that they

can complement fluorescent proteins (FPs) and organic fluorophores.

1.2 An Introduction to in-vitro Applications of

QDs in Fluorescence Microscopy

1.2.1 Conventional Fluorophores

In the recent decades, fluorescence microscopy has enormously advanced our under-
standing of biological processes such as protein trafficking, cellular movements, and
in-vivo circulation [19]. Advances in microscopy techniques such as confocal, multi-

photon, 4Pi, and total internal reflection techniques have provided access to smaller
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Figure 1-3: An overview of the glassware setup for synthesizing CdSe cores.
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resolution; advances in microscope parts have enabled faster acquisition. The use such
fluorescence microscopy techniques would not have been possible without the discov-
ery of GFP analogues (fluorescent proteins, FPs) and small organic fluorophores.
However, both FPs and organic dyes have multiple shortcomings. First, each fluor
has a different optimal absorption wavelength, which necessitates multiple excitation
sources. Second, most conventional fluorophores emit at a broad range of wavelengths.
This results in leakage among wavelength windows and restricts the possibility of us-
ing multiplexed imaging to investigate multiple biological interactions. The third and
crippling fact is that the conventional fluorescent molecules photobleach. Therefore,
more versatile and robust dyes are needed in order to probe biological phenomena

that were previously inaccessible using fluorescence microscopy techniques.

1.2.2  The Niche for QD-based Fluorescence Probes in Biol-

ogy

QDs are a newer generation of widely used fluorescent probes that are now used to
complement organic dyes and FPs for some of the more sophisticated microscopy
techniques. QDs serve as powerful fluorescent probes that are compact in size, ex-
tremely photostable, tunable in emission, and have large multi-photon cross sections.
‘The nanoparticles also present advantages for multiplexing, due to their broad ab-
sorption bandwidth and narrow emission peak. However, the current preparation
methods must be further improved and optimized in order to bring QDs to the level

of convenience and widespread usage of FPs and dyes.
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1.3 Building QD Constructs for Biological Appli-

cations

1.3.1 Current Methods of QD Encapsulation

Core-shell QDs as synthesized are encapsulated in long-chain alkyl ligands. Both the
naked core-shell QDs and alkyl-ligand encapsulated core-shell QDs are insoluble in
polar solvents. Since the universal solvent in all bioenvironments is water, QDs have
to be processed to render them water-soluble. This requires a ligand that can multi-
task, binding to the QD and also interacting favorably with water. More traditional
methods have made use of amphiphilic lipids consisting of alkyl chain(s) and a water-
soluble headgroup, either a charged moiety or a water-soluble polymer (Fig. 1-5a).
The hydrophobic lipid chains of such ligands can intercalate with the alkyl ligands on
the QD, and the water-soluble headgroup brings the entire nanoparticle into water
[6].

Recently, we have evolved from using a sulfide-based ligand to replace the native
alkyl ligands on the QD by replacing the sulfide groups with imidazole groups. Theold
ligands rely on sulfides that strongly chelate to the nanoparticle’s metal surface, which
works as an anchor to either a carboxylic group or a polymeric water-solubilizing
group such as poly(ethylene)glycol (PEG) (Fig. 1-5b). This method is problematic
for two reasons. One, the sulfide group is so strongly chelating that it may leach metal
ions from the nanocrystal, decreasing its quantum yield. Two, disulfide groups often
used to anchor the ligand onto the QD surface tend to oxidize, not to mention show
sensitivity to high pH [21]. For example, one of the most widely used sulfide ligands is
based on dihydroxy lipoic acid (DHLA), which will oxidize to the energetically favored
lipoic acid. Upon oxidation to lipoid acid, the ligand can no longer chelate to the
nanocrystal surface and will fall off; therefore, QDs ligand-exchanged with DHLA-
based water-solubilizing ligands will stay dissolved and fluorescent in water only for a
limited amount of time. The new generation of ligands is now used almost exclusively

in the Bawendi group. Developed by Wenhao Liu, the ligand is a polymer synthe-
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Figure 1-5: Methods that are used to solubilize QDs in an aqueous solvent. Most
QDs have moved away from using intercalating amphiphilic ligands onto the native
long-chain hydrophobic alkyls (a) to replacing the native alkyl ligands with sulfide
(b) or imidazole (c) based ligands.
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Figure 1-6: The components of the PIL and each of its role.

sized from 3-4 different types of molecules as monomers: QD-chelating monomers,
water-solubilizing monomers, conjugatable (e.g., amine containing monomers), and
any other functional monomers of choice as demonstrated in figure 1-6. The poly-
imidazole ligands (PIL) rely on the metal affinity of imidazole group, strengthened by
the multiple imidazole units on a single polymer strand. Methoxy-terminated PEG
groups (mPEG) are used as a non-biofouling, neutral water-solubilizing group; a re-
active moiety such as an amine-terminating PEG groups are used as a conjugation

handle. This work was published in 2010 [4].

1.3.2 The PIL

The invention of the PIL revolutionized the way this group prepares QDs for biological
applications. The PIL design widened the range of QD applications by endowing QD-

based constructs with:

e Excellent stability in solution with respect to pH (5.5-10.5), temperature, and

long-term storage
e Maintenance of high QY after ligand exchange
e Biocompatiblility and non-toxicity upon interaction with cells and with animals

e Low non-specific binding (low biofouling) with various proteins and other biomolecules

in solution

19
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Figure 1-7: Scheme that illustrates the synthesis of commonly used PIL monomers
and their polymerization.

e Ability to change the contents of the polymer in a modular fashion

The last point is particularly powerful. The PIL allows us to realize many com-
plicated, multifunctional QQD-based sensor and construct designs quite easily. Figure
1-7 describes the typical PIL synthesis scheme. The PIL synthesis and individual

variations are described in detail within each chapter.

1.3.3 Overview of QD Ligand Exchange and Surface Deriva-

tization

Ligand exchange using PIL is highly reproducible and relatively forgiving. First, QDs
are prepared by gently crashing out the core-shell nanocrystals with polar solvents
and centrifuging into a pellet. The solvents used to crash out QDs are methanol for
HDA /TOP/TOPO coated CdSe/CdZnS and a combination of chloroform and ethanol
for ODE-coated CdSe/CdS. The precipitation removes excess organic molecules in
free solution and allows a solvent change upon dissolution of the pellet into 50 pl of
chloroform. Then, PIL is prepared by taking the polymer at a 2 nmol QD: 5 mg PIL
ratio, and dissolving into 30 ul of chloroform. The QD solution and the PIL solution

are then gently stirred together for ~15-20 min, followed by an increase in the overall
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polarity of the solution by addition of 30 ul of methanol. This solution is stirred for
another ~30-45 min, at which point the ligand exchange should be complete and the
QD-PIL construct can be crashed out by addition of hexanes. Successfully ligand-
exchanged QD-PILs will often form a gel-like pellet when centrifuged. This pellet is
redissolved in methanol as a method to check the solubility in polar solvents and also
as a method to evaporate leftover chloroform, hexanes, and ethanol. Even though
the QD:PIL ratio is optimized here, this procedure is surprisingly forgiving to slight
increases in the amount of PIL, actual volumes of the solvents, and reaction times.
There are other factors along this ligand exchange procedure that can be tweaked for

newer generations of QDs:

e Size-selective QD crash out: For a nanoparticle solution that has a wide size
distribution, a succession of two crashouts, one extremely light (centrifugation
after the slightest clouding of QD solution) followed by an actual crash out
(centrifugation after sustained clouding of QD solution). This removes the
larger nanoparticles, as their flocculation happens more easily upon addition of

a polar solvent. This is casually known as a size-selective crash out [23].

e Successive crash outs: For some QD growth solutions that are suspected of im-
purities, it may be necessary to add a succession of polar solvents until there
is a light clouding, and removing the impurities by centrifuging to remove the
pellet. Each time, the solution should be centrifuged and the pellet of impu-
rities should be discarded. For example, some InAs/CdZnS growth solutions

contained impurities that crashed out as white salts when ethanol was added.

e Slowly increasing the polarity: Instead of a single addition of 30 ul of methanol,
we may change the strength, volume, number of additions, and stirring times

of the polar solvent.

The conventional method of QD conjugation to another molecule (dyes, proteins)
makes use of amine-containing PILs. Unfortunately, the usual sequence of ligand

exchange-water solubilization-molecule conjugation, causes non-specific binding of
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QD constructs to proteins. In fact, the current methods to conjugate QDs to other

molecules have a number of shortcomings.

1.3.4 Shortcomings of QD-Based Fluorescent Labels

Recent advances have partially addressed some of these disadvantages of using QDs
as opposed to FPs or dyes. There can be four main concerns when using QDs as

fluorescent labels:

Size Organic fluorophores such as Alexa®and ROX fluors can span as small as 5-6
aromatic rings (1-2 nm). FPs have also been extensively engineered to be small, now
about 26.9 kD for GFP, which is as compact as ~4.2 nm in hydrodynamic diameter
(HD). In the case of QDs, our group routinely makes water-solubilized QD constructs
that are 12-13 nm in HD. The differential between the inorganic nanocrystal (~3.5-6
nm in diameter) and the water-solubilized construct is mainly due to the PEG layer.
While PEG endows incredible biocompatibility and water solubility to the QDs, it also
increases the overall size of the construct. Some research points to using zwitterionic
ligands in place of PEG as an effective solution to decreasing the size of the overall

construct [24].

Delivery So far, QDs have been useful mostly in cell-surface protein labeling studies
[25]. Cytosolic protein labeling in live cells has been limited because nanoparticle
delivery into the cell cytosol is difficult. Two hurdles prevent nanoparticles from
crossing the phospholipid bilayer: one, the relatively large HD, and two, the polar
water-solubilizing coating on the nanoparticle surface. A variety of methods are
currently being explored, including endosome escape [26] and liposome fusion [27].
Fluorescent proteins, on the other hand, can be engineered at the plasmid level to be

synthesized and trafficked to the correct compartment.

Targeting - Non-specific binding FPs also have perfect targeting since its ge-

netic code can be inserted next to the protein of interest at the plasmid level. Both
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Figure 1-8: A simplified illustration of a QD that has unreacted amines on the sur-
face after amide-coupling with targeting moieties (e.g., streptavidin). These amines
remain unreacted because of an affinity to the QD surface and contribute a positive
charge to the construct (dotted boxes), causing non-specific binding.

organic dyes and QD-based labels, however, have to be targeted using extraneous
interactions. Most commonly used today are antibodies and streptavidin. The ne-
cessity of a targeting moiety can be problematic because it increases the construct
size and complicates both the QD construct synthesis and labeling procedure. Yet
another problem is the fact that this targeting may not be perfect. Conjugating a
targeting moiety usually requires amine groups on QD. Because amine groups have
some affinity towards the QD’s metal surface, some amines remain unreacted and
contribute an overall positive charge to the QD construct (Fig. 1-8). Ultimately, the
positive charge due to unreacted amines will cause non-specific interactions that are
energetically favorable such as dipole or amine-based charge interactions; QD labels
therefore require extensive optimization of the surface chemistry and need control

studies [18].

Lack of valency control The ability to label a single protein of interest with a
single QD is important in probing biological processes in live cells. If a single protein
is labeled by more than one QD as in figure 1-9b, then the bulky size of the labeled
biomolecule may affect its function by slowing its trafficking or preventing it from
entering small compartments. If a single QD labels two or more proteins (Fig.1-

9c), the forced proximity between the proteins may trigger biological pathways by
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Figure 1-9: Illustration of the effects of quantum dot labeling on a protein of interest.
a Normal protein of interest. b Protein of interest that has been labeled by two QDs
through a streptavidin-biotin binding, demonstrating the significant increase in size.
¢ Two proteins of interest that have been brought to proximity due to being labeled
with one QD that has two streptavidins conjugated onto its surface, increasing the
possibility of dimerization or interactions.

causing aggregation or dimerization. Since plasmids can be engineered to contain
Just one fluorescent protein next to the protein of interest, FPs have perfect valency
control. So far, the only method that purified single streptavidin per QD and used
such constructs in a biological experiment was developed by the Bawendi group and

the Ting group [1].

1.4 Fluorescent Sensors for Biological Applications

1.4.1 Introduction to FRET

Fluorescence resonance energy transfer (FRET) has been instrumental in verifying
the distance between proteins and their interactions. In FRET, the energy from a
photo-excited donor is non-radiatively transferred to an energy acceptor, which can

then emit the photon energy. The rate of energy transfer from donor (D) to acceptor

kpa = .S (@)6 (1.1)

D r

(A), kpa, is expressed as:

where 7p is the lifetime of the donor’s excited state, r is the actual distance between
the donor and the acceptor, and Ry is the characteristic Forster distance dependent

on the identity of the D and A. The R, depends on factors such as the overlap between
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the D emission spectrum and the A absorbance spectrum:

~ 9000in(10)¢pk?
0 T 12875n4N,

(1.2)

Here, ¢p is the quantum yield of the donor in the absence of the acceptor, s is the
dipole orientation of the D and A, n is the refractive index of the medium, and N4 is

Avogadro’s number. J is the spectral overlap term, which is an integral expressed as

J= /w Fo(Nea(A)A A (1.3)

involving fp()), the emission spectrum of D, and the molar extinction coefficient of
A, €4()), all as a function of the wavelength. Oftentimes, we calculate the FRET
efficiency with the number(z) of acceptors and the distance(r) between D and A as

variables:
RS

=0 1.4
xRS + r® (1.4)

1.4.2 Using QDs for FRET Sensors

A survey of the factors involved in the FRET process shows that choosing the right
donor and acceptor is important. QDs are useful for FRET applications because
of their tunable and narrow emission, which can be targeted to overlap with the
acceptor’s absorbance but not leak into the A’s emission window. The FRET process
is also extremely sensitive to r, the actual distance of the D and A. Therefore, by
designing a construct whose r changes according to the microenvironment, we may

translate chemical changes into spectral changes.

1.5 Thesis Overview

Some of the issues described in section 1.3.4 are tackled in the following chapters. In
chapter 2, we describe a method to diminish non-specific binding as much as possi-

ble by changing the method of QD conjugation. The construct is also designed so
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that the QDs can be transported in room temperature over large distances to biolo-
gists and immediately rendered reactive. This flexibility vastly widens the possibility
of collaboration amongst nanoparticle chemists and biologists, enabling biologists to
use more tailored, higher quality QD constructs. In our project, we collaborate with
Stanford biologists who have engineered streptavidin to possibly enable purification
of different valencies of streptavidin-QD constructs shown in figure 1-9.

Chapter 3 focuses on harnessing the optical properties of QDs and the versatility of
PIL to synthesize a QD-based pH sensor. The QD-based sensor is used as a proof-of-
concept to demonstrate that our constructs can be used in the biological environment.
In chapter 4, a new method based on a microfluidic device is used to deliver nanopar-
ticles into live cells. In addition, the delivered nanoparticles are found to interact
with the cytosolic environment, opening up the possibility to deliver QD constructs
designed to target specific proteins of interest. This method preserves high viability,
has high throughput, and bypasses endocytosis. By successfully demonstrating cy-
tosolic delivery of QD constructs, we open up the possibility to specifically target a

huge variety of cytosolic proteins to probe their functions.
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Chapter 2

Improving QD-Based Fluorescent
Probes

2.1 The Need to Optimize Conventional QD-Biomolecule

Constructs

Fluorescence microscopy has been extremely useful in biology with the development
of fluorescent dyes and proteins in the recent decades [1]. However, imaging many
complex processes require a fluorescent probe that is small but with bright, photo-
stable, and versatile optical properties {2]. Quantum dots (QDs), a semiconductor
nanoparticle, have been used widely to complement conventional organic dyes and
fluorescent proteins (FPs) due to their photostability, brightness, broad absorption,
and narrow emission [20]. However, most immediately available QDs are large in size
and lack the precise, valency-controlled labeling of proteins of interest (POI). Thus,
the construct size and multivalency of labeling pose two major challenges when us-
ing QDs as fluorescent probes. To harness the attractive optical properties of QDs,
it would be ideal to minimize their size to avoid steric effects and to have mono-
valent binding valency to avoid crosslinking uncertainties. QD preparation is quite
different from those of dyes and FPs, relying heavily on organic ligands. Thus QDs

need to be passivated with a ligand that renders the nanoparticles soluble in aqueous
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media. Such a ligand also needs to provide the ability to conjugate a biomolecule
that targets the POI. Previously, we developed and demonstrated that passivation
with poly-imidazole ligand (PIL) results in stable water-solubilized QDs that can be
conjugated to targeting biomolecules [4]. QD passivation and water-solubilization
is followed by amines on the ligands reacting with N-hydroxysuccinimide-(NHS) or
maleimide-activated biomolecules. However, this conjugation sequence presents two
problems. First, some of the amines stay unreacted due to amine interaction with
the QD surface; PEG groups, often used as water-solubilizing moieties on the ligands,
make amines even more inaccessible to the NHS reaction by creating steric hindrance
between amines on the QD surface and the biomolecule. Ultimately, these two factors
together de-crease NHS reaction yield, and the unreacted amines later contribute to
non-specific binding to various surfaces other than the POI [4]. The low conjugation
yield also makes it difficult to control the valency of the targeted biomolecule per QD
due to the large number of amines needed. Multiple binding sites per QD may also
result in the aggregation of POI, which may have inadvertent consequences such as
activating biological pathways. Yet another issue with NHS- and maleimide activat-
ing schemes is that both groups are unstable even in moderately basic aqueous media
(half-life = 10 min and 6 h at pH 8.5-8.6, respectively), limiting the long-distance de-
livery of conjugatable, water-soluble QDs from chemists to biologists for subsequent
biomolecule conjugation. This stability problem persists for innovative conjugation
chemistries such as norbornene-tetrazine chemistry [5], highlighting the need for a
strategy that increases the efficiency of amine conversion into a stable species that
can easily be rendered reactive. So far only one study has shown a clear purification
of monovalent streptavidin (mSA) conju-gation to the surface of a QD [1]. However,
that particular method for separating monovalent QDs was found to be tedious and
difficult due to its harsh treatment involving heat and centrifugation. Also, the con-
jugation relies on a reversible attachment of the 6his-tag of a mSA onto a QD surface,
which is a non-covalent interaction and liable to dissociation. The ideal purification
method would be a chromatography-based separation of constructs that provides a

quantitative and easy separation and characterization.
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2.1.1 Strategy for Increasing QD-Biomolecule Conjugation

Efficiency and Decreasing Non-Specific Interactions
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Figure 2-1: a Schematic of QD-mSA synthesis. Poly-imidazole ligands
(PIL) containing methoxy-poly(ethylene);;glycol (PEGy;), imidazole, and amine-
terminated PEGs groups were conjugated to succinimidyl 6-[3(2-pyridyldithiol) pro-
pionamido]hexanoate (SPDP) prior to ligand exchange with native hydrophobic lig-
ands on the QD surface. b The broad absorbance band and narrow emission of
QD570 that has been ligand exchanged with PILs containing SPDP. ¢ Verification
of the average number of SPDP per QD by saturating with incremental equivalents
of maleimide-Alexa 594. (Alexa594 coefficient at 588 nm=96,000 M~lem™!, QD ab-
sorption coefficient at 350 nm=1.53 x 10° M~'em™!)

The new conjugation protocol introduced in this chapter is a step forward to make
small, stable, and monovalent QDs for biological applications. Stable and immedi-
ately activable QDs without non-specific binding to biomolecules were prepared by
converting the amines on PIL into a protected, reactive group prior to ligand exchange

and QD water-solubilization. Briefly, amine-containing PIL was reacted with succin-
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imidyl 6-[3(2-pyridyldithiol)propionamidojhexanoate (SPDP) or with the NHS-ester
form of biotin, purified, and exchanged with the native hydrophobic ligands on the
QD surface (Fig. 2-1a). This new procedure addressed the issue of high non-specific
binding and low SA-coupling efficiency because the amines on the PIL were converted
to a different chemical group that does not interact with the QD surface. Thus, the
percentage of amines per PIL was minimized to 5% of the imidazole and PEG-based
monomer units on the PIL (compared to the conventional 25% of monomer units on
the PIL) [4]. Such a low number of amines per QD suggests that the non-specific bind-
ing could be banished. Meanwhile, the easy and high efficiency of amine conversion
will greatly increase the SA-coupling efficiency. Upon conjugation to SMCC-modified
SA, the SPDP-modified QDs were found to have minimal non-specific binding, low
valency of biomolecules, and high specificity. The biotin-modified QDs could be com-
bined with SA (intended to label POI in a sandwich assay) to result in a population
that is just as high-quality. In fact, the biotin-modification of QDs to result in QD-
biotin + SA + biotin-POI labeling was chosen to be further optimized (see section

2.1.2) because it precluded the need for any modification of SA.

2.1.2 Strategy for Purifying Different QD-Biomolecules Va-

lencies

The next step towards improving QD-based fluorescent labels is purification of QD-SA
into monodisperse samples containing a known valency of SA per QD. As mentioned
above, a chromatography-based separation has the potential to be not only quantita-
tive and high-yield, but also much more gentle than previously developed gel-based
method [1]. Our experience with size-selective gel chromatography has been that the
size differences of 1SA-QD, 2SA-QD, 3SA-QD...etc are not enough to produce sepa-
rate peaks. The alternative is to generate enough differences in the charge amongst
QD-SAs of different valencies. In order to endow 1SA-QD, 2SA-QD, 3SA-QD...etc
with different charge, SA was engineered to have a cleavable string of lysines (K).

After ion-exchange chromatography, the string of K can be enzymatically cleaved to

34



result in a QD-SA construct population of known valency. By using a divalent SA
composed of two dead subunits (D) and two alive units (A), we can truly achieve a

monovalent QD-SA, one where a single QD-SA labels a single POI.

2.2 Results and Discussion: Highly Efficient, Sta-
ble Activation of QDs

As expected, the 5% SPDP-QD constructs maintained the broad absorption band-
width, narrow emissions (Fig. 2-1b) and the compact hydrodynamic diameter of
~10-12 nm. To verify the number of reactive groups on the QDs, SPDP-QDs were
deprotected to expose thiol groups and subsequently reacted with maleimide-activated
fluoresent dye. The new procedure resulted in SPDP-QDs that that could react with
a maximum of ~6 maleimide-dyes (Fig. 2-1c), compared to ~27 by SPDP-QDs pre-
pared using the conventional technique. We believe that the conventional SPDP-QDs
most likely has some amines left unreacted. This should have the effect of reducing
nonspecific binding, as an abundance of free amines has been shown to aggravate this
property [5]. In addition, our use of biotin or protected pyridylthiol group as the
QD conjugation handle addressed the issue of stability of an activated QD, allow-
ing optimized, home-made, reactive QDs to be transported across the US. We then
made a monovalent streptavidin (mSA) with a cleavable 6-histidine tag in the alive
subunit [1]. The original wild type SA subunit was inserted a TEV-protease cleavage
sequence (ENLYFQG) before the 6-histidine tag using a QuickChange site-directed
mutagenesis kit (Agilent Technologies). Streptavidins with different valencies were
made by mixing alive subunits (A) with inactive (dead, D) subunits at a 3:1 ratio.
The protein mixture was first passed through a nickel column to remove waste and
high valency A4 streptavidin, and then streptavidins with different valencies were
purified using an imidazole gradient (Fig. 2-2a). Four peaks were clearly observed
on the chromatograph plot, and they represented D4, A1D3, A2D2 and A1D3 re-
spectively. Their valencies were verified using an SDS-PAGE before (Fig. 2-2b) and
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after (Fig. 2-2c) denaturing the streptavidins [1]. The binding valencies were further
verified on an agarose gel electrophoresis after conjugating with a 58-bp single strand
biotin-DNA (Fig. 2-2¢). To avoid the interference of 6-his-tag binding to the QD, it
was removed using TEV protease. Residual his-tagged mSA was removed by passage
over a nickel resin and SDS-PAGE electrophoresis showed the resulting mSA to be
free of the his-tag and quite pure (Fig. 2-2d).

b d + + + Biotin-DNA

+ o+
A1D3  A3D1 A1D3_A3D1
75hDa - D4 A2D2 D4 A2D2
- — =
50 kDa
c A1D3 A3D1
2 AR Uncl d Cleaved
e
15 KDs - Cleave eave
-

™

] unconjugated QD
1504 ¥

Figure 2-2: Characterization of cleavable monovalent streptavdin (cmSA) and the fi-
nal labeling construct, mSA-QD. a Streptavdin dead subunits (D) and alive subunits
with a cleavable 6his-tag (A) were refolded from denaturant in a ratio of 3:1, gen-
erating a mixture of streptavidins with five different binding valencies. Pre-purified
streptavdin mixture was purified using a gradient FPLC. Four peaks were detected
and they are D4, A1D3, A2D2 and A3D1. The imidazole gradient is shown as a
dashed blue line. b-c SDS-page of purified chimeric streptavidins under nondena-
turing (b) and denaturing conditions (c). d Streptavidin valency verification using
a 58-bp biotin-DNA on a 1% agarose gel. e The 6his-tag of purified cmSA (A1D3)
was cleaved by the TEV protease and the completion of cleavage was verified by a
SDS-page. f Schematic showing the mSA and QD conjugation strategy. Thiols on
the QD were exposed by reducing pyridyldithiol groups with dithiothreitol and were
reacted with maleimide-conjugated mSA. g Anion exchange FPLC of the QD-cmSA
sample. The peak assignments are tentative.

As illustrated in figure 2-2, the SPDP-handles on the QDs were cleaved using
DTT and the his-tag free mSA was activated using sulfo-SMCC. After desalting
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twice using with 7KDa Zeba Spin Desalting Columns, the sulfhydryl group on QD
reacted with the sulfhydryl-reactive maleimide on mSA to yield specific covalently
coupled QD-mSA conjugates. The product was purified on an S200 gel filtration
column to re-move unconjugated mSA. After conjugation with 58-bp bio-tin-DNA,
the valencies of QD-mSA conjugates were tested with an anion exchange column [7].
The elution peaks tentatively showed that majority of the QDs were not conjugated
with mSA (Fig. 2-2). We next tested the functionality of the monovalent QDs. We
first stained the biotinylated RBCs [8] with these QDs. The staining was specific
and completely blocked by excess small biotin molecules (Fig 3a). The non-specific
binding could be regarded as non-existent because the staining pattern of blocked QDs
was indistinguishable to that of unstained RBCs. The high specificity was verified
using single-molecule microscopy. Binding specificity is critical to many biological
applications, in particular to the broad field of single-molecule research which greatly
benefits from the unparalleled brightness and photostability of QDs. The presence of
PEG groups on the nanoparticle surface improves specificity in general [9],[10], but
the specificity of our QDs exceeds that of previous PEG-containing PIL-passivated
QDs that has showed negligible non-specific binding [11]. Here, we have banished non-
specific binding by minimizing the number of amines to 5% of PIL and by increasing

the amine conversion yield.

After demonstrating the specific targeting of these QDs, we further used them
for single-molecule experiments. We first attached individual QDs onto a biotin-
polylysine coated glass coverslip and visualized single QDs’ fluorescence using a 488-
nm laser excitation. Individual QDs showed typical blinking behavior (Fig. 2-3b, blue
curve), which supported single-QD detection. Meanwhile, we used our QDs to label
biotinylated peptide major histocompatibility complexes (pMHC) on the CH27 cell
surface at a very low density [12]. We were able to easily identify single molecules on
live cell membranes. On an animation pane (video not included in thesis), it is clear
that the QDs are blinking, but we-found that an intensity trace of single QDs on the
cell membrane have smaller variations, possibly due to slight movements across the z-

plane due to cell events (Fig. 2-3b, red curve). Here we show an example of tracking a
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Figure 2-3: Specific cell surface staining and single-molecule tracking using monova-
lent QDs. a Specific staining of monovalent QDs to biotinylated RBCs. The green
histogram is the specific staining, and the red and blue histograms are the unstained
RBCs control and the blockage of monovalent QD-staining by excess biotin, respec-
tively. b Representative intensity time traces of single quantum dots on the surface
of coverslip glass (blue) and on the membrane of a CH27 cell (red). Each single QD
emission (10 ms exposure) was collected for 100 consecutive frames. ¢ Single molecule
tracking of a biotinylated molecule on a CH27 cell membrane labeled by a monovalent
QD with good spatiotemporal resolution (~30 nm, ~50 ms). The single QD emission
(10 ms exposure) was collected with a frame rate of 50 ms/f for 71 consecutive frames.

single pMHC on the CH27 cell surface (Fig. 2-3¢) with good spatiotemporal resolution
(~30 nm and ~50 ms). The temporal resolution of QD imaging can easily reach ~1
ms using a laser with a higher power (Huang et.al, unpublished data). Therefore,
the stable, small, and monovalent QDs demonstrated here can be used to label and
track a wide variety of biomolecules with minimal perturbation and with excellent

brightness and stability.

2.3 Experimental Details

Materials and equipment All chemicals were obtained from Sigma Aldrich or
Thermo Fisher Scientific and used as received unless indicated otherwise. Air sen-
sitive materials were handled in an Omni-Lab VAC glovebox under dry nitrogen
atmosphere with oxygen levels <0.2ppm. All solvents were Spectroscopic or reagent.
Aromatic ring-bearing compounds were visualized on TLC using a hand-held UV
lamp and KMnO,. Amine-bearing compounds were visualized on TLC using a Nin-

hydrin stain. Flash column chromatography was performed on a Teledyne Isco Combi

38



Flash Companion. Size selective chromatography was performed on GE Iealthcare

PD-10 columns.

QD and ligand synthesis CdSe/CdS coreshell quantum dots and Polymeric im-
idazole ligand (PIL) were synthesized according to previous reports [4]. The PILs
used throughout this work consisted of 50% methoxy-terminated poly(ethyleneglycol)
sidechains (mPEG), 5% amine-terminated oligo(ethyleneglycol) side chains (AminoPEG),

and 45% histamine side chains.

PIL activation with (1) SPDP (2) biotin 50% mPEG/5% AminoPEG/45%
histamine-PILs were stirred with SPDP or with NHS-biotin in DMF in RT overnight.
NHS by-products were removed by sequential addition of solvent, centrifugation, and
removal of pellet using methanol and chloroform. The activated PIL was then purified

by size-selective chromatography (Biobeads) in THF solution.

QD ligand exchange with activated PIL for water-solubilization The na-
tive hydrophobic trioctyl phosphine and trioctyl phosphine oxide NC ligands were
displaced by PIL following a previously described procedure. Briefly, CdSe/CdS core-
shell quantum dots in trioctylphosphine/octadecene were precipitated with acetone
and methanol. After centrifugation, the supernatant was discarded and the pellet re-
dispersed in chloroform. This solution was added to PIL in chloroform under stirring.
After 10 minutes, methanol was added and stirring continued for a further 30 min-
utes. After this time, the solution was diluted with an ethanol/chloroform mixture
(1 :1 v/v) and precipitation induced by the addition of hexane. The nanoparticles
were collected by centrifugation, and the supernatant discarded. The resulting prod-
uct was dissolved in water, filtered through a 0.2 ym HT Tuffryn membrane and
dialyzed against PBS, pH 7.4 buffer. The concentration of the recovered solution was

determined by UV-Vis spectroscopy.

SA design and purification QuickChange method was used to insert a TEV
cleavage sequence (ENLYFQG) preceding the 6-His tag of the original alive strep-
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tavdin using a two-stage PCR protocol [18]. The PCR products were transected into
a XL10-Gold ultracompetent cells by following the manufacture instructions. Briefly,
100 pl of cells were thawed and added with 4 ul -ME mix and 2 ml PCR product
in a 14-ml BD Falcon polypropylene round-bottom tube. The tube was heat-pulsed
in a 42 °C water bath for 30 seconds, incubated on ice for 2 minutes, added with 0.9
ml preheated (42 °C) NZY+ broth and incubate the tubes at 37 °C for 1 hour with
shaking at 250 rpm. 200 pl of the transformation mixture was spread on a LB agar
Ampicillin-plate and incubated at 37 °C overnight. Six single clones were picked and
culture in LB overnight. The cultured cells were spun down and collected. The DNA
was purified using a QIAprep Spin Miniprep Kit. Purified DNA was sequenced and
confirmed the correct insertion of TEV cleavage sequences. Here is the amino acid
sequence of the alive subunit: AEAGITGTWYNQLGSTFIVTAGADGALTGTYE
SAVGNAESRYVLTGRYDSAPATDGSGTALGWTVAWKNNYRNAHSATTWSG
QYVGGAEARINTQWLLTSGTTEANAWKSTLVGHDTFTKVKPSAASENLYFQ
GHHHHHH. We followed the protocol of Alice ting et al. to express and refold the
strepavdins [14], and we used a imidazole gradient protocol to purify the chimeric

streptavidins as described in the main text.

SA activation with SMCC and conjugation onto QD We dissolved 2 mg
Sulfo-SMCC into 200 pl fresh water purified at by a milli-Q integral water purifica-
tion system. We then added 50 ul Sulfo-SMCC into 100 x4l mSA (0.5 mg/ml). We
incubated reaction mixture for 30 minutes at room temperature and removed excess
crosslinker with desalting columns equilibrated with PBS/1mM EDTA by desalting
twice. Meanwhile, SPDP-QDs were activated using 50 mM DTT for 30 minutes in
room temperature and desalted twice to remove excess DTT. We then mixed the reac-
tive forms of QDs and mSA with a ratio of 1:1 or 1:2 and incubated overnight in 4 °C
cold room. The un-conjugated mSA was removed by size exclusion chromatography

on S200 resin.
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Flow cytometry to test QD specific labeling Mouse red blood cells (RBCs)
were isolated from mouse whole blood. In brief, 1 ml of whole blood was collected
using a sterile tube containing EDTA, then carefully layered over 1 ml of Histopaque
(Sigma-Aldrich), centrifuged and washed 5 times with PBS. Isolated RBCs were bi-
otinylated using Biotin-X-NHS (Calbiochem) according to the manufacturers instruc-
tion. In brief, RBCs were incubated with titrated Biotin-X-NHS at pH 7.2 for 30 min
at room temperature, and washed five times with PBS/1% BSA to remove Biotin-X-
NHS and stop the reaction. Biotinylated RBCs were stained with 20 nM QD-mSA
conjugates in the presence or absence of 2 mM free biotin molecules. After three
times wash, the RBCs were analyzed by an LSR-II flow cytometer (BD) at Stanford
University Shared FACS Facility.

Cell culture and single-cell imaging The B-cell lymphoma. cell line CH27 cells
were maintained in complete medium (RPMI 1640 medium, 10% fetal calf serum,
2 mM L-glutamine, 50 uM B-mercaptoethanol and penicillin/streptomycin). The
biotin-MCC (88103) peptide was custom synthesized and purified by Elim Biopharm.
The peptide consisted of a biotin flexible linker and a peptide sequence, biotinAHX-
SGGGSGGGANERADLIAYLKQATK. Underlined residues were synthesized as d-
stereoisomers to avoid possible proteolytic cleavage of residues extending outside the
MHC binding groove. This extended uncleavable flexible linker provided the space
and flexibility for following fluorescent labeling.

APCs were pulsed with 50 uM of biotin-MCC peptides. The peptide pulsed APCs
were washed five times using cold PBS supplemented with 2% BSA and 0.05% NaNs
(to prevent any possible internalization or export of MHC), resuspended in 1 mL
the same medium and labeled with QD-mSA conjugates at 4 °C for 30 minutes.
After 5 times wash, the cells were imaged with a Zeiss microscopy imaging system
equipped with an Axio Observer Microscope body, a Zeiss 100 oil objective (numeri-
cal aperture 1.45), a nanofocusing z-drive, and an Andors iXon 897 back-illuminated
electron-multiplying charge-coupled device (EMCCD) that has single photon detec-

tion capability combined with >90% quantum efficiency (Andor Technology), a mo-
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torized x-y stage and a 488-nm line laser. For the single-cell and single-molecule
imaging, we acquired a differential interference contrast (DIC) exposure and a QD
fluorescent image excited by the 488-nm line laser excitation and collected through a

single band 586/20 mission filter (Semrock).

Single-QD imaging We tested single-QD fluorescent signals on glass cover slips
and on the APC surface. QD-mSA were either bound onto the surface of a biotiny-
lated poly-lysine coated coverslip or conjugated with the biotinylated peptides loaded
onto a CH27 cell surface. With the 488-nm line laser excitation and the highly sensi-
tive Andor EMCCD, we readily detected single QD signals with high signal-to-noise
ratio. All the images were taken with 10 ms exposure time in the stream model of

the CCD camera.
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Chapter 3

QD-based Sensors as a Paradigm

3.1 The Need for Fluorescent, in-situ Sensors for

Biological Applications

Recent advances in disease therapy has greatly benefited from modern diagnostic
methods. The ability to monitor the progress of disease or the effects of therapy en-
ables better prognosis or choice of medication; the ability to monitor in real-time, with
higher sensitivity, and through less invasive procedures, should help identify treat-
ment resistance or lack of clinical benefit, ultimately leading to higher patient survival
rates {1]. Existing diagnostics include ELISA and MRI scans, but most cancers are
diagnosed by biopsy. Depending on the size and location of the cancer, biopsies may
be painful and expensive. The conventional diagnostics rely on open biopsy to deter-
mine malignancy and grade. Due to the operating room costs, potential morbidity,
associated time, insufficient tissue sample, and for incisive biopsy, complications in-
volving incisions, diagnostic biopsies could be much improved [2]. In-vivo imaging
addresses many of these concerns. Using IR imaging, tissue imaging could potentially
be an incredibly powerful complement to the newer CT or MRI methods that provide
non-invasive, continuous, real-time, large-area, and sensitive measurements. How-
ever, in order to harness the advantages of fluorescence microscopy in the biological

environment, there is a need for powerful, smart fluorescent probes that image and
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identify simultaneously.

3.1.1 Criteria for a Fluorescent Sensor for the Biological Mi-

croenvironment

A biological sensor must have the following criteria:

e Non-toxicity and biocompatibility: Biosensors should minimally perturb the in
vivo environment and should not be affected by the bioenvironment. The flu-
orescent probe should not interact non-specifically with other biomolecules in
its environment, not bnly because biofouling could adversely affect the sensor
performance, but also because there could be immune responses or trafficking
issues in vivo. Research has indicated that PEO/PEG groups increase biocom-

patibility [3].

e Specificity: Specificity, or selectivity, is largely dependent on the molecular
recognition element. Unfortunately, other factors such as sensitivity and sen-
sor complexity often have to be sacrificed in order to increase specificity. For
example, sensors based on dehydrogenase activities may be quite specific, but
typically require co-factors, posing restrictions on dehydrogenase-based biosen-

S0rS.

e Sensitivity: Sensitivity is dependent on the technique, fluorescent probe, and
the molecular recognition element. Sensors that rely on enzymes or biomolecules
with low activity and stability may not be sensitive enough, but such challenges
may be overcome by using techniques\probes that have inherently high signal-

to-noise ratio.

e Spatial and temporal resolution: Theoretically, advanced fluorescence microscopy
methods such as multi-photon and confocal imaging may decrease spatial res-
olution to the diffraction limit. The temporal resolution, dependent on the

microscopy technique but also on the excitation and relaxation time of the flu-

46



orescent probe, is particularly important for biosensors that measure neuronal

response to therapeutics.

e Chemical and photostability: For long-term imaging, e.g., delineating the bound-
ary of tumor and normal tissue in the operating room, fluorescence should not
fade. Photobleaching therefore could be a serious problem for conventional

organic dyes.

o Calibr