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1.1. Introduction

During the last decades, the use of nanotechnology-based tools and methods in biology
and medicine has generated a new field of research, generally called nanomedicine. In
order to define an object as a nanomaterial, it must possess at least one dimension at the
nanoscale. Thanks to their small sizes, nanomaterials have a very high surface to
volume ratio, which is the cause of most of the properties observable at the nanoscale.
Nanomedicine takes advantage of those properties to achieve the goals of traditional

medicine: diagnosing, treating and preventing diseases ™.

Nanoparticles (NPs) are probably the most applied nanomaterials in nanomedicine.
Their size can be compared to those of proteins and even nucleic acids, making them
the ideal tools to interact with biological systems. In the literature, there are thousands
of examples of how nanomedicine makes use of different types of nanoparticles, such as
gold NPsB#, silver NPs®®! magnetic NPst"®!, and Quantum Dots (QDs)*®. QDs are
nanoparticles made of one or more semiconductors that can be easily conjugated with
diverse biomolecules. The unique optical and electrochemical properties of QDs make

them an excellent building block for the development of novel diagnostics biosensors

[11-13]

The aim of this chapter is to briefly show the state of the art of the use of QDs as tools

for in-vitro cell analysis as well as in biosensing applications with a focus on DNA.
1.2. Origin and properties of Quantum Dots

Quantum Dots were first discovered in a glass matrix in early eighties by Alexey

Ekimov 4 and then in colloidal solutions by Louis E. Brus ™!; however the term

"guantum dot™ was used for the first time in a scientific publication by Mark Reed and
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collaborators to define “semiconductor heterostructures with quantum confinement to

zero dimensions” ¢,

Since then, QDs have been extensively studied. Specially two scientists, Dr. Bawendi
and Dr. Alivisatos explored QD optical properties and found ways to make them water
soluble *%. This allowed QDs to be exported to other fields apart from physics and
chemistry, such as biology where they can be used in a wide range of applications. With
the aim to provide QDs commercially available and to keep improving their features for
biological applications, a start-up biotechnology company emerged from Dr. Alivisatos
group: Qdot Corporation, the most known and one of the first companies to produce and

distribute QDs.
1.2.1. Quantum Dot structure

Commercial QDs are clusters of atoms of a semiconductor material (mostly cadmium
mixed with selenium or tellurium), which are usually coated with an additional
semiconductor shell (zinc sulfide) creating a core/shell crystalline heterostructure with
diameters typically between 2 and 10 nm. An additional polymer coating is added to the
nanocrystalline particle in order to provide water solubility and functional groups for

conjugation with diverse biomolecules (Figure 1) 4.
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I Core(Cadmium selenide)

[ Shell (Zinc Sulfide)

I Coating (Organic/polymeric)

| Biomolecule (antibody, streptavidin, DNA)

Figure 1. Schematic (not in scale) of the overall structure of typical commercially available
QDs for bioapplications. The layers represent the distinct structural elements: core, shell,

polymeric coating and conjugated biomolecules.

1.2.2. Quantum Dot properties

QDs have unique optical and electrochemical properties, which depend both on the

material they are made of and on their high surface to volume ratio %°,

Fundamentally, QDs are fluorophores: substances that absorb photons of light and then
re-emit photons at a different wavelength. The most well-known feature of QDs is that
their color, due to their characteristic absorption of light, varies depending on their size,
which means that by tuning the size of QDs during their synthesis different colors of
exciting/emitting QDs can be obtained (Figure 2A). As mentioned above, most of
commercial QDs are made of two different semiconductor materials. The first one,
which forms the core of the QDs, determines their color (the excitation and emission
wavelengths), whereas the second one, which forms the shell of the QDs, improves their
stability and brightness through increasing the quantum yield (the number of photons

emitted compared to the number of photons used for excitation) %\ For example,
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CdSe/ZnS QDs exhibit an 80% more quantum yield than QDs made just of CdSe 7). At
the same time, ZnS shell, gives protection against environmental changes and photo-
oxidative degradation that would occur in presence of biological media *®!. From now
on, unless otherwise stated, we will generally refer to core/shell QDs (usually of CdSe

core and ZnS shell composition).

Optical properties of QDs make them a superior fluorescence label compared to organic

g [2030]

dye . For the same spectral characteristics (maximum emission peak), QDs
possess narrower emission bands, broad absorption spectra (Figure 2B) % higher
photostability and brightness (between 10 and 100 times higher than organic dyes),
besides they are more stable and less affected by photobleaching than organic dye

molecules B-*? (Figure 2C) B,

Although most of QDs applications take advantage of their optical properties, their
electrochemical properties can be very useful not only for sensing purposes, but also for
QDs characterization and quantification *>**1. An important difference between the
optical and the electrochemical measurements of QDs is that the former gives
information about the whole QDs structure, whereas the latter focus more on the
electron-transfer events on the surface. Electrochemical properties of QDs rely on redox
potentials of the semiconductor materials, which form the nanocrystals. Thus it is
possible to study the purity of the QDs using standard instrumentation and simple
experimental condition, in contrast with other techniques such as scanning tunneling
spectroscopy and photoelectron spectroscopy, which require much more expensive

equipment and sample treatment.
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Figure 2. A. Cartoon showing the relation between size and color of QDs. Increasing the
size of QDs it increases also the emission wavelength. B. Comparison between QDs and
organic dyes: (a) absorption spectra and (b) emission spectra of QDs (dashed line) and organic
fluorophore (continous line). Adapted from ref. [29] with kind permission of AAAS. C.
Photobleaching of QDs and Alexa dyes. The fluorescence of QDs is basically unchanged after
3 min, whereas that of Alexa (a common organic dye) decreases significantly. Adapted from ref.

[30] with kind permission of Nature Publishing Group.

QDs are generally affected by defects in their surface that can act as redox centres,
making difficult to obtain a reproducible electrochemical signal. Such defects are
minimized using core/shell QDs 34 Electrochemical stripping analysis using for
example square wave voltammetry (SWV) can also be exploited for QDs

characterization and quantification. This technique takes advantage of the metallic ions
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of the QDs (i.e. Cd, Pb etc. present onto the QD surface), which can be detected by
SWV at certain medium conditions (solvent, pH). Various reports, which have used

SWV to characterize and apply QDs, will be discussed in the following sections.

Although optical and electrochemical properties of QDs have been exploited to develop
a wide range of applications, they have not been yet explored to be used together.
Considering that a single QD has an optical and electrochemical signature, they have

huge potential for dual analysis of samples.

For QDs to be used in any biological application, they need to have an organic coating,
which is mostly polymeric (typically polyethileneglycol-PEG), that provides water
solubility and functional groups for conjugation. For this reason, most of commercial
QDs used in biology and medicine have their surface modified with hydrophilic
molecules, which have several functions: improving the solubility in water, facilitating
the functionalization of QDs with specific biomolecules, protecting QDs from
deterioration in biological environment and preventing leak of heavy metals from the

core and shell of the QDs (which would lead to cytotoxic effects) 5%,

The most used and stable method to functionalize QDs with biomolecules is the
formation of a covalent bond, such as the amide coupling, between the biomolecule and
the functional groups on the surface of the QDs. Generally it is done using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) as cross linker between amine groups on the
S [37,38]

surface of the biomolecule and the carboxyl group on the surface of the QD

(Figure 3A).

Although commercially available QDs are generally designed to carry out posterior
covalent binding via EDC chemistry with diverse biomolecules (immunoglobulins,

streptavidin, biotin, receptor ligands, oligonucleotides, etc.), they can also be supplied
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already modified with common molecules used in biological and pre-clinical research

B399 such as antibodies, streptavidin or biotin among others (Figure 3B).

A big amount of functional groups are

high surface to volume ratio), allowin

single QD 401 This feature confers to QDs-based labels a high affinity for targets,

displayed in the surface of QDs (thanks to their

g the conjugation of several biomolecules to a

providing more sensitivity to the detection method.
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Figure 3. A. Schematic representation of QDs coupled through EDC chemistry to
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1.3. Application of Quantum dots in cell detection

Nowadays, bioconjugated QDs are often used as replacements for conventional dyes,
when their unique optical/electrochemical characteristics are required to achieve
optimal results. Specifically, QDs can be used to efficiently target cancer cell
biomarkers due to their high luminescence and stability, which consequently translates
to a better stability of the stained sample, providing a robust tool for diagnosis and

imaging™*"!

1.3.1. Use of QDs in conventional technologies for cell detection

Conventional technologies for specific cell detection are mainly based in fluorescence.
Fluorescence-based equipments (such as fluorescence microscopes or flow cytometers)
are excellent and widely available tools for the detection of cancer cells through the use
of fluorescently labeled targeting biomolecules. The outstanding photostability of
bioconjugated QDs provides the researchers to follow longer optimizations and sample

analysis procedures.

Bioconjugated QDs have been widely used to determine the expression of cell specific
biomarkers related to pathological conditions such as cancer. Wu et al. used QDs linked
to immunoglobulin G (IgG) and streptavidin to label the breast cancer marker Her2
(human epidermal growth factor receptor 2) on the surface of fixed and live SKBR3

breast cancer cells B%.

QDs-based detection has also been used to monitor prostate cancer progression by
detecting the prostate-specific antigen (PSA) in human prostate cancer cells. The
authors used a probe consisting of a secondary antibody conjugated to a QD, obtaining
an intense fluorescent signal that was stable for several hours, providing superior

sensitivity to the assay (Figure 4A). With this method, the authors were able to detect

9
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low abundance proteins such as PSA, which cannot be clearly discerned using the
conventional immunocytochemistry (ICC) methods 421, Following the same direction,
the effectiveness of QD immunostaining and comparisons with current clinical methods
were also studied by Chen et al. 3. They used lung cancer tissue microarrays to detect
caveolin-1 and proliferating cell nuclear antigen. The authors reported that QD-based
immunostaining methods have higher detection sensitivities in comparison with

conventional clinical techniques (Figure 4B).

PSA Caveolin-1

QD-based ICC QD-based THC

PR |
conventional AT, Pt e conventional
ICcC i THC

Figure 4. A. Immunocytochemistry of PSA using QDs and organic dyes. The use of QDs
allow for a more high definition of the target biomolecule within cells. Adapted from ref [42]
with kind permission of PAGEPress. B. Immunohistochemistry of Caveolin-1. QDs tissue
labeling gives a much better resolution of the distribution of caveolin-1. Adapted from ref [43]

with kind permission from Springer Science and Business Media.

So far, there is no doubt that QD immunostaining can provide new capabilities to
extend the utility of clinical assays for the detection of specific cell surface biomarkers.

Although immunostaining is probably the most employed method in biology to detect

10
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biomarkers on specific cells, another standard technique is flow cytometry. QDs provide
flow cytometry users with a new array of stable fluorescent labels, which can be excited
with a big range of wavelength light sources and that remain fluorescent under constant
illumination. This offers a greater flexibility in designing flow cytometry experiments,
when compared with conventional dyes that are limited in the excitation source and

undergo photobleaching.

For example, QD-antibody conjugates were used to quantify the levels of protein

41 The authors

tyrosin kinase c-abl in K-562 leukemia cells by flow cytometry
prepared water-soluble CdSe QDs and conjugated them with anti-c-abl antibodies. To
carry out the assay, a sample of K-562 cells was previously treated with anti-c-abl
SiRNAs for 6 days and another sample was not (control). Then both samples were fixed
and permeabilized to allow QD-anti-c-abl antibody to enter at the cytoplasmic space
and detect the c-abl protein, specifically. Flow cytometric analysis successfully showed

differences between treated and untreated cells due to the different amount of c-abl

protein present in the cytoplasm of K-562 cells (Figure 5).

Control cells (untreated) siRNA-treated cells

-
™~

Count

Count

F ] H F G
i it ! —
= | H _'__z,ﬁ ;,. =
8 .1 1088 A 1888

Fluor

Figure 5. Flow cytometry results using QDs as labels. Different amounts of c-abl
protein can be detected using QD-anti-c-abl antibody in control and siRNA-treated

cells. Adapted from ref [44] with kind permission from ACS Publications.

11
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Alternatively, Barat et al. used engineered antibody fragments (called cys-diabodies) to
modify QDs, for specific detection of Her2 breast cancer biomarker . They developed
an oriented coupling of anti-Her2 cys-diabody onto QDs by introducing cysteine
residues at the C-termini of the antibody fragments what allowed a thiol-reactive
coupling at a site away from the antigen binding site. They tested anti-Her2 cys-
diabodies-QD in both Her2 positive and Her2 negative cells. By using flow cytometry
the authors confirmed the specific binding activity of cys-diabody QDs: no binding was
observed in Her2 negative Jurkat cells, whereas cys-diabody QDs bound efficiently
Her2 positive MCF7 (breast carcinoma cells), SK-OV-3 (ovarian carcinoma) and

LnCaP/PSCA (prostate carcinoma) cells.
1.3.2. Use of QDs in cell biosensing

One of the main focuses of nanomedicine is the early detection of cancer, which causes
millions of deaths every year all over the world “®!. An early diagnosis of cancer often
leads to a more efficient treatment that can be the difference between the life and death
of the patient. In this context QDs are offering new possibilities to develop efficient
sensors for cancer diagnostics. Both optical and electrochemical techniques for QD-

biosensing applications have been reported.

Zhang et al "), detected the presence of overexpressed folate receptor, biomarkers of
epithelial-derived tumors, using QDs as fluorescent reporter. They modified the surface
of CdS/ZnS QDs by electrostatically absorbing folic acid, the natural ligand of folate
receptor. Due to its redox behavior, folic acid turns “Off” the fluorescence of QDs,
when the two are in close proximity. The presence of folate receptor on the surface of
cancer cells induces the folic acid to specifically bind it, and thus desorbing from the

surface of QDs, turning “On” their fluorescence (Figure 6). The authors achieved a

12
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detection limit of 10 ng/mL of folate receptor. This simple turn Off/On mechanism,
based on the electrostatic absorption of folic acid, showed how different

functionalization strategies of QDs can be used to obtain different applications.

A
PEI-CdS/ZnS QDs [ﬁ) Fluorescence tur-off o roue Aclt: B |
o, B | :
K {:} ] w Electron Transfer | Folic Acid receptor: Y |
l turn-on
L, PYRRP —— 99
BEBESS
FR+ Cancer cell
B
Folate receptor ++ Folate receptor + Folate receptor -

Figure 6. Schematic illustration and results for the optical detection of folate receptor. A.
The electrostatic absorption of folic acid on the surface of QDs turns “Off” their fluorescence.
In the presence of folate receptor the folic acid molecules are desorbed from the QDs because
they have more affinity for their receptor turning “On” the fluorescence of QDs. B. Resulting
images of folate receptor detection. The more folate receptors within the cells the more
desorption of folic acid from QDs and the more turned on fluorescence. Adapted from ref [47]

with kind permission from ACS Publications.

Similarly to the previous example, the work proposed by Ma et al, used the possibility

to turn Off/On the fluorescence of QDs to early detect Parkinson’s disease (Figure 7)

13
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48] The author modified CdSe/ZnS QDs with ubiquinone-terminated disulphides. The
redox state of the ubiquinone affects the fluorescence intensity of QDs, making possible
to study the activity of Complex I, an enzyme involved in the electron-transfer chain of
mitochondria. Misregulation of Complex | can seriously damage the mitochondria
activity, favoring the appearance of Parkinson’s disease. In the proposed sensor,
Complex I can indirectly modify the fluorescence of the QDs by modifying the redox
state of ubiquinone. The authors managed to demonstrate the in vitro detection of

Complex I level in human neuroblastoma cells.

A B Normal Damage |lI

Emission

f ~ocH, —
i “H’ "
'\_\J e /

QnNS-CdSe/ZnS QDs
‘comple;

Excitation

Bright

Emission

Excitation
H
HaC OCH;,
Casel Be. N Y ook
ZnS /*": Hoon

HQnNS-CdSe/ZnS QDs

Fluorescence

\1
b

Merged

Figure 7. [lllustration and results of the use of ubiquinone-modified QDs to study the
activity of Complex 1. A. Ubiquinone can act as quencher of the QDs, but, in the presence of
NADH, Complex | changes the redox status of ubiquinone, limiting its quenching effect over
the QDs. B. Results showing that in normal cells the QDs are highly fluorescent due to
Complex 1 activity, whereas in damaged cells, where Complex | activity is limited, the over
fluorescence is very low, indicating the quenching effect of ubiquinone over the QDs. Adapted

from ref [48] with kind permission from Nature Publishing Group.
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In recent years, scientists have also been exploiting the semiconductor properties of
QDs to develop new electrochemical techniques. These new techniques provide the
scientific community with sensitive, easy to use and cheap methodologies that can be
applied in several sensing applications. Although the electrochemical detection of QDs
is used in many protein and nucleic acid sensors, its use for cell sensors is still limited to

few and complex devices (-2,

For example, Liu et al. used aptamers-modified QDs for electrochemically detect cancer
cells®. The authors fabricated an electrode based on a layer-by-layer structure using
multiwall carbon nanotubes, gold nanoparticles, and polydopamine to achieve high
electrochemical performances. Subsequently, they modified the electrode surface with
concanavalin A, a protein that binds strongly to the cell membrane, to force the cells to
approach to the surface of the electrode. In order to achieve high levels of sensitivity
and specificity, the authors designed an electrochemical label based on the combination
of an aptamer, specific for model cancer cells, and DNA-modified QDs that enable the
formation of a so called concatamer (Figure 8). In this way, for one aptamer there were
several QDs producing an amplified signal. The authors used this strategy for both
optical and electrochemical measurements of cancer cells, being able to specifically

detect cancer cells over normal cells and achieving a limit of detection of 50 cell/mL.

15
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Figure 8. Scheme of the electrochemical cancer cell detection based on QDs-concatamers.
Using Concavalin A modified electrodes and aptamer-DNA concatamer QDs, the authors

managed to electrochemically detect cancer cells. Adapted from ref. [51] with kind

permission from ACS Publications.

Jie and coworkers also managed to detect cancer cells using QDs as electrochemical
labels 2. In this case the authors modified magnetic particles with an aptamer specific
for cancer cells. The aptamer also hybridized to a complementary DNA strand used to
modify a cluster of QDs, which were assembled on the surface of a dendrimer. In the
presence of the target cell, the aptamer dehybridized from the DNA to bind the
corresponding cancer cell, and thus releasing the QDs cluster from the magnetic
particles. Finally, using magnetic separation, the QDs clusters, which were free in
solution, were collected and measured using a mercury film on a glassy carbon

electrode (Figure 9). The authors achieved a limit of detection of 89 cells/mL.
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Figure 9. Scheme of the detection of cancer cells using QDs nanoclusters. The bond between
aptamer modified magnetic nanoparticles and QDs nanoclusters via DNA hybridization is
broken in the presence of the aptamer-specific target cell. The free QD nanocluster can then be

electrhcemically detected. Adapted from ref. [52] with kind permission from Elsevier.

Instead, a simple approach was presented by Liu et al, where the authors detected folate
receptor on the surface of cancer cells ®%. An Indium Tin Oxide ITO electrode was
modified with gold nanoparticles to generate a biocompatible surface for cells; then
different dilutions of cells were deposited. Using folic acid modified CdSe/ZnS QDs the
authors managed to detect over-expressed folate receptor on the surface of KB cells,

with a limit of detection of 2000 cells.

Our group also reported that QDs conjugated with a sweet arrow peptide (SAP) could

531 In fact

serve as tools to study the interaction of a specific peptide with the cells
using the square wave voltammetry, the authors were able to discriminate the presence
of QDs inside or outside the cells. In this case SAP favored the cellular uptake of the

QDs conjugates, which were accumulated inside the cell. In order to obtain the specific

electrochemical signal from QDs located inside cells, cells had to be lysed (Figure 10).
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On contrary, QDs adsorbed onto the cell surface produced an electrochemical signal

even without the lysis of the cells.
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Figure 10. QDs-peptide conjugates act as tools to study cellular uptake mechanisms. A.
Illustration of the assay steps: a) incubation of the cells with QDs-SAP conjugates, b) remove of
excess of QDs-SAP, c) electrochemical measurement of unbound QDs, d) electrochemical
detection of QDs on the cell surface, e) electrochemical detection of uptaken QDs after cell
lysis. B. Sequential electrochemical measurement (a, b, c) of QDs accumulated on the surface of
the cells (QD without SAP), and sequential electrochemical measurements (d, e, f) of uptaken
QDs-SAP conjugates during lysis. Adapted from ref [53] with kind permission from ACS

Publications.
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1.4. Application of Quantum dots in nucleic acid recognition

In the molecular biology field, one of the mayor applications of QDs is to detect nucleic
acids (DNA and RNA). The recognition of specific DNA/RNA sequences is

fundamental for the early diagnosis of many diseases.

For this reason, it is of high importance to improve usual techniques and develop new
cost/efficient ones. Thanks to their optical/electrochemical properties, QDs are great
tools to achieve it. This is proved by the high number of published works reporting the
use of QDs in methodologies used every day in molecular biology labs, such as gel
electrophoresis 4, PCR B or fluorescent in situ hybridization (FISH) ' but also
reporting the development of novel highly sensitive and specific biosensors for nucleic

acid recognition [857:%81,
1.4.1. QDs in conventional technologies of molecular biology

Basically, QDs started to be introduced in conventional technologies as optical labels to
replace organic dyes. The QD higher brightness and resistance to photobleaching
compared to organic dyes, such as FITC, Cy3 or Texas Red, make them excellent labels

for FISH, the standard technique to visualize DNA.

The work published by Xiao and Barker compares the stability of the fluorescent signals
detected when using streptavidin-QDs or streptavidin-organic dyes at the specific band
1912 of human metaphase chromosomes, which is the location of the breast cancer
related Her2 gene. Upon 2 h of continuous illumination, QDs signals suffered a
fluorescence signal decay of about 20%, whilst those of organic dyes suffered at least
70% of fluorescence decay. It was demonstrated that QDs offer a more stable and

quantitative mode of FISH for research and clinical applications.
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The use of QDs as labels in FISH has also been exploited for the detection of mRNA.
MRNA is the product of the expression of an activated gene in cells, and being able to
quantify and localize specific mRNA is of great importance for the understanding of
cellular functions. Evidence of this is the work carried out by Choi et al. reporting the
quantitative detection of MRNA Diptericin gene using a QD-DNA label (Figure 11) 59,
Diptericin is a Drosophila antimicrobial peptide that is induced by bacterial infection.
The authors used lipopolysaccharide (LPS) to simulate an infection, since the triggering
of Diptericin mRNA transcription by LPS is well known. As expected, the amount of
fluorescent hybridization signals increased with the increment of the concentration of

LPS added to the cell cultures. The results were further confirmed using real-time PCR

as standard technique.

Figure 11. QD-based FISH images of Diptericin mRNA expression. The amount of QDs
green fluorescence is induced by increasing the amount of lipopolysaccharide (LPS) added to
the cell cultures. From left to right: 1 pg/mL, 10 pg/mL and 100 pg/mL LPS. Nuclei stained

with DAPI (blue). Scale bar 20 um. Adapted from ref * with kind permission from Wiley

Besides FISH applications, QDs are used in other molecular biology techniques such as
gel electrophoresis. For instance, QDs can be separated and their size determined by
capillary zone electrophoresis [GO],showing that the mobility of QDs is inversely

proportional to their size 81 However, most importantly, gel electrophoresis has been
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used to check and analyze QD conjugation to DNA molecules, an essential step for the

preparation of QD-based nucleic acids sensors.

One example of that is the work done by Srinivasan et al., who successfully established
the conditions for reproducible conjugation of QDs to plasmid DNA 2. Gel
electrophoresis allowed the determination of the optimal conditions to carry out this
specific conjugation (Figure 12), resulting in a high efficiency cell transfection.
Moreover, they showed that the intracellular trafficking of plasmid DNA conjugated to
QDs could be followed through time due to their long-term photostability, in contrast

with rhodamine that fade out after 50 min of continuous excitation.

A B
Unstained SYBR Gold stained

Figure 12. Characterization of QD-DNA conjugates using gel electrophoresis. A, before
and B, after staining the gel with the DNA stain SYBR gold. Interestingly the physical mixture
of QDs and plasmid DNA (lane 2) did not provoke conjugation whereas following the
conjugation protocol QD-DNA conjugates were observed (lane 4). Control lanes: (lanel)
plasmid DNA alone, (lane 3) QDs alone. Adapted from ref [62] with kind permission from

Nature Publishing Group.
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1.4.2. Use of QDs for DNA Biosensing

QDs are labels especially suitable for the detection of nucleic acids. On one hand, their
functionalization with DNA can be controlled; on the other hand, they do not cause
cleavage of DNA; which may occur when DNA is conjugated to organic fluorophores
whose photobleaching generates free radicals **%. A number of diverse approaches for
QD-based DNA biosensing have been developed. Although there are few QD-based
electrochemical sensors for DNA detection (using electrochemiluminescence and
anodic stripping voltammetry) %] ‘most of the other reports are based on the Forster
resonance energy transfer (FRET), with the QD as the donor and an organic fluorophore

or a quencher as the acceptor (681,

A single QD-based DNA nanosensor was developed to detect a target sequence with
high sensitivity and without amplification, thus reducing dramatically the time and cost
of analysis 7 . The sensor consisted in a QD bioconjugated with a capture sequence
and a dye-conjugated reporter sequence. When the target DNA was present in the
solution, both the QD sensor and the reporter sequence formed a sandwiched structure
with the target (Figure 13). This, by bringing the reporter dye very close to QD, created
a FRET donor-acceptor pair and allowed a sensitive detection of as low as 50 copies of

DNA.
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Figure 13. Schematic of single-QD-based DNA nanosensors. (a) Conceptual scheme showing
the formation of a nanosensor assembly in the presence of targets. (b) Representation of FRET
ocurring when Cy5-DNA target hybridizes the capture DNA of QDs surface. lllumination on
QDs allow them to act as donor for hybridized Cy5-DNA. Thus Cy5 fluorescence emission can
be detected although it has not been directly illuminated. (c) Experimental setup to detect the
nanosensor only (using filter 1) and the nanosensor with the target Cy5-DNA hybridized (using
filter 2) with a single excitation source. Adapted from ref [57] with kind permission from

Nature Publishing Group.

Hairpin DNA molecules (so called molecular beacons) are used for DNA detection
through FRET due to their versatility, specificity and sensitivity. Despite the superior
optical properties of QDs, strategies using them in combination with MBs for DNA

detection are still in their infancy and still have to be deeply explored. So far, efforts
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have been focused on their engineering in order to obtain competitive performances in
DNA detection assays B"*®%% In particular, Yeh et al demonstrated the potential and
robustness of MB-QD-based probes using AuNPs as quenchers, achieving a 7.3-fold
increase in fluorescent signal upon target binding, and detecting coxsackievirus B6
(CVB6) on susceptible BGMK cells *¥. To carry out the assay, QD-MB—-Au NP probes
were delivered into BGMK cells and then incubated with the virus. Subsequently, the
increase in fluorescent signals inside cells due to hybridization of newly synthesized
viral RNA with the delivered probe was tracked under a fluorescence microscope. As
time passed, the fluorescence intensity inside the infected cells became higher,
indicating that continual RNA synthesis and virus assembly were occurring (Figure 14).
Their method made feasible the real-time monitoring of a process taking place at the
intracellular level, through the indirect detection of RNA. That remarks, even more, the

already highlighted photostability of QDs.
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Figure 14. Real-time detection of viral infection spreading. BGMK cells were first incubated
with 50 nM QD-MB-Au NP probes, infected with CVVB6 at a multiplicity of infection of 0.1

Plaque-forming unit per cell, and monitored using a fluorescent microscope. Adapted from ref

[69] with kind permission from RSC Publishing.

1.5. Conclusions

The advantages of QDs while used for bioapplications are related to their narrower
emission bands, broad absorption spectra, higher photostability and brightness. In
addition they are more stable and less affected by photobleaching than organic dye
molecules. Taking these properties and the reported examples into consideration, it is
clear that QDs have become a versatile and robust tool for multiple applications in
biology and medicine. Nevertheless their use is mainly limited to substitute organic
dyes in classical optical techniques and their utilization in combination with cutting
edge technologies, such as microfluidics, has not been fully explored yet. On the other
hand their specific electrochemical characteristics are still not fully applied for cell
detection. Finally, very few examples combine the use of optical and electrochemical

properties of QDs in the same device.

The aim of this thesis has been to try to fill in these gaps, thus addressing the objectives

reported in the next section.
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2. Objective

Although in nanomedicine there are many reported quantum dots applications that take
advantage of their unique properties, their stability in biological media and their
availability to conjugate to diverse biomolecules, there is still a lack of
optical/electrochemical QDs-based technologies that can be used for in vitro

nanodiagnostics or drug discovery.

The main objective of this thesis is to explore different ways to use QDs for the
detection of specific cells and DNA, making these new approaches valuable tools for

diagnostics and drug discovery.

More in detail, specific objectives are:

- To develop a robust and reproducible strategy to use QDs as immunolabels for
enhanced imaging of eukaryotic cells using fluorescence and confocal

microscopy for diagnostics;

- To develop a QD-based dual optical/electrochemical technology for apoptosis

detection;

- To develop a versatile platform for drug screening, by means of apoptosis

detection in living cancer cells using QDs and a modular microfluidics system;

- To develop a lab-on-a-chip for monitoring of DNA hybridization assays using

molecular beacons technology through the use of QDs as labels.
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Chapter 3. QDs versus Alexa: reality of promising tools for

Immunocytochemistry
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3.1. Introduction

Semiconductor nanocrystals called Quantum Dots (QDs) are fluorochromes with many
advantages compared to the organic fluorescent dyes habitually used in
immunocytochemistry procedures ™. Their water solubility and capacity to be
conjugated with different biomolecules have only recently been established ;
therefore, their application in both the biological and medical research fields is still
scarce.

Since the first microscope appeared up to the present day, different kinds of dyes
(fluorescent proteins, small fluorescent molecules, etc.) have been used to detect or
localize different biomolecules within an intracellular context. In the last decade, when
nanotechnology became relevant, QDs were introduced as a promising methodological
tool due to their intrinsic brightness, high photostability, high molar extinction
coefficient, narrow emission band, and excitability with several wavelengths ©!. These
qualities opened the possibility to handle samples labeled with different colors,
preventing fluorescent signal crossing-over, using a single laser line to excite different
QDs at the same time .

QDs are aggregates of atoms -from hundreds to tens of thousands that behave as one- of
semiconductor materials that produce a crystalline matrix (nanocrystal). Composition,
size and shape of this matrix determine their physical characteristics. The properties of
nanocrystals vary according to their size, which ranges generally from 1 to 10 nm in
diameter ©: whereas smaller QDs emit in shorter wavelengths, bigger QDs emit in
longer wavelengths. The crystalline core of QDs is composed of cadmium selenide and
covered with a zinc sulfide shell. Moreover, some QDs are coated with different kinds
of polymers and molecules in order to make them water-soluble and to facilitate their

conjugation to different biomolecules, providing a specific functionality 1.
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QDs can be linked to many molecules, such as DNA, proteins and antibodies, and
therefore they have a wide range of applications in the biosciences. To date, QDs have
been used to localize proteins %' and mRNA within the cell 2 to label cancer
markers ™3 to follow in vivo metastatic cells during extravasation ™ or to track
embryonic stem cells in deep tissues ™.

The aim of this study was to use QDs as secondary and tertiary antibodies in a routine
immunocytochemistry procedure in which organic dyes are currently used. Therefore,
we characterized the shape, size and optical properties of QD 655 (IgG or streptavidin
conjugated) in order to develop a standard protocol for protein immunodetection using
QDs. We have made a comparative study of fluorescence intensity, bandwidth,
photostability, specificity and the quality of QD 655 versus its homologous organic
fluorophore, Alexa 594 (1gG or streptavidin conjugated), to evaluate the possibility of

replacing Alexa with QDs in this protein detection procedure.

3.2. Methods

3.2.1. Materials

Two types of red emission spectra QDs were used as secondary and tertiary antibodies:
QD 655 Goat F(ab), anti-mouse 1gG conjugate (QD 655-1gG) and QD 655 streptavidin
conjugate (QD 655-strep). Two homologous red emission Alexa Fluor Dyes: Alexa 594
Goat F(ab);anti-mouse 1gG conjugate (Alexa 594-1gG) and Alexa 594 streptavidin
conjugate (Alexa 594-strep) were used to compare to QD antibodies. Secondary
antibodies QD 655-1gG and Alexa 594-1gG were purchased from Molecular Probes
(Invitrogen Corp; Eugene, Oregon, USA), and Anti-Ms IgG biotin from Boheringer

(Mannheim; Indianapolis, USA). Primary antibody monoclonal anti-B-tubulin was
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purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). GM130 and
EEAL primary antibodies were purchased from BD Biosciences (San Jose, California,
USA).

3.2.2. High Resolution Transmission Electron Microscopy (HRTEM)

To carry out a HRTEM analysis, 0.5 pl of each QD was diluted in 500 pl of MilliQ
water and centrifuged for 10 minutes at 6000 rpm to eliminate all organic precipitates.

A drop of each diluted QD was deposited on a carbon layer copper grid and air-dried.

Images of each type of QD were obtained with a HRTEM, using a JEOL JEM 2011
transmission electron microscope (Jeol LTD; Tokyo, Japan) operating at 200 kV. The
sizes of the QDs were determined with Digital Micrograph software (Gatan Inc;
Warrendale, Pennsylvania, USA) and data obtained were processed with statistics

software Origin-8 (OriginLab Corporation; Northampton, Massachusetts, USA).

3.2.3. Cell cultures

Two different culture cell lines, Vero (ATCC-CCL-81) and HeLa (ATCC-CCL-2), were
used. Cells were maintained in MEM (GIBCO, Rockville, Maryland, USA)
supplemented with 10% Fetal Calf Serum (GIBCO) and incubated at 37°C and 5%
COz in a humidified atmosphere.

3.2.4. Immunocytochemistry

For immunocytochemistry analysis, cells were seeded onto glass coverslips and
incubated at 37°C and 5% CO2, until confluence was reached. Cells were fixed in 4%
paraformaldehyde (Electron Microscopy Sciences; Fort Washington, Pennsylvania,
USA) in 0.01 M phosphate buffer saline (Sigma Aldrich Chemie GmbH; Steinheim,
Germany) for 15 min, permeabilized in 0.25% Triton X-100 (Fluka Chemie AG; Buchs,
Switzerland) for 15 min and blocked in 6% bovine serum albumin (Sigma Aldrich

Chemie GmbH; Steinheim, Germany) for 40 min. Finally, cells were incubated with the
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anti-B-tubulin monoclonal antibody (4 pg/ml) to detect the microtubule network, with
the GM130 antibody (10 pg/ml) to detect the Golgi complex or with the EEAL antibody
(2.5 pg/ml) to detect the endosomal system. In all cases the primary antibody was

incubated for 1 h at 37°C.

To perform secondary immunodetection, anti-Ms 1gG antibody conjugated to Alexa or
QDs (4 pg/ml and 30 nM final concentration, respectively) was used. For tertiary
immunodetection, cells were first incubated with Anti-Ms 1gG Biotin (1 pg/ml) for 1 h
at 37°C, and then with streptavidin conjugated to Alexa or QDs (4 pg/ml and 30 nM
final concentration, respectively). Coverslips were mounted onto glass slides using
Fluoprep mounting media (bioMérieux®SA, Marcy I'Etoile, France) to preserve
fluorescence.

3.2.5. Confocal Laser Scanning Microscopy (CLSM)

Images were captured with a CLSM Leica TCS-SP5 AOBS spectral (Leica
Microsystems Heidelberg GmbH; Mannheim, Germany) using a Plan-Apochromatic

63x objective (NA 1.4, oil).

Series of images (xyA), called lambdastacks, were taken to determine the spectra
emission of QDs and Alexas and to establish their bandwidth. The excitation
wavelength used was the 488 nm line of an Ar laser. The AOTF was set at 40% and

80% for QDs and Alexas, respectively.

The emission detection was set from 500 to 780 nm. The confocal pinhole for each
lambdastack was fixed at 2 Airy units. For each xy focal plane, confocal microscopy
measured the emission variation every 10 nm (lambda step size = 7 nm). The emission
spectra analysis was processed using the CLSM software (Leica LAS AF). A Region of

Interest (ROI) was delimited to determine the fluorescence intensity (FI) in the selected
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area in relation to the wavelength. To analyze immunolabeled cells, 45 ROIs of 2
um?were selected near cell nuclei; FI and bandwidth were calculated in the selected
ROls.

Photostability experiments were performed using the Live Data Mode function of the
CLSM, which permits monitoring long time-lapse experiments. Each type of
fluorophore was illuminated with a 561 nm excitation laser line for 8 minutes (100%
power, zoom = 6). Images were taken at 1 second intervals, in 512 x 512 pixels with 8
bits of dynamic range. In the area where the laser was at its maximum illumination
power, 45 ROIs of 2 ym? were selected to show the FI in the region in relation to time.
Secondary or tertiary antibody specificity was evaluated using the xyz mode of the
CLSM, which permits one to scan the xy plane along the z axis. Images were captured
every 0.2 ym along 3 ym of thickness, with 1 Airy confocal pinhole. From the xyz
series obtained by CLSM, maximum intensity projections were achieved with Leica
LAS AF software, and three-dimensional models were generated using Imaris software

(Bitplane; Zurich, Switzerland).

3.2.6. Statistical analysis

To determine if there were significant differences in size between QDs conjugated to
IgG or to streptavidin, a two-sample T-Student's test (T-test) for comparison of means,
with 95% confidence, was carried out. Previously, a F-Fisher test was performed and
equal variances were assumed due to the returned p-value of 0.389. The equality of

means hypothesis was rejected when the p-value was lower than 0.05 (p < 0.05).
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3.3. Results

3.3.1. QDs characterization by HRTEM

QD 655 showed a cone-like shape (Figure 1) with no differences in shape between QDs
conjugated to streptavidin or to 1gG. However, when comparing the size of the QDs
conjugated to 1gG with those conjugated to streptavidin, significant differences (p <
0.05) were found. QD 655-1gG is bigger (15.4 £ 0.2 x 6.4 £ 0.1 nm) than QD 655-strep

(13.1+2.8 x 6.3 £0.9 nm).

Figure 1. HRTEM QD characterization. The large image shows a general view of QD 655
dispersion. The small image shows a detail of a single QD 655 cone-like nanocrystal. Its
crystalline structure core can be seen. Scale bar = 10 nm.

3.3.2. QDs characterization by CLSM

QDs have been reported to present several optical advantages in fluorescence detection
regarding conventional organic fluorophores. QD 655 has been compared to Alexa 594
to evaluate differences in fluorescence intensity, bandwidth, photostability and

specificity.
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3.3.2.1. Emission Spectra

First, the maximum fluorescence emission peak (Aem) Of both fluorophores was assessed
using the lambdascan function of the CLSM. QD 655 presented its maximum at 651
nm, whereas Alexa 594 had its peak at 615 nm (Figure 2, Table 1). The AemVvalue
recorded was identical for the same fluorophore independently of its conjugation (IgG

or strep).

1.2 4

lgG

Alexa QDs

— — strep

Fluorescence Intensity (a.u.)

Wavelength (nm)

Figure 2. Fluorescence emission spectra. Spectral profile representing fluorescence intensity
versus emission wavelength (500-780 nm) for QD 655-1gG, QD 655-Streptavidin and their

Alexa homologues. Excitation wavelength = 488 nm.

Second, the fluorescence intensity (FI) level of QD 655 (Ig or Strep) and Alexa 594 (Ig
or strep) was calculated. The FI level of QD 655 was higher than that of Alexa 594

(Table 1).
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Table 1. Spectral properties.

Emission peak (nm) FI? Bandwidth (nm)®
Q655-1gG 651 200 35.5
Q655-strep 651 180 37
A594-1gG 615 75 48
A594-strep 615 75 53

Emission peak, fluorescence intensity (FI) and bandwidth for QD 655 and Alexa 594 analyzed at 488 nm
excitation wavelength.

(a) Values in gray level (0-255).
(b) Calculated as the full width at 50% maximum of the emission spectrum (FWHM) in the FI profile.

Differences in bandwidth, calculated from the emission profiles (Figure 2), were also
found when both kinds of fluorophores were compared. QDs had narrower values of
bandwidth than the homologous Alexas (Table 1).

3.3.2.2. Photostability

Photostability was assessed by exposing immunolabeled cultures for eight minutes at
the maximum power laser line of 561 nm. For the first 90 seconds, the initial
fluorescence intensity of B-tubulin labeled with QD 655s was reduced by about 5%. The
same laser incidence produced an intensity reduction of 90% in cultures labeled with
Alexa 594s. At the end of the irradiation period, no B-tubulin was detected in cultures
labeled with Alexa 594s, whereas in cultures labeled with QD 655s, -tubulin still kept

up to 10%-40% of the initial fluorescence intensity (Figure 3 and 4).
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Figure 3. Photostability profile. Fluorescence intensity changes of QDs and Alexas during the

irradiation period with the 561 nm laser line at maximum power.

t=0 t =8 min

i .

Alexa

Figure 4. CLSM photostability images. Left-hand images correspond to the emission signal of
QDs and Alexas conjugated to streptavidin before irradiation (t = 0 min) with the 561 nm laser
line at its maximum power. Right-hand images show the emission signal of QDs and Alexas at
the end of the irradiation period (t = 8 min). Note the loss of fluorescence intensity in the

delimited area. Scale bar = 10 pm.
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3.3.2.3. Specificity of labeling

Staining specificity was analyzed on cell cultures labeled with primary antibody against
the microtubule network (B-tubulin), Golgi complex (GM130) or endosomal system
(EEAL). Brightness of both fluorophores conjugated to IgG was similar (Figure 5).
Differences in specificity were detected when QD 655-1gG was used as a secondary
antibody against B-tubulin. The network of microtubules was not well defined, with
background and QD aggregates that had not selectively linked to B-tubulin. In contrast,
Alexa 594-1gG was very specific and the microtubule network was definitely detectable.
When QDs and Alexas were used as tertiary antibodies, the tubulin network was clearly
detected by both fluorophores, but Alexa fluorochromes were more specific in

pinpointing the tubulin filament structure.
strep

1gG
i ..
E ..

Figure 5. CLSM specificity analysis of B-tubulin labeling. Maximum intensity projections of

the distribution of the tubulin network labeled with QDs (top images) show lower specificity

than their organic Alexa homologue labeling (bottom images). Scale bar = 10 pm.
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No differences in specificity were detected when QD 655 or Alexa 594 was used as a
secondary or tertiary antibody against GM130 or EEAL. Both types of fluorophores

showed similar specificity (Figure 6).

GM130 EEA1

QDs

strep

Alexa

strep

Figure 6. CLSM specificity analysis of GM130 and EEAL labeling. Isosurface representation
of the cell shows the nucleus (blue) labeled with Hoechst 33342, Golgi complex (GM130) and
endosomal system (EEA1) (red) within a three-dimensional volumetric x-y-z data field. Scale

bar = 10 pm.

3.4. Discussion and Conclusions
In this work inorganic QDs were used to demonstrate their feasibility and advantages as

a basic research technique in routine immunocytochemistry, as compared to Alexa
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organic dyes. To our knowledge, commercial QDs are not yet standardized; neither are
they completely characterized to be used without further evaluation 16171,

HRTEM characterization of QDs demonstrated differences in core size between the two
types of QDs. In theory, these differences should be due to QD manufacturing, but the
current methods used to produce QD allow particle size and particle size distribution to
be controlled accurately 8. Moreover, according to the Quantum Dot Corporation ),
there are only slight size differences in a given batch of QDs. However, other authors
have found some variability in CdSe QDs size distribution ™.

One of the optical properties measured was the emission spectrum, which in QDs is
related to their size. QD 655 conjugated to 1gG or streptavidin displays a higher
emission peak and a narrower bandwidth than its Alexa homologue. These
advantageous characteristics have been well documented previously by different authors
[413201 ‘and offer the possibility of using different QDs simultaneously without
overlapping emission bands. The bandwidth of our batch of QD 655 (IgG and strep)
was similar to that described in the literature 2%,

Slight differences in size result in slight variations in the emission wavelength. As a
consequence, the emission spectrum of a certain nanocrystal ensemble will be broader
than an individual QD spectrum Y. A variation in size distribution of 5% translates into
a bandwidth of approximately 25-30 nm, a narrow value compared to the bandwidth of
many fluorescent dyes Y. Since the size distribution of each QD analyzed in this study
was about 10%, it was expected that the bandwidth would be greater (ca. 35 nm).
Another optical characteristic analyzed was the intrinsic brightness of both
fluorophores. The fluorescence intensity (FI) was higher in QDs than in Alexas. Most
S [1,13,20,22].

authors agree that QDs have superior brightness than organic fluorophore

However, other studies have found that QDs are not as bright as expected ?*]. Slight
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differences in FI (ca. 8%) were detected between both QDs, while in Alexas these
differences were inappreciable. Other authors have found that the FI of QD 525-1gG
was nearly one-third that of QD 525-streptavidin 241,

Photostability was the third optical property analyzed, and the entire scientific
community agrees that this is the best advantage of QDs, as compared to other
fluorescent dyes *°1. Our study confirms that QDs have the highest photostability. This
characteristic is very important when in vivo analyses are carried out and long-term
experiments are necessary and use multiple targets . But photostability is also a
determining factor in fixed samples in which some magnification is needed to find the
best resolution to observe subcellular structures. Before QDs came out, Alexa dyes were

considered to be the most photostable fluorophores *®

. Nowadays, this reality has
changed: Alexa fluorophores lose almost all of their fluorescence in only 90 seconds of
laser exposure, while we have demonstrated that QDs can be exposed to laser light for
eight consecutive minutes and less than 40% of their initial fluorescence is lost.

All of these characteristics confirm that QDs have unique optical properties that make
them powerful fluorescent dyes. In addition to the increasing interest in QDs in
fluorescence techniques, their electron-dense core has potential to carry out correlated
studies between CLSM and TEM, which would allow protein localization inside cells
on a nanometric scale ™. However, there is some controversy regarding the specificity
of QDs as immunolabels. While some authors argue that QDs have comparable or even
superior specificity in relation to organic fluorophores 271 others consider that QDs are
appropriate fluorophores to be used as immunolabels, although without increasing
sensitivity, and with higher, non-specific binding and aggregation than Alexa dyes

[18.231 | ow specificity could be due to different reasons: i) a non-optimal concentration

of QDs that could lead to a non-specific signal ), or ii) a non-optimal surface chemistry
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of QDs that would affect their spectroscopic properties and colloidal stability as well as
their biomolecular function or size, which could sterically hamper access to cellular
targets 201 Several authors have pointed out the importance of QD concentration for
improving the sensitivity of detecting water pathogens 221 ‘as well as improving specific
immunostaining . Before starting the QD characterization, we tested three different
concentrations of QD 655 in order to use the most appropriate in which to perform this
study (data not shown). The optimal concentration was 30 nM because there were
scarce aggregates and the QD concentration was high enough to label the tubulin
network.

On the other hand, specificity was higher when QDs were used as a tertiary antibody,
but still lower compared to their Alexa homologue. Other authors have reported that QD
sensibility is improved when they are used as tertiary antibodies 241 this increase in
sensibility is probably due to the high affinity between streptavidin and biotin, and to
the signal amplification.

Finally, the specificity of QDs in detecting p-tubulin, GM130 and EEAL1 proteins was
tested. While specificity against B-tubulin was lower than Alexa, no differences were
observed when QDs were used to stain the Golgi complex (GM130 protein) or
endosomes (EEAL). Specificity of QDs was higher for primary antibodies against
proteins like GM130 and EEA1L, which are scarce in the cell and are not involved in the
composition of thin structures. Specificity was lower for proteins such as B-tubulin
which is an abundant protein in the cell and that polymerizes producing an extremely
well organized thin structure. QD 655 is one of the largest QDs commercialized, and it

is possible that its size could sterically obstruct its access to its target %,

Summarizing, QDs are excellent fluorophores for labeling cellular targets as they

display higher intensity, an enhanced signal to noise ratio, a narrower bandwidth and
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higher photostability than organic dyes. However, the specificity of QDs depends on the
target they have to bind to. More studies are needed to improve the specificity of QDs
so they can be used routinely, alone or in combination with organic fluorescent dyes, in
all biological applications. In this study we were able to use QDs as secondary and
tertiary antibodies to clearly detect discrete localized proteins. Therefore, in these cases,
they can replace fluorescent organic molecules in routine immunocytochemistry

procedures.

In the future, when better control of the synthesis and functionalization of QDs is
possible, the range of biological applications of these fluorophores can be extended and

they can become part of basic research techniques.

3.5. References

[1] J. M. Ness, R. S. Akhtar, C. B. Latham, K. A. Roth, J. Histochem.
Cytochem. 2003, 51, 981-7.

[2] A. Watson, X. Wu, M. Bruchez, Biotechniques 2003, 34, 296-300,
302-3.

[3] A.P. Alivisatos, Science 1996, 271, 933-937.

[4] P. K. Chattopadhyay, D. A. Price, T. F. Harper, M. R. Betts, J. Yu, E.
Gostick, S. P. Perfetto, P. Goepfert, R. A. Koup, S. C. De Rosa, et al.,
Nat. Med. 2006, 12, 972-7.

[5] C. B. Murray, C. R. Kagan, M. G. Bawendi, Annu. Rev. Mater. Sci.
2000, 30, 545-610.

[6] I. L. Medintz, H. T. Uyeda, E. R. Goldman, H. Mattoussi, Nat. Mater.
2005, 4, 435-46.

[7] W.W. Yu, E. Chang, R. Drezek, V. L. Colvin, Biochem. Biophys.
Res. Commun. 2006, 348, 781-786.

46



[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

[22]

[23]

QDs versus Alexa: reality of promising tools for immunocytochemistry

T. Jamieson, R. Bakhshi, D. Petrova, R. Pocock, M. Imani, A. M.
Seifalian, Biomaterials 2007, 28, 4717-32.

A. M. lga, J. H. P. Robertson, M. C. Winslet, A. M. Seifalian, J.
Biomed. Biotechnol. 2007, 2007, 76087.

R. Nisman, G. Dellaire, Y. Ren, R. Li, D. P. Bazett-Jones, J.
Histochem. Cytochem. 2004, 52, 13-8.

B. N. G. Giepmans, T. J. Deerinck, B. L. Smarr, Y. Z. Jones, M. H.
Ellisman, Nat. Methods 2005, 2, 743-9.

A. Matsuno, J. Itoh, S. Takekoshi, T. Nagashima, R. Y. Osamura, J.
Histochem. Cytochem. 2005, 53, 833-8.

X. Wu, H. Liu, J. Liu, K. N. Haley, J. A. Treadway, J. P. Larson, N.
Ge, F. Peale, M. P. Bruchez, Nat. Biotechnol. 2003, 21, 41-46.

E. B. Voura, J. K. Jaiswal, H. Mattoussi, S. M. Simon, Nat. Med.
2004, 10, 993-8.

S. Lin, X. Xie, M. R. Patel, Y.-H. Yang, Z. Li, F. Cao, O. Gheysens,
Y. Zhang, S. S. Gambhir, J. H. Rao, et al., BMC Biotechnol. 2007, 7,
67.

D. Tonti, F. van Mourik, M. Chergui, Nano Lett. 2004, 4, 2483-2487.

Y. Wu, S. K. Campos, G. P. Lopez, M. A. Ozbun, L. A. Sklar, T.
Buranda, Anal. Biochem. 2007, 364, 180-92.

R. E. Bailey, A. M. Smith, S. Nie, Phys. E Low-dimensional Syst.
Nanostructures 2004, 25, 1-12.

L. Li, J. Hu, W. Yang, A. P. Alivisatos, Nano Lett. 2001, 1, 349-351.

U. Resch-Genger, M. Grabolle, S. Cavaliere-Jaricot, R. Nitschke, T.
Nann, Nat. Methods 2008, 5, 763-775.

P. Jorge, M. A. Martins, T. Trindade, J. L. Santos, F. Farahi, Sensors
2007, 7, 3489-3534.

L. Y. Lee, S.L.Ong,J. Y. Hu, W. J. Ng, Y. Feng, X. Tan, S. W.
Wong, Appl. Environ. Microbiol. 2004, 70, 5732-6.

B. C. Ferrari, P. L. Bergquist, Cytometry. A 2007, 71, 265-71.

47



Chapter 3

[24] T.J. Fountaine, S. M. Wincovitch, D. H. Geho, S. H. Garfield, S.
Pittaluga, Mod. Pathol. 2006, 19, 1181-91.

[25] A. Fu, W. Gu, C. Larabell, A. P. Alivisatos, Curr. Opin. Neurobiol.
2005, 15, 568-75.

[26] N. Panchuk-Voloshina, R. P. Haugland, J. Bishop-Stewart, M. K.
Bhalgat, P. J. Millard, F. Mao, W. Y. Leung, J. Histochem.
Cytochem. 1999, 47, 1179-88.

[27] M. A. Hahn, J. S. Tabb, T. D. Krauss, Anal. Chem. 2005, 77, 4861-9.

48



AnnV/QD probes for multimodal apoptosis monitoring in living cells

Chapter 4. Annexin-V/quantum dot probes for multimodal
apoptosis monitoring in living cells: improving bioanalysis using

electrochemistry
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4.1. Introduction

The development of new techniques to detect and study the apoptosis is crucial to fully
understand how its deregulation leads to disorders such as cancer
neurodegenerative diseases ! and myocardial infarction !, among others. Nowadays,
most techniques used to detect apoptotic cells aim to label phosphatidylserine (PS), a
negatively charged aminophospholipid, whose translocation from the inner to the outer
plasma membrane is a distinctive hallmark of early stages of apoptosis .. Methods
based on PS recognition are useful clinical tools for early diagnosis, evaluation of
diseases progression, and monitoring therapy efficacy, besides providing excellent
quantitative analysis in living cells and new potential targets for drug discovery %, To
date, Annexin-V (AnnV), a phospholipid-binding protein with high affinity for PS M,
has been widely used as an imaging tool to monitor the apoptosis progression when
conjugated to a fluorescent dye “2*°!. Nevertheless, its applicability is restrained by the
properties of common fluorescent dyes, which have a limited photostability and a

tendency to photobleach 871,

Considering this framework, CdSe/ZnS Quantum Dots (QDs) are excellent tools to
overcome organic dye inconveniences; in fact, they have size-dependent tunable narrow
fluorescence emission spectra, high-resistance threshold to chemical and photo
degradations, high extinction coefficient and high quantum yield 8%, They are already
widely used in fluorescence based technologies such as fluorescence microscopy and
confocal laser scanning microscopy (CLSM) %4 flow cytometry *®!, spectroscopy

24251 and microarrays 2%

. Another unique characteristic of QDs, over dyes and
enzymes, is that their high electron density allows for their use also as electron
microscopy labels. Although fluorescence-based and electron microscopy methods

provide an accurate detection of apoptosis, most of them are time-consuming,
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troublesome, expensive and require qualified staff to analyze the results. A
complementary and quantitative electrochemical detection of apoptosis would solve
those inconveniencies. Several works reported the use of voltammetry to detect QDs as

electrochemical labels, taking advantage of their redox properties 292,

Herein, we describe the use of AnnV-QDs conjugates as dual optical/electrochemical
labels for fully monitoring apoptosis in living leukemia-derived THP1 cells (Figure 1).
Using this label, we achieved to: i) make the labeling process easier (single-step) and
faster (30 min) than most commercially available Kits, ii) study the same sample with
classical cell biology techniques (CLSM, Scanning Electron Microscopy (SEM) and
flow cytometry) obtaining a deep overview of the cell status, and iii) develop a cheap,
easy-to-use, fast and quantitative electrochemical technique, which results are in fully

agreement with those obtained by flow cytometry.

Legend:
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Figure 1. Use of Annexin-V/Quantum dot probes for optical and electrochemical detection
of apoptotic cells. THP1 cell cultures are incubated with Staurosporine (STS) (a), a pro-
apoptotic drug, and as a consequence phosphatidylserine (PS) is externalized (b). AnnV-QD
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conjugates previously prepared are added to the cell cultures (c) and bound to PS expressed in
the outer membrane of apoptosis induced THP1 cells (d). Due to the properties of QDs (they are

fluorescent, electroactive and electron dense) diverse analyses can be performed.

4.2. Methods

4.2.1. Reagents and instruments

RPMI-1640 (Gibco), Foetal Bovine Serum (FBS) (Gibco) and L-Glutamine (Gibco), for
cell cultures, and Qdot® 655 Streptavidin Conjugates (Invitrogen), dimer EthD
(Invitrogen) and Hoechst 33342 (Invitrogen), for labeling the cells, were purchased
from Life Technologies S.A. (Spain). T-25 and T-75 flasks (Nunc) were purchased from
Thermo Scientific and the hemocytometer with a Burker grid was purchased from
Brand Gmbh + Co KG (Germany). A HERAcell 150 incubator (Heraeus, Spain) and an
Eppendorf Centrifuge 5804 R (Eppendorf Ibérica S.L. Spain) were used for cell culture

maintenance and in some steps of the experimental procedure.

Staurosporine (STS) and Dimethyl sulfoxide (DMSO) for the apoptosis induction step
were purchased from Sigma (Spain) and Annexin-V biotin (Biovision Inc.) was
purchased from Deltaclon S.L. (Spain). Sample shaker used for preparation of the

conjugate was a TS-100 Thermo shaker (Spain).

Reagents for PBS and AnnexinV binding buffer preparation were purchased from
Sigma, Aldrich or Fluka. All the solutions were prepared using mQ water, produced

using Milli-Q system (>18.2MQcm™) purchased from Millipore (Sweden).
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4.2.2. Cell culture and induction of apoptosis

The human monocytic THP-1 cell line (ATCC® TIB-202TM) was maintained at a
density of 5-8 x 10° cells/mL in 75 cm? flasks in RPMI-1640 medium supplemented

with 2 mM L-Glutamine and 10% FBS in standard conditions (5% CO? at 37 °C).

For apoptosis induction, 2 mL of cell suspension at a concentration of 5 x 10° cells/mL
were transferred to 25 cm? flasks where 3 pL of 0.5 mg/mL of STS diluted in DMSO
were added into the flasks (induced cultures). The equivalent volume of DMSO was
added into the control flasks (control cultures). Cultures were kept in standard
conditions for 6 h. Two washing cycles with PBS were performed in order to remove
any presence of STS in the cell cultures transferring cell suspensions to centrifuge tubes

and spinning at 300 x g for 5 min. Final pellets were resuspended in 200 pL PBS.

During the incubation with STS, THP-1 cell cultures were checked using an inverted
microscope with a phase-contrast objective. We took images of control and apoptosis-
induced cell cultures in order to observe changes occurring in the cells due to the effect

of STS such as cell shrinkage and membrane blebbing (Figure SI 1).
4.2.3. AnnexinV-QD conjugates preparation

AnnV-QD conjugates were prepared according to the manufacturer’s protocol. Briefly,
3 UL of 2 uM streptavidin-QDs solution were incubated with 187 puL of QD conjugation
buffer and 10 pL of biotinylated Annexin-V for 45 min in a thermo-shaker at 500 rpm

at 25°C and stored at 4°C until used.
4.2.4. Simple labeling protocol for apoptosis

A simple one-step labeling procedure was carried out by adding 200 uL of AnnV-QD

conjugate and 200 pL of Ca?* containing binding buffer to the cell suspensions
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(prepared in 200 pL PBS). Then it was incubated at room temperature (RT) in a rocker
shaker for 30 min. Thereafter, in order to eliminate the unbound AnnV-QD conjugates

two washing cycles with PBS were performed.

4.2.5. Confocal Laser Scanning Microscopy

A 10 pL drop of the labelled cell suspension was placed in a bottom glass petri dish for
confocal imaging. Images were captured with a CLSM Leica TCS-SP5 AOBS spectral
(Leica Microsystems Heidelberg GmbH; Mannheim, Germany) using Plan-

Apochromatic 20x and 40% objectives (NA 0.9 and NA 1.2 respectively).

Simultaneous excitation of the PS-expressing cells (labeled with AnnV-QD) and their
nuclei (Hoechst staining) was performed using a 405 nm blue laser diode and
simultaneous detection was done using two different photomultipliers (PMT), one per
each corresponding spectral range. CLSM software (Leica LAS AF) was used to obtain
overlapped images of nuclei and AnnV-QD labeling. Stacks of XY images at different
Z planes were processed with ImageJ (NIH, Maryland, USA) and Imaris 3D rendering
software (Bitplane AG, Switzerland). In order to perform semiquantitative analyses,
fluorescence intensity data from the images were obtained with ImageJ extracting the
sum of intensities of all pixels for the nuclei (FIN) and the QD (FIQD) labeling,
separately for each given image. Average intensities of 3 pair of images, from different
areas, were calculated and the average ratio FIQD/FIN was used to quantify the cell
death. Further projections and 3-D views of apoptotic cells were performed using Imaris

software.

4.2.6. Sample preparation for SEM analysis

Labeled-cell suspensions were washed in 0.1 M cacodylate buffer for 1 min and then

fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer, during 1 h at RT. Cells were
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incubated again with 0.1 M cacodylate buffer for 1 min and then dehydrated
sequentially in increasing concentrations of cold ethanol (50, 70, 90% during 8 min
each). To complete the dehydration process samples were incubated two times in 100%
ethanol (8 min each, 25°C) and finally resuspended in hexamethyl disilazane solution
(Sigma-Aldrich) for 15 min at RT. A 50 pL of each sample was placed in separate glass
coverslips and let dry for 15 min at RT. SEM samples were kept in a desiccator at 25 °C

until analysis.

The volume of all reagents used in the sample preparation was 1 mL and after each of

the above-mentioned steps cells were recovered by centrifugation (300 x g, 5 min).

Prior to SEM analysis (Magellan®FE-SEM, FEI), glass coverslips were placed over a
typical SEM sample holder and the edges of the coverslips were painted with silver ink

in order to increase their conductivity and facilitate the analysis of the samples.

This protocol avoids the use of metallization steps keeping intact the cellular structure
and allows a direct visualization of small metallic nanoparticles such as QD on the cell

surface.

4.2.7. Flow Cytometry

AnnV-QD labeled cells (20,000 cells) were analyzed to quantify the number of
apoptotic cells in both induced and control cultures using a FACSCanto Il flow
cytometer (BD Biosciences, Franklin Lakes, NJ) equipped with the BD Biosciences

FACSDiva™ software.

4.2.8. Electrochemical detection of apoptotic cells

The electrochemical detection of apoptotic cells was done using mercury-modified

screen printed electrodes (from ItalSens, acquired through PalmSens) placing 30 pL of
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the AnnV-QD labeled cells onto the working electrode. Apoptotic cells were detected
electrochemically though the presence of Cd ions (as defects at Cd QDs surface)
contained in the QDs structure by direct voltammetric detection. This methodology has
been previously reported by our group P and applied now with some minimal
modifications. Briefly, the Cd(ll) contained in the QDs was reduced to Cd(0) applying a
potential of -1.1V for 5 min. After that, a square wave voltammetry (SWV) was
performed scanning the potential from -1.1 to -0.4 V (step potential 10 mV, modulation
amplitude 30 mV, frequency 15 hz) and measuring the current value (analytical signal)
due to the oxidation of Cd(0) to Cd(ll). The oxidation process generates a peak of
current at —0.8 V which intensity is related with the quantity of QDs in contact with the
working electrode surface. The electrochemical detection in the samples was directly

performed in PBS pH 7,4.

Different concentrations of cells ranging from 20,000 to 1,250 were measured and three
measures using three different electrodes (represented as error bars in the graphs) were

performed per each number of cells.

4.3. Results and Discussion

4.3.1. Optimization of apoptosis induction and labeling with AnnV-QD probes

In this study, we used a human monocytic leukemia cell line, THP-1 as target of
Staurosporine (STS), a commonly used drug to induce apoptosis in cell-based assays
[343%1 -~ Although several works report the apoptotic effect of STS, concentrations and
incubation times change depending on the cell line and specific assay requirements
(3637 \We observed that 5 pg/mL of STS during 6 hours provoke the expected effect in

THP-1 cell cultures by exhibiting early apoptotic symptoms such as cell shrinkage or
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membrane blebbings. We also optimized the labeling step in order to make the method
faster and easier than the use of Annexin-V-biotin kits in conjuction with conventional
streptavidin or avidin-dye reagents. In fact, using commercial Kits, cells are first
incubated with Annexin-V-biotin followed by a second incubation with a fluorescently
labeled streptavidin; besides, after each incubation step several washing steps are
necessary, making the overall labeling process at least longer than 1 h. In the proposed
method the Annexin-V-biotin is pre-incubated with streptavidin-QDs and the resulting
conjugates can be stored at 4°C, protected from light, until use. In this way we

minimized the number of steps, decreasing the overall assay to 30 min.

4.3.2. In vitro CLSM monitoring of apoptosis in THP-1 cell cultures

In order to study the efficiency and specificity of AnnV-QDs conjugates to detect
apoptotic cells, we analyzed the sample both with CLSM and SEM. In particular, taking
advantage of the fluorescent emission of QDs, we used CLSM to obtain qualitative
information of the assay by comparing images of the control and apoptosis-induced
samples (Figure 2a). Images in Figure 2a show the differences in the amount of AnnV-
QD labeled-cells (in red) between the two samples. Nuclear staining (in blue; using
Hoechst 33342 dye) confirms the apoptotic status of cells in the induced cultures, where
DNA condensation and nuclear fragmentation are evident (insert box in Figure 2a). We
used ImageJ software to analyze three random areas in both samples (control and
induced), to attain the integrated fluorescence intensity of nuclear (Fln) and QDs (Flgp)
staining. The histogram in Figure 2b displays the Flgp/Fly ratio of control and induced
samples, respectively 0.022+0,001 and 0.06+0,001 A.U.. The higher ratio observed in
the induced sample indicates a prevalence of apoptotic cells in the culture incubated
with STS. Furthermore, by scanning the sample along the Z axis, we obtained

information of the whole-cell labeling. A cross section of a selected stack of an
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apoptotic cell is shown in Figure 2c. XZ and YZ plane projections show the relative
localization of AnnV-QD labeling, which is restricted to the periphery of the cells, as
expected, and also the fragmentation of the nucleus. Finally, this peripheral localization
can also be seen in a surface-rendered 3-D reconstruction of an apoptotic cell, which

gives a more complete volumetric view of the same labeling information (Figure 2d).

(=n

0,07 -
0,06 -
0,05 -
0,04 -
0,03 -

0,02 |
0,01 -
0,00 +—

Contral Induced

Flop/FIH ratio (A.U.)

YZ plane

Figure 2. CLSM analysis. (a) Images of THP1 cells after AnnV-QD labeling (red) show few
apoptotic cells in control cultures and many in induced ones. Nuclei were counterstained with
Hoechst (blue). A zoom in a selected region (dashed line) is displayed in a box for more detail
(*). Scale bars 20 um. (b) Apoptosis in control and induced cultures was established from the
images acquired. Fluorescence intensities of nuclei (Fly, Hoechst stain) and of AnnV-QD (Flqp,
QDs) bound to cells were quantified and the ratio Flop/Fly was calculated. This ratio was twice
in induced cultures compared to control ones. (c) A cross section projection allows the

visualization of an XZ plane (horizontal -H- section) and a YZ plane (vertical -V- section),
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where DNA condensation and nuclear fragmentation can be clearly observed. (d) 3-D rendered
projection shows the peripheral localization of the AnnV-QDs in a volumetric view. Scale bar 5

pm.

4.3.3. SEM analysis of apoptotic THP-1 cells and AnnV-QD labeling at the plasma

membrane

We performed SEM analysis both to see in detail the external morphology of the cells,
and to evaluate the presence or absence of QDs in the plasma membrane surface
(CdSe/zZnS QDs can be visualized by SEM thanks to their electron dense composition).
Figure 3a and 3b show respectively non-apoptotic and apoptotic cells at 20,000X
magnification: whereas non-apoptotic cells (Figure 3a) had usual morphologies,
apoptotic cells (Figure 3b) decreased in size (shrinkage) and presented membrane
blebbings (pointed out in the picture by yellow arrows), which are typical of apoptotic
processes. Moreover at 50,000X magnification, the presence of QDs was evaluated: no
QDs were observed in non-apoptotic cells (Figure 3a’). However, in apoptotic cells,
QDs (displayed as bright dots in the image) were present in their membranes (yellow
arrowheads in Figure 3b’), corresponding to what was expected, due to the interaction

of AnnV-QD with the externalized PS.
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Non-apoptotic cell Apoptotic cell

Figure 3. SEM analysis. Morphology of control and apoptotic cells and presence of QDs in the
outer membrane of cells were evaluated by SEM imaging. Images a and b were taken at
20,000X to check the size and morphology of cells, scale bar 5 um. Apoptotic cells (b) shown to
be smaller in size (shrinkage) and presented also big evaginations or blebbings (indicated by
arrows), typical of apoptotic processes. Images a’ and b’ were taken at 50,000X in a selected
area (dashed square in top images) in order to evaluate the presence of QD in the membrane
(bright dots indicated by arrowheads), scale bar 2 um. No QDs were present in non-apoptotic
cells (a’) whereas in apoptotic cells (b”) dispersed or groups of QDs were observed. In the inset
(*) a detail of a selected area (dashed square) is displayed and two QDs in the membrane of the

cell can be clearly observed.
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4.3.4. Quantification of AnnV-QD labeled apoptotic THP-1 cells by Flow

Cytometry

We also used flow cytometry to analyze the same samples used for CLSM and SEM; in
this way we could prove both, the versatility of AnnV-QD labels using a different
technique, and the acquisition of quantitative data to be used for evaluating the
performances of the new electrochemical detection. In particular, for each culture,
20,000 cells were analyzed and representative plots were obtained for each sample.
Figure 4 shows the distribution of the total cell culture population. The red colored area
corresponds to the apoptotic cell population labeled with AnnV-QD, which was
determined according to the negative control analyzed under the same conditions.
Comparing both plots, a more condensed red area is observed in the apoptosis induced
culture than in the control one, as expected. We extracted numerical data from the plots
and calculated the percentage of apoptosis for each sample. Apoptotic cells constituted
5% of the control sample, as usual in normal healthy or untreated cell cultures %,
whereas for induced cultures it was 17.1%. These results indicate that apoptosis was
successfully induced by STS and that AnnV-QD label method allowed the specific

detection of apoptotic cells via flow cytometry.
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Figure 4. Flow cytometry analysis. A total of 20,000 cells from control and induced cultures
were analyzed and the number of cells emitting fluorescence (AnnV-QD labelled cells) were
quantified (P2 area; red dots). The population of AnnV-QD labelled cells (P2) increased
substantially in induced cell cultures (17.1% in front of 5.0% of the control). AnnV-QD em =
fluorescence intensity emitted at 655 nm. PE em = fluorescence intensity emitted at 585 nm

(used as control).

4.3.5. Electrochemical stripping detection of apoptotic THP-1 cells through QDs

Finally, we developed an electrochemical method, based on the stripping voltammetry
of QDs (Figure 5a), to detect apoptotic cells. It is based on the redox properties of the
CdSe/znS QDs, which produced a characteristic oxidative peak at -0.720 V. The peak
intensity can be used to estimate the amount of QDs in the sample that in turn can be
related to the quantity of apoptotic cells present. The stripping voltammetry was
performed in PBS using disposable screen printed electrodes and a potentiostat, as
shown in Figure 5b. In this way, an entire population of cells can be screened, checking
the effect of the drug upon their viability. In Figure 5c, the histogram displays the peak
values obtained by electrochemical detection of serial dilutions of control and apoptotic-
induced cells. Considering the same number of cells, the apoptotic-induced cells
generated higher peaks compared to control samples, due to the higher amount of QDs
present in their plasma membrane, indicating the specific binding of AnnV-QDs to the
externalized PS. The difference is observable in a range from 20,000 to 1,250 cells
(inset of Figure 5c shows a classical read-out of the electrochemical stripping detection
of different dilutions of apoptotic cells). Control cell cultures, as observed by CLSM
and flow cytometry, also gave low intensity signals due to the basal apoptotic activity of

a normal cell culture.
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This electrochemical method allows quantitative comparison of the effect of a drug on
an induced sample and a control one, and, when used in correlation with flow cytometry
data, allows us to estimate the number of apoptotic cells in the sample. In the present
case, the flow cytometry results indicate that 17% of cells analyzed in the induced
sample are apoptotic cells, thus, we can assume that in the smallest concentration used
in the electrochemical detection, consisting of 1250 cells, about 212 cells were apoptotic

cells.
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Figure 5. Electrochemical detection. (a) Schematic of the electrochemical detection by SWV
of QDs. First Cd ions (as defects at CdSe QDs surface) are reduced to Cd°® and the subsequent
oxidation to Cd** generates a peak, the intensity of which corresponds to the amount of QDs
present on the electrode surface. (b) Photo of the set-up for the electrochemical detection. (c)
Electrochemical stripping peak currents obtained measuring different amounts of induced-
apoptotic cells (red columns) and control cells (blue columns). In the inset typical

electrochemical stripping curves obtained for the apoptotic cells are shown.
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4.3.6. Correlation between electrochemistry and other quantitative techniques

We compared the results obtained analyzing 20,000 cells by flow cytometry and
electrochemistry, as well as with those from CLSM (Table 1). Data collected showed an
excellent correlation (~97.7%) between flow cytometry and electrochemistry, with
almost the same value of fold-increase between the control and apoptosis induced
sample, respectively 3.42 and 3.50. The 2.72 fold increase obtained with CLSM is also
in a good agreement with the previous ones (~78%) (although it cannot be used as a
quantitative result, due to the lack of statistical significance of the technique). This new
electrochemical method can be considered as a faster (readout obtained in less than 5
minutes), cheaper and easier-to-use alternative or complementary method to flow
cytometry. Unlike other electrochemical methods for heavy metal detection (such as
those incorporating QDs) all measurements are carried out in a cell-friendly saline
solution instead of using strong acidic conditions. Other advantages of this method
include the fact that it can be used by untrained personnel, that is easily miniaturizable
and that does not limit the user to working with samples containing high number of

cells.

Table 1. Apoptosis analysis. Correlation between electrochemistry, flow cytometry and

confocal laser scanning microscopy (CLSM) measures.

Technique Control cells Induced cells Fold increase
Electrochemistry (nA) 15,0 52,50 3,50
Flow Cytometry (%) 5,0 17,10 3,42
CLSM (A.U.) 0.022 0.06 2,72
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4.4. Conclusions

We have explored the use of AnnV-QD probes as optical and electrochemical labels to
easily carry out correlative studies of the same sample using different techniques such
as voltammetry, flow cytometry, CLSM and SEM. The complementary information
obtained from the different methods allows for greater insight into the apoptotic process
compared to data obtained from single techniques using other dyes or enzymes. The
proposed quantitative, electrochemical-based method is faster, cheaper and more
versatile than most of those currently in use and can be easily miniaturized into a point-
of-care, micro-fluidic device, making it useful for both research and industrial settings.
We expect this technique to be extended not only to other cell toxicity studies with
interest for clinical industries, but also to the detection of any disease-biomarker

expressed in the plasma membrane, with clear relevance for diagnostic applications.
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A versatile modular microfluidic platform for drug screening using QDs as probes

Chapter 5. A Versatile Modular Microfluidic Platform for
Monitoring Anti-cancer Drug Effect in Human Carcinoma Cells Using

Quantum Dot-based Probes
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5.1. Introduction

Drug discovery is a field of research in constant development due to the need of new and
improved drugs to treat different kinds of disorders, diseases or illnesses. Up to date, several
methods for drug development have been reported,'! and specific efforts have been focused in
the development of new strategies to study the effect of specific drugs on biological samples
and to verify the function for which the drug was developed before conducting the clinical
trials. 2 &l

One of the most important fields in drug development research is the related to cancer
treatment.f?BM Most anticancer drugs such as Camptothecin (CAMPT) induce
apoptosis,® with some common characteristics (endonucleolytic cleavage of DNA,
chromatin condensation, caspases activity, phospholipids translocation, etc.),[g] which can be
used to develop different methods for cell apoptosis detection by the recognition of a specific
apoptotic marker. Several scientific contributions on apoptotic cell detection have been
reported being the detection of phosphatydilserine (PS), a phospolipid located in the inner
face of the plasma membrane (PM) that translocates to the outer leaflet of the PM at early
stages of apoptosis, one of the most common methods currently in use.

Detection of PS through the specific phospholipid-binding protein Annexin V (AnnV) has
been widely used for diagnosis™®™! and as an imaging tool to monitor the cell death
progression when conjugated to a fluorescent dye.?'* This non-invasive technique for the
cell is a good alternative for drug screening assays. However, one of the main problems of
AnnV-based fluorescent probes is the limited photostability of the organic dyes conjugated to
the AnnV and the small diversity commercially available of them, to avoid spectral
overlapping. These problems can be solved using Quantum Dots (QDs) as fluorescent
reporters instead of typical organic dyes.™"

Companies are producing commercially QDs due to their unique optical properties and their

great potential in diagnostic imaging with particular interest in cancer diagnosis.* We have
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already reported the superiority of QDs over organic dyes for labeling intracellular structures
through double or triple immunocytochemistries showing higher intensity, narrower
bandwidth and higher photostability[le] and we have as well demonstrated the efficient
employment of QDs as labels in microarray technology for either protein™” (Alzheimer’s
disease biomarker screening) or bacterial® (e-coli detection in a digital like response via
fluorescence quenching with graphene oxide). Thereby, the use of QDs conjugated to AnnV
provides a unique candidate to monitor apoptosis in time-lapse imaging due to their high
photostability. !

QD-based labeling strategies can improve conventional technologies but, modifications in the
assay platform such as the use of microfluidics would allow the development of a cheaper and
more efficient method®?Y] by down-scaling the cell environment, making biological
interactions more dynamic (microflows), and decreasing sample, reagents and time of
analysis.?

As a result of the micro and nanofabrication progresses, new tools have been introduced in the
biomedicine field in order to improve current methodologies used in diagnosis, drug
screening, etc.”® For instance, one of the most interesting alternatives is the development of
lab-on-a-chip platforms whose aim is to integrate various laboratory functions on a small chip
taking advantage of the microfluidics and microelectronics.

Microfluidic devices are basically known as integrative platforms to carry out diverse and
complex experiment.**! Although many researchers are proposing highly integrated and
sophisticated platforms,!*'?®] the complexity of the experiments for non-experienced
personnel can be a drawback due to their multiple components. However, the use of a
modular configurations brings the opportunity to couple different kind of chips depending on
the requirements of each experiment in a versatile and simple way, resulting in a large number
of combinations.””"?® The main idea is that several microfluidic components can be

connected in a motherboard to perform a larger integrated system. ! 2
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DNA detection,** protein immunoassays,*®4 and cell-based experiments!®} 26137138
by using microfluidic platforms have been widely reported in the literature. Focusing on cell
studies using microfluidics, several platforms for cytotoxicity evaluation and drug discovery
have been also described.*"*% The above mentioned platforms cover functionalities such as
parallelization, appropriated microenvironments, multidetection, etc., however they usually
require more complex fabrication, including control system and implementation procedures.
In addition, these approaches for cell-based analysis mainly use organic dyes which are not
stable and not sensitive enough for long-term studies.

In the present work we report the development of a versatile platform based on modular
microfluidics to carry out cell-based assays for drug discovery revealing PS externalization,
occurring in early apoptosis, by using QDs as signalling probes. To achieve such an anti-
cancer drug effect monitoring system we designed a flexible modular system composed of
three different modules (Figure 1): i) a concentration gradient generator (CGG) to
automatically generate a gradient of concentration of CAMPT, ii) a cell apoptosis detection
chip (CELL) to seed the cells and detect optically the AnnV-QD labeled apoptotic cells, and
i) a mixer (MIX) to create the AnnV-biotin-streptavidin-QD (AnnV-QD) probes in the
appropriate buffer.

The integration of different chips (modules) with various functionalities allows to obtain a
more versatile and simple platform, being possible to interchange upon demand one or more
modules. As a proof-of-concept, we show the monitoring of the effect of CAMPT in human
carcinoma cells using AnnV-QDs probes as high sensitive fluorescent labels for cell apoptosis

quantification through specific recognition of PS.
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CELL chip

MiX chip

Figure 1. Complete modular microfluidic platform for cell death monitoring. (a) Schematic
representation and connections between the three different modules: i) CGG (concentration
gradient generator), ii) CELL (cell chamber), and iii) MIX (AnnV-biotin and QD-streptavidin
mixer). 1) Direction of the flow when the generated drug concentrations [0 to 20 pM] are
introduced into the CELL chip, and 2) direction of the flow in order to label translocated PS
with AnnV-QDs when apoptosis is induced by the drug (after 4h of incubation in presence of
the drug, see cell schematic). (b) Corresponding pictures of the three modules filled in with

coloured inks.

5.2. Methods

5.2.1. Design and chip features

The design of each module (CGG, MIX and CELL) was done taking into account the
required functionality (concentration gradient generation, mixing and immunoassay
performance and cell seeding and analysis) in terms of modularity, versatility, easy
assembly, among others, as reported previously.[**!

CGG and MIX chips were designed with long paths through serpentine shapes. Each

serpentine sector of the CGG chip was 100 um depth, 125 pm width and 172 mm of
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path length whereas each serpentine sector of the MIX chip was 100 pm depth, 200
pm width and 1,500 mm of path length. In the CELL chip, several ramifications were
included in each chamber in order to minimize the stress that the flow can produce in
the cells growing inside the chips. All chips were fabricated by soft-lithography as

previously described by Whitesides’s group.[*®!

5.2.2. Fabrication of PDMS/glass chips

All chips were fabricated by soft-lithography as previously described.[*”! Briefly, a 4-
inch silicon wafer was spin coated with a negative photoresist (SU8-50, from
Microchem, USA) and patterned by photolithography by using a flexible mask
(Microlitho, UK). Poly-dimethylsiloxane (PDMS, from Ellsworth, Spain) was poured
onto the resulting mould and cured at 65 °C for 2 h. After this, the PDMS channel and
glass substrate were assembled; both surfaces, glass and PDMS were activated for 1
min by air plasma 30 W (Harrick Plasma, USA), and put into contact to achieve

irreversible bonding.

5.2.3. Hydrodynamic optimization of CGG chips

Design of the CGG chip was based on previous work.1*¥l The fabricated chip consists
on sequential mixers to be used for producing a gradient of concentration in the
corresponding outlets. Experimental data with our CGG chip were obtained to compare
the relative concentrations with the theoretical ones. Quantification of relative
concentrations at the outlets was performed by introducing through inlet 1 cell culture
medium MEM (Minimum Essential Medium, Gibco) supplemented with 10 % Foetal
Bovine Serum (FBS, Gibco) and with a 25 % dimethyl sulfoxide (DMSO, Sigma),
which is the Camptothecin (CAMPT) solvent in stock solutions. Through the inlet 2,

MEM supplemented with 10% FBS and with a 10% of Trypan blue (Fluka by Sigma
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Aldrich, Spain) was introduced. Trypan blue was used during the optimization
experiments to allow measurements of colour intensity because although MEM has
phenol red in its composition it is transparent at small volumes. For filling-up the chips,
1 mL syringes (Hamilton, USA) and syringe pumps (Harvard Apparatus USA) were
used. To determine optimal flow rate and time of infusion different settings were tested
in order to find the less time-consuming configuration allowing the obtaining of
desired values of relative concentrations.

Image processing and determination of relative concentrations generated in CGG chips
Images at the outlets of CGG chips were captured with an optical microscope
(Olympus I1X71, Germany) coupled with a CCD camera (Olympus DP72, Germany)
using the bright field mode, 4x magnification objective.

Image J (U. S. National Institutes of Health, Maryland, USA) was used for the image
post-processing in order to determine the relative concentrations at the outlets. Two
regions of interest (ROIs) inside (X, X’) and outside (Y, Y’) the channel were selected
for quantification. First of all a division between the intensities of the paired areas X/Y
and X’/Y"' was done respectively in order to avoid errors due to differences attributed to
imaging itself such as a change of environmental light. Then the mean of the two
obtained values was calculated and, in order to normalize the results, the colour
intensity in the outlets was compared with intensities in the intersection of the two
inlets. Two ROIls ininlet 1 (q, inside, and 3, outside the channel) and two ROIs in inlet
2 (a’, inside, and [’, outside the channel) were considered. Considering all parameters
the following equation (Eqg. 1) was established to obtain normalized intensities at the

outlets:

Normalized relative intensity = P (Eq. 1)
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5.2.4. Hydrodynamic optimization of MIX chips

Optimizations for the MIX chip were carried out in order to determine convenient
mixing factors inside the channels which would later allow the formation of AnnV-QD
conjugate and the mixing with the appropriate buffer. Different solutions were
introduced through the inlets to establish mixing factors at different points along the
channel path (0; 50; 100 and 150 mm approximately): streptavidin QD655 (Life
Technologies, Spain) at a 120 nM from a stock solution prepared in QD incubation
buffer (Borate buffer pH 9.2, Life Technologies, Spain) were introduced through one
of the inlets, whereas QD incubation buffer and Ca?* containing AnnexinV binding
buffer were introduced through the second and third inlet respectively. To determine
optimal flow rate and time of infusion different settings were tested in order to find the

less time-consuming configuration allowing the obtaining of the best mixing factor.

5.2.5. Image processing and determination of mixing factors

Images at different points along the channel path were captured using an optical
microscope (Olympus 1X71, Germany) coupled with a CCD camera (Olympus DP72,
Germany) using the fluorescence mode, 4x magnification objective. An HBO mercury
lamp was used as UV-light excitation source and a TRITC filter cube was set to select
convenient emission wavelength coming from QDs.

The mixing factor at each selected point was calculated by measuring the mean
fluorescence intensity of two ROIs per side of the channel (See Figure S4A for more
details), the so-called Inax (X and X’) and Iy, (Y and Y’), due to maximum and
minimum fluorescence observed at the origin in the inlet cross where solutions have
not yet been mixed. First the mean intensity between X and X’, and between Y and Y’

were calculated separately then the mixing factor was obtained as follows:
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l .
Mixing factor :Iﬂ (Eq. 2)

The closer to 1 the better was the resulting mixture. Mixing factors were normalized
after calculating Imin (Mmean a, a’) and Inax (mean {3, B’) at the inlet cross (See Figure
S4 B for more details) allowing to obtain the mixing factor at this point as reference,
the so-called Normalized Mixing Factor (NMF) in the inlet. Then, normalized values

of mixing factors at each selected point were calculated as follows:

Mixing factor — Mixing Factor in the inlet

NMF (Eq.3)

1- Mixing Factor in the inlet
5.2.6. Cell culture
Human adenocarcinoma HeLa cell line (ATCC®) was used as a model of adherent cell
culture to carry out cell-based assays. Cells were maintained as a monolayer of cells in
25 cm? flasks in MEM medium supplemented with 2 mM L-Glutamine and 10% FBS
in standard conditions (5% CO, at 37 °C).
Cells in exponential phase of growth were used in the assays. Cells were detached by
trypsinization, that is, MEM was removed and flasks were washed twice with 2 mL of
1X Hank’s Balanced Saline Solution (HBSS, Gibco) without Ca?* and Mg?*. Then 1
mL of 1X trypsin/EDTA solution (Gibco) was added and incubated at standard
conditions for 3 min. Once cells were detached and could be seen individualized under
an optical microscope 4 mL of fresh supplemented MEM was added to neutralize the

effect of trypsin. Cells were quantified using a Neubauer chamber.
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5.2.7. Optimization of CELL chip sterilization

Chips must be sterilized before cell seeding to avoid contaminations. Sterilization
method was optimized in CELL chips and the optimal method was implemented to
sterilize the rest of the chips. Different sterilization procedures were evaluated: i)
chips were filled in 70 % ethanol, ethanol was removed and then chips exposed to UV
light for 1h, ii) chips were filled in 70 % ethanol and exposed to UV light for 1h (no
ethanol removal), and iii) chips were filled with 70 % ethanol until use (no UV light
exposure). In all cases, after sterilization, MEM was introduced in the chips to replace
ethanol which is toxic for the cells. Then, cells growing in flasks were counted as
described previously and seeded into the chips manually using 1 mL plastic syringes
(Sigma Aldrich, Spain). To optimize the sterilization method three different chips were
used and 60,000 cells per chip were seeded and incubated in standard conditions.
Images of each of the three chambers of the chips were taken at 4 h and 24 h after cells

were seeded in the chips to evaluate cell adhesion and proliferation.

5.2.8. On-chip apoptosis induction by CAMPT in cell-based assays

All material required to carry out this step (syringes, syringe pumps, connector tubes,
etc) was introduced to the safety cabinet in order to be sterilized for 15 min under UV
light. Then, CGG chip was sterilized, as mentioned in the main text, by introducing
70 % ethanol first and replacing it by fresh MEM until use. Each of the outlets of the
CGG chip was connected with a plastic connector tube to one CELL chip so finally 5
CELL chips were connected to the CGG chip. Then, supplemented MEM was
introduced in one of the inlets and a 20 yM CAMPT solution in the other one at a flow
rate of 10pL/min during 15 min. A range of CAMPT concentrations (0; 2.5; 10; 17.5

and 20 yM) was produced and automatically distributed to different CELL chips.
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5.2.9. Cell labeling with AnnV-QD conjugates in cell-based assays

Before connecting MIX and CELL chips, AnnV-QD conjugation in an appropriate
buffer was formed in the MIX chip and then CELL chips were filled in with the
already created label, one by one. To fulfill this, biotinilated AnnV (diluted half with
QD incubation buffer) and streptavidin QDs at 120 nM were introduced through the
first and second inlets with a flow rate of 5 pL/min during 12 min whereas 2X AnnV
binding b (diluted in MEM) was introduced through the third inlet with a flow rate of
10 pL/min during 12 min. After 12 min, the MIX chip was completely filled. Flow rate
and time of infusion was changed to 4 pL/min and 7 min in order to fill in each of
CELL chips previously incubated with CAMPT. CELL chips were incubated during 30
min in the CO; incubator at 37°C to ensure the binding of the AnnV-QDs conjugate
with the PS expressed in apoptotic cells. After that time, the unbound QDs were
removed from inside the CELL chips by introducing supplemented MEM at a flow rate

of 4 pL/min during 7 min.

5.2.10. Cell apoptosis detection using Fluorescence Microscopy

Optical detection of AnnV-QD labelled apoptotic cells was performed using an
inverted microscope. CELL chips were placed in the stage of the microscope and 3
ROIs per chamber (9 ROIs per chip) were selected in order to obtain images for the
analysis. A 10x objective coupled with a phase contrast lens was used to obtain bright
field images of all cells and UV light in combination with a TRITC filter cube were
used to obtain fluorescence images of apoptotic cells due to the maximum emission

wavelength at 655 nm of QDs used.
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5.2.11.Quantification of apoptosis level

To determine the level of apoptosis present in each chip bright field and fluorescence
images were analysed. Total number of cells was obtained by counting individual cells
in bright field images whereas the number of apoptotic cells was established counting
cells in fluorescence images, where they can be easily identified for their red colour
due to the QD emission at 655 nm.

The ratio between apoptotic cells and total number of cells was established for each
chamber of the chip dividing the number of AnnV-QD labelled cells (in red) and the
number of total cells. The closer to 1 the value was the higher percentage of apoptosis
found. Mean values per chip were determined considering the values obtained in the
three chambers of a CELL chip. The level of apoptosis found in each CELL chip was
related graphically with the concentration of CAMPT to which it was exposed

previously.

5.3. Results

5.3.1. Optimization of the CGG chip

To optimize the working performance of the modules, each chip was analysed
separately and specific settings were established to run the final assay. First, flow rate
and duration of liquid injection for the CGG chip were evaluated.

To simulate the real composition of the solutions, supplemented cell culture medium
(Minimum Essential Medium, MEM) was introduced by one of the inlets, and a
combination of MEM, dimethyl sulfoxide and trypan blue was introduced through the
other one. To evaluate the gradient of concentrations obtained with the CGG chip,
microscope images were taken in the outlets (Figure 2a) and further processed with
ImageJ software to obtain the relative intensities of colour (Annex | Figure S1) which

would be related to a specific solution concentration introduced in the inlets.
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Figure 2. Optimization of the gradient of concentration in the CGG chip. (a) Schematic of the CGG
chip with the corresponding outlets (optical images of the trypan blue dilutions at the end of the
channel of each outlet), and (b) Comparison between theoretical and experimental concentration data

resulted from the obtained solutions at the outlets.

According to theoretical predictions for such design (Annex | Figure S2), the relative
concentrations in the outlets should be 0; 0.125; 0.5; 0.875 and 1. Experimental values
obtained at different flow rates and times (Table 1) were compared with the predicted
theoretical values (Figure 2b) and the most convenient settings to perform the complete
assay were established at 10 pL/min flow rate during 3 min.

Repeatability and reproducibility studies were carried out by repeating measurements
in the same chip and in three different chips respectively (Annex | Figure S3) showing
negligible differences between measures thus demonstrating the functionality of the

CGG chip in generating a gradient of concentrations of CAMPT.

Table 1. Flow rate and time settings to optimize the performance of the CGG chip.

Flow rate Time Experimental Theoretical
(ul/min) (min) concentration”  concentration*
Setting 1 10 3 0; 0.18; 0.5; 0; 0.125; 0.5;
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Both inlets 0.79 and 0.91 0.875; and 1
Setting 2 5 6 0; 0.41;0.7;
Both inlets 084, and 0.93

* Experimental and theoretical concentration values are given as arbitrary units (A.U.)

5.3.2. Optimization of the MIX chip

Similar optimization procedure was done to establish the parameters for the MIX chip
and several flow rates and injection times were tested (Table 2). Conjugation of AnnV-
biotin with Streptavidin-QDs will be performed in the first section of the chip (C sector
-conjugation-, Figure 3a), and once it is conjugated, the mixing of the AnnV-QD with
the medium for cell incubation will take place in the second section (M sector -mixing-,

Figure 3a).

Table 2. Flow rate and time settings to optimize the MIX chip performance.

Flow rate settings: Inlet 1: 1 Inlet 1: 5 Inlet 1: 10

(ul/min) Inlet2: 1 Inlet 2: 5 Inlet 2: 10

Inlet 3: 2 Inlet 3: 10 Inlet 3: 20
C sector time (min) 40 8 4
M sector time (min) 20 4 2
Total time (min) 60 12 6

First of all, streptavidin-QDs at a concentration of 120 nM were introduced through
inlet 1 (Figure 3a) and AnnV-biotin through inlet 2 (Figure 3a, Annex | Figure S4.
Fluorescence images were taken at certain points (0 -C0-, 50 -C50-, 100 -C100- and
150 -C150- cm) from the beginning of the inlet path of C sector (see inset images in
Figure 3b) in order to evaluate the fluorescence intensity in several Regions of Interest

(ROIs) with the aim to calculate the mixing factor. Mixing factor reflects the
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homogeneity of the solution and thus the best conditions to perform the AnnV-QD
conjugation.

A flow rate of 5 pl/min during 12 min was found to be the optimal parameters to
obtain a mixing factor value of almost 1 at the end of the C sector of the chip (Figure
3b). Repeatability and reproducibility studies for C sector were carried out and
negligible differences between measurements or chips were observed (Annex | Figure
SHa).

To start the analysis of the M sector of the MIX chip (Figure 3a), AnnV binding buffer
was introduced through inlet 3. AnnV binding buffer contains Ca?" that provides the
appropriate environment for the specific binding between PS and AnnV which is Ca**
dependent. Similarly to the analysis of C sector, fluorescence images along the channel
path in M sector (0 -MO-, 50 -M50-, 100 -M100- and 150 -M150- cm: see, inset images
in Figure 3c) were taken and the mixing factors determined at each of these points. A
good compromise was found between the duration of the assay (6 min) and the
obtaining of good mixing factors at 20 pL/min flow rate (Figure 3c). As for the C
sector, repeatability and reproducibility for M sector of the chips were evaluated and
no significant differences between repeated measurements neither in a same chip nor in

different ones were found (Annex | Figure S5b).
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Figure 3. Optimization of the MIX chip. (a) Schematic of the MIX chip with the corresponding inlets
(1, 2 and 3) and sectors analyzed. (b) Graph of mixing factors obtained from images taken at 0 -CO-,
50 -C50-, 100 -C100- and 150 -C150- cm of the channel path in the C sector (conjugation of AnnV
and QDs), and (c) Graph of mixing factors calculated along the M sector of the chip from images
taken at 0 -MO-, 50 -M50-, 100 -M100- and 150 -M150- cm, where conjugated AnnV-QDs are mixed

with the binding buffer.

5.3.3. Optimization of the CELL chip

For the CELL chip a sterilization method and an optimum number of seeded cells were
established. On one hand, a single step sterilization consisting in filling in the chip with
ethanol 70% showed the best cell culture growth after 24 h of cell seeding (Annex |
Figure S6). The number of cells growing in each chamber of the chip (1, 2, or 3 in
Figure 4a) was analysed to ensure that the cells were uniformly distributed in the
CELL chip and no differences were found among chambers (Figure 4b), therefore each
chamber is considered a replicate in the final assay. On the other hand, different
number of cells was seeded in the chips to find the optimal concentration of cells after

24 h incubation (data not shown). We chose to seed 120,000 cells per chip to almost
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reach a monolayer of cells in the chambers at the moment of running the experiment

(24 h post seeding).

(b)

Figure 4. CELL chip optimization. (a) Schematic of the CELL chip with the three chambers where
cells are seeded for analysis, and (b) Cells uniformly distributed in the three chambers of the same

chip 24 h post-seeding.

5.3.4. Cell-based assay for drug discovery application

Once the three modules were optimized separately, the aim was to demonstrate the
suitability of the developed modular platform to carry out a real cell-based assay by
exploring the apoptotic effect of CAMPT in HeLa cells through labelling of the
translocated PS with AnnV-QD probes. To fulfil the assay three sequential steps were
performed (Annex | Figure S7a). First, cells were seeded in 5 different CELL chips
and incubated overnight in a CO; incubator to allow cell proliferation. Secondly,
CAMPT was used to induce cell apoptosis by introducing 20 uM CAMPT and 1X
MEM through the inlets of the CGG chip that was previously connected to the CELL
chips (See Annex | Figure S7 b). As a result, different concentrations of CAMPT from
0 to 20 pM (See details of time and flow rate in Table 3) were introduced in the CELL

chips.
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Table 3. Flow rate and time settings to perform the full assay

CGG MIX chip MIX chip CELL
chip® (C sector)® (M sector)° chip®
Flow rate 10 5(inlet 1) 10 (outlet C sector)
(ul/min) 5(inlet 2) 10 (inlet 3)
Time of injection
3 8 4 5

(min)

% Generation of CAMPT concentration, b)Conjugation of Annexin V and QD, c)Mixing with Annexin

V binding buffer, d)Injection of AnnV-QD labeling into CELL chips.

CELL chips were disconnected from the CGG chip and placed again in the incubator
for 4 h in order to allow the induction of apoptosis in the cell cultures by CAMPT. The
third step of the assay was to label positive-apoptosis, which is cells with the
translocated PS to the outer leaflet of the membrane, with the AnnV-QD probe. To
achieve this, biotinylated AnnV and streptavidin-QD were introduced through the two
inlets (1 and 2) of the C sector of the MIX chip followed by the introduction of AnnV
binding buffer through the third inlet (3) located in the M sector of the MIX chip in
order to dilute the AnnV-QD probe in the appropriate buffer for cell incubation. The
MIX chip was then sequentially connected to each of the CELL chips in order to let the
probe interact with the cells. CELL chips were incubated with the AnnV-QD probe
solution for 30 additional minutes in order to label translocated PS in apoptotic cells,
followed by a washing step which consisted in the introduction of supplemented MEM
for 7 min at a flow rate of 4 pL/min, to remove unbound AnnV-QD.

Each CELL chip was then analysed by fluorescence microscopy (Annex | Figure S7¢)

in order to determine the percentage of apoptotic cells. Three areas per chamber of
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each chip were selected to acquire bright field images (Figure 5a) and fluorescence

images (Figure 5b).
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Figure 5. Apoptosis induction by different CAMPT concentrations. (a) Typical bright field image of a
selected area of the chamber. (b) Fluorescence image of the same selected area. (c) Graph showing the
increment of the apoptotic cells (QD-labeled cells/total number of cells) in relation to the CAMPT

concentration.

Images were processed to establish the apoptosis ratio for each concentration of
CAMPT used. As expected, the higher the concentration of CAMPT used to induce
apoptosis the higher the number of cells labelled with AnnV-QD (Figure 5c). Two
replicates of this experiment were carried out in different days and results obtained

were similar (Annex | Figure S8) showing the good reproducibility of the method.
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5.4. Discussion

The presented obtained results indicate that all modules of the platform fulfilled the
role for which they were designed and therefore the complete modular system allows
the successful monitoring of such a complex cell-based assay.

CGG chip plays a key role in the whole system since efficient mixing of two
compounds (drug and buffer), to obtain the desired concentration of the analysed
compound (in our case CAMPT) at the outlet of the chip, must be very efficient.
Different geometrical changes (increasing the channel length and including additional
serpentines into the channels) were done in the CGG chips to optimize the gradient
generation. As it can be seen in Figure 2 using this design, we have attained a
substantial agreement between the theoretical model and the obtained experimental
results. The small deviations observed are probably caused by bubble generation in the
channel affecting the liquid behaviour. Similar results can be obtained using a wide
range of flow rates (data not shown). The 10 pL/min flow rate allowed the reduction
of time of analysis without causing detachment of the cells from the surface of CELL
chip when CAMP was injected. The MIX chip, designed to perform conjugation of
QDs and Ann-V was optimized in the same way as for CGG chip. In this case the
addition of a very long serpentine channel (up to 172 mm of path length) allows a good
mixing of the reagents and holds an appropriate volume of the probe inside the chip,
for filling in all the CELL chips to carry out the labelling step. In the same way, CELL
chip was also optimized. The oval-shaped chambers with channel ramifications
showed a more uniform distribution of cells within all chambers of the chip. In
addition, this design helps to avoid a possible cell detachment caused by high flow,
which is very important for obtaining reproducible results during microscope images

captures.
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Results from the full cell-based drug screening assay (Figure 5) indicate an
appropriated correlation between concentration of CAMPT and relative number of
apoptotic cells (labelled with AnnV-QD probes). As a proof-of-concept the
applicability of the modular platform to carry out cell-based assays for drug screening
has been demonstrated with a standard deviation that usually varied from 3 to 8 %.

Considering the factors that a cell-based assay for drug discovery should feature such
as sensitivity of detection and reagent stability,*™ an important advantage of the
developed system is the use of QD instead of fluorescent dyes to reveal apoptosis. QDs
are the most robust bioassay labels to carry out long optimizations and quantifications
which require high sensitivity and stability of signal (in this case, fluorescence) that
other labels such as dyes can’t provide. Their compatibility in biological media, long-
term stability and resistance to photobleaching make them ideal tools to monitor real
time events thereby obtaining sensitive and reliable measures of apoptosis. Moreover,
although for this work CELL chips were designed for optical detection they can be
easily fabricated with integrated electrodes, being this functionality the future direction
of our work. The versatility of QDs offers this possibility to evolve this work in other
applications or in different ways involving electrochemistry to fulfil the specific goal
depending on the bioanalytical/bioassay scenario. For instance, electrochemical-based
microfluidic platforms with an easy monitoring capability thanks to the use of redox
properties of QDs!? has been reported by our group as an efficient alternative to detect
very low levels of a biomarker with interest for diagnostics.1*! Therefore, an important
advantage of the presented QDs-based system and approach is the possibility to be
used also in a dual optical/electrical detection that may allow a fast quantitative
following up and to study the apoptosis process upon a chemical stimulus (in this case,
the effect of an anticancer drug at different concentrations could be in-chip

electrochemically detected as demonstrated recently in batch mode).!*
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This work confirms that using microfluidic platforms and quantum dots give rise to
stable and sensitive cell assay for drug discovery applications, which is one of the main
goals of nanomedicine. In addition it leads to significant both time and reagent saving
due to the in-chip preparation of the reagents (drug dilutions, labelling probe formation,
etc.) and to the small volumes necessaries to perform the cell-based assay. For example,
experiments performed in the presented modular microfluidic system uses 4 times less
volume of CAMPT stock solution (1 pL of stock solution is sufficient to prepare all
working solutions in CGG chip) comparing with common techniques based on
multiple well plates. Similarly, smaller volumes of QDs, cells suspensions and buffers
are used in microfluidic chips than in plate-based assays.

Moreover, this cell-based assay performed in microfluidic chips is characterized by a
shorter duration of the experiment (at least 40% shorter in our platform) and by less
manual steps which may introduce variability in the system. In this modular system
assay, syringe pumps were used as fluid driving units. Due to the limited control of
liquid behaviour, air introducing and bubble creation is one of the major problems
which may affect the assay due to disruption of the fluid flow that would interfere in
the mixing step. This can be prevented by using commercial pressure-driven flow
controllers which work by applying an appropriate pressure on the inlet and outlet of
the chip which would reduce bubble formation and moreover facilitates automation of
the whole assay.

In addition, in the case of multi well plates if used during the complete experiment,
several steps should be followed. Some of them are simplified by the use of
microfluidics, as we explain further. This conjugation protocol would include various
washings steps in between various other steps, which can be easily performed by
flowing buffer through the channel in a more reproducible way, reducing time, and

avoiding damage on the cell culture. First the cells should be adhered onto the plate
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bottom surface or microchannel and the cell medium removed. Each different
concentration of the drug should be prepared individually in the case of multi well,
while with the microchannel we just introduce the stock solution and the buffer, and by
using the gradient chip, the dilutions are generated right away. Then those dilutions are
introduced, and incubated for 1hr in the case of micro wells and 12 min for the
microchannel, and the conjugate (which should have been previously prepared when
the experiment is in batch, increasing the time of conjugation) is added and incubated
again followed by the remove of its excess, proper rinsing and finally observation in
the microscope. These various steps if done manually could easily introduce errors.
There is no doubt that the use of the proposed microfluidic chip avoids wrong
manipulation and contamination of cells in addition of offering of a robust and easy to
use system even for use out of a specialized lab and even by non-professional users.

As mentioned earlier, one of the main advantages of using modular microfluidics is the
versatility it provides. Each chip can be modified, replaced by other or removed to
obtain a suitable system for each new application. Also, microfluidics does not require
large volume of samples, time-consuming steps or highly skilled users. For these
reasons and considering that the developed microfluidic approach can be potentially
automated and is easy-to-use, the presented platform is suitable for point-of-care

applications as well.

5.5. Conclusions

In summary, we have designed and fabricated various PDMS/glass-based chips with
different functionalities using common microfabrication techniques. All together they
form a modular microfluidic system that has been applied in a cell-based assay for
anti-cancer drug screening. Moreover, a simple optical detection of apoptotic human

carcinoma cells has been achieved using QD-based probes.
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The main advantages of the presented method rely on the ease of use,
miniaturization/portability and versatility of the platform which in combination with
QD-based probes make the system appropriate for point-of-care applications besides
the above demonstrated drug screening applicability. For this reason we think that this
platform can meet the needs of different labs looking for diverse applications with
adaptability to specific requirements. For instance, QD can be conjugated to other
biomolecules therefore changing their specificity allowing the detection of cell
receptors of interest. In addition, having separate chips for cell seeding may allow the
evaluation of a drug effect on different cell types.

The presented system opens the doors to the evaluation of new drugs to be tested in
preclinical stages given the fact that this principle can be easily adapted to specific
requirements by redesigning the geometries of the chips, the conjugated nanoprobes or

the target cells.
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Aminosilane-functionalized chips for monitoring DNA hybridization using QD-MBs

Chapter 6. Aminosilane-functionalized PDMS/glass chips for
real-time monitoring of DNA hybridization assays using

Quantum dot-modified molecular beacons

€
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Chapter 6
6.1. Introduction

Physico-chemical properties of Quantum dots (QDs) have made them one of the
greatest focuses of interest in the scientific community over the last decades.
Specifically, their unique optical properties have been exploited in bioanalytical and
biomedical applications giving rise to new advancements in biological imaging and
diagnostics™ . Development of diagnostic tools are on the agenda not only to build up
a more complete scenario in drug discovery or biomarker detection, but also to improve
the understanding of a certain disease pathogenesis decreasing associated costs at the
same time. So far, QD-based probes have been successfully designed and used to
achieve these purposes. For instance, we described in 2012 the use of streptavidin
conjugated QDs as reporters in an immunocomplex microarray format assay designed to
detect apolipoprotein E, a potential biomarker for Alzheimer’s disease, proving them to
be highly effective and providing five times more sensitivity than common fluorescent
dyes P!, More recently, as reported in chapter 4, we have shown the use of Annexin V-
QD probes as specific and versatile contrast agents in dual electrochemical/optical
detection for the study of apoptosis®, which is a key factor of several diseases”*®! and a

target for drug development!.

Nowadays, another important active area of research where QDs properties are of great
value is nucleic acid diagnostics. Conjugated with oligonucleotides QDs have been
indistinctly used as optical or electrochemical probes and as scaffolds to carry out the

detection of the corresponding target nucleic acid sequences via hybridization 1%,

Among all probes developed for nucleic acid detection, Molecular Beacons (MBs) are
one of the most exploited due to their versatility, specificity and sensitivity. MBs were

first introduced by Tryagi and Kramer in 1996 2 who reported the first use of a
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binding-induced conformational change in a DNA molecular beacon for sensing
puroposes. Specifically, they designed hairpin-shaped DNA structures with an internally
quenched fluorophore that produced a robust optical response when the hybridization of
target DNA sequences opened the double-stranded stem (the principle of operation of

molecular beacons is shown in Figure 1).

&

Target Molecular Beacon ./_ Hybrid

Figure 1. Hairpin-shaped DNA structures, so called molecular beacons, are designed to have a
fluorophore (drawn in green) close to a quencher (drawn in black). Only when the hybridization
of target DNA sequences takes place, an optical response is produced due to the opening of the

double-stranded stem which provokes the quencher to move away from the fluorophore.

Since then, many labs worldwide have been using and adapting this new DNA
nanotechnology for diverse applications such as PCR, molecular biology techniques

(electrophoresis gel), bioassays, intracellular imaging, or pathogen detection 3141,

However, remarkable improvements have arrived with the combination of DNA
nanotechnology and QDs for sensing applications using both Férster Resonance Energy
Transfer (FRET), and quenching principles '] Dark quenchers are dyes with no

native fluorescence used as acceptors in quenching-based FRET. In fact one of the
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most used dark quenchers are black hole quenchers (BHQ) because they are capable of

quenching across the entire visible spectrum depending on their structure 7 .

Such DNA detection nanotechnology, as shown in many applications, requires a high
level of control over the distance between the acceptor/donor or the dye/quencher 2821,
For that reason, many works have been focused towards this direction and have
described different strategies to get QDs conjugated to MBs (QD-MB) basically through

carbodiimide chemistry 12?2

and have demonstrated its potential in different
applications. Some recent works reported the use of QD-MB as tools for pathogens and
transgenes detection %!, for PCR amplicons detection ¥, for fluorescence enhancement

in biosensors for DNA detection ® or even for an in vitro and in vivo detection of

matrix metallopeptidase 2 (MMP2) on tumoral cells ©%°!.

Some of the works mentioned above used microfluidics approaches to carry out nucleic
acid detection. So far, lab-on-a-chip platforms have been widely used for several
applications including sample preconcentration or pretreatment "% and detection of
different analytes such as proteins, virus or nucleic acids among others *°! in addition of
other interesting applications involving nanomaterials . For instance, in our group,
several works have been reported in the use of microfluidics such as in-chip
manipulation and electrochemical detection of QDs !, on-chip electrochemical
detection of an Alzheimer related biomarker #? and even including paper-based devices

as simple lateral flow assays for pathogen detection using quenching strategies !,

Microfluidics-based lab-on-chips meet the requirements that clinical and point-of-care
diagnostics should have. This technology provides platforms which offer reduction of
sample and reagent volumes, and of time of reactions and analysis ®* and more

interestingly simple use for non-specialized personnel B°. Thus, assembling DNA
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nanotechnology with QDs in a miniaturized system such as microfluidics-based lab-on-
chip platforms creates the perfect scenario for the development of a possible game
changer technology. Moreover, in the development of microfluidic-based systems, the
application of deposition techniques makes possible to configure the presence of
biomolecules in glass substrates, as the lately reported on-the-spot immobilization using

[36]

hydrophobins in our group , providing a powerful tool for biomedical and

environmental applications F7.

In this chapter we present how the combination of MBs and QDs can be used in a
diagnostic microfluidic device for the detection of nucleic acids through fluorescence
microscopy (in Figure 2A the setup is shown). A simple and functional microfluidic
chip, which contains a single line array of spots made with aminosilanes through
APTES deposition, is applied. This allows the monitoring, in real-time, of a complete
DNA hybridization assay starting from the conjugation of QDs with MBs up to the
interrogation of target samples. All the in-channel occurring events (immobilization of
QDs, conjugation with MBs and hybridization of specific or nonspecific
oligonucleotides) are monitorized through fluorescence microscopy (Figure 2B) and
further quantified by image processing in order to obtain numerical data of the whole

assay.

With this method we were able to: i) reduce sample volumes and time of reactions by
using a small microdevice, ii) make the complete monitoring easier by functionalizing
specific areas of the chip with aminosilanes and, iii) carry out a stable and robust long-

term monitoring with high accuracy of quantification by using QDs as detection probes.

Alltogether, MBs with QDs within lab-on-a-chip, provide a reliable system to reveal

nucleic acid markers for clinical and point-of-care diagnostics applications.
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A
1
Flow direction
PDMS channel
, \7
“:S\é-—/"| APTES spots
\\ !g
— e
Glass substrate

B

Figure 2. A. Schematic draw of the lab-on-a-chip that performs the whole assay from (i)
immobilization of QDs in the APTES spots, (ii) conjugation of MBs with the immobilized QDs
provoking their quenching and (iii) hybridization of the DNA target with the loop of the MB
moving away the quencher from the QDs, thus causing the recovery of the fluorescence . B.
Photo of the set-up for in-chip detection of nucleic acids through fluorescence microscopy
including the syringe pump and the optical microscope coupled with a CCD camera and specific
software for results processing. A closer view of the PDMS/glass chip is shown in the upper-

right corner.
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6.2. Methods

6.2.1. Materials and instruments

Qdot® 525 ITK™ Carboxyl Quantum Dots (QDs) were purchased from Life
Technologies S.A. (Spain). Molecular Beacons (MBs) modified with Black Hole
Quencher (see structure at Table 1), specific or nonspecific 17mer target (t17)
oligonucleotides, 3-aminopropyltriethoxylane (APTEYS), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS), Saline-
Sodium Citrate buffer 20X (SSC 20X) and 1 mL plastic disposable syringes were

purchased from Sigma-Aldrich (Spain).

Negative photoresist (SU8-50) for the fabrication of chips was purchased from
Microchem (USA), flexible masks from Microlitho Ltd (UK), Poly-dimethylsiloxane
(PDMS) from Ellsworth (Spain). Syringe pumps were purchased from Harvard

Apparatus (USA) and Plasma Cleaner from Harrick Plasma (USA).

A Milli-Q system (>18.2MQcm™) purchased from Millipore (Sweden) was user to

produce mQ water.
6.2.2. Design and fabrication of PDMS channels

Microchips consisting on a linear channel (cross section of 500 X 100 pm, length of 2
cm) were fabricated by rapid prototyping using softlithography, which has been widely
described in the literature.*” Briefly, a 4 inch silicon wafer was spin coated for 50 s at
2000 rpm with a negative photoresist (SU8-50) and patterned by photolithography
through exposition under UV light for 50 s and then revealed. All of these steps were
done in cleaning room conditions. Consequently, PDMS was deposited onto the

resulting SU8 master and cured at 65 °C during 2 h.
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6.2.3. Aminosilane (APTES) functionalization of glass substrates

Glass substrates were treated by air-plasma for 1 min and then several drops of 0.1 pL
of 10% (v/v) APTES solution in milliQ water were deposited manually onto the glass
drawing a linear array of spots in the substrate. APTES drops were incubated for 30 min
at room temperature in order to allow the functionalization of the glass surface with the
amino groups previous to the immobilization of QDs. Glass substrates were rinsed
gently with water and then air-dried with compressed N air to remove any trace of

humidity.
6.2.4. Assembly of PDMS channels with APTES-functionalized glass substrates

To achieve the assembly of the microchips, PDMS channels were first treated by air-
plasma for 1 min and then put in contact with the glass substrate. Finally, the
irreversible bonding was achieved by keeping the assembled microchips 15 min at 65
°C in a hotplate.

6.2.5. Immobilization of carboxyl-QDs

Prior to immobilization of carboxyl-QDs into the microchannels a 100 pL suspension
containing QDs, EDC and NHS was prepared. 0.2 uL of QDs from the stock suspension
were added into a microtube containing 97.8 pL of milliQ water, pipette mixed and
vortexed. Then 1 pL of freshly prepared EDC at 30 mM and 1 pL of freshly prepared
NHS at 15 mM were added into the tube and the suspension was pipette mixed and

vortexed.

Immobilization of QDs on the APTES-functionalized areas was carried out introducing
the already prepared QDs suspension inside the microchannel using a 1 mL syringe and

controlling the flow rate at 2.5 pL-min™ during 5 min with the syringe pump. Finally, a
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washing step was carried out by introducing milliQ water into the microchannels at a

flow rate of 5 puL-min™ during 5 min.

6.2.6. Conjugation with BHQ-modified Molecular Beacons

A solution of 1 pM amino-terminated MBs modified with BHQ (see Table 1) was
prepared in order to conjugate them with the in-channel already immobilized carboxyl-
QDs. 1 pL of MBs solution at 100 uM was added into a microtube containing 97 uL of
milliQ water. A vigorous vortex of the solution was carried out and then 1 pL of freshly
prepared EDC at 30 mM and 1 pL of freshly prepared NHS at 15 mM were introduced
into the microtube and mixed by gently pipetting.

Conjugation of MBs with QDs was performed introducing the MBs solution inside the
microchannel using a 1 mL syringe and keeping the flow rate at 2.5 pL-min™ during 5
min. A final washing step was carried out by introducing mQ water into the

microchannels at a flow rate of 5 puL-min™ during 5 min.

Table 1. Oligonucleotide sequences of the Molecular Beacon and target DNAs used
in the assays

Name Sequence
Molecular Beacon (MB) NH2-5-CTCTCGATCGGCGTTTTAGAGAG-3’-BHQ
Specific t17 3’-AGCTAGCCGCAAAATCT-5’
Nonspecific t17 3’-AGCTGGTGAGACATTCT-5’

The 5” and 3’ modifications in the MB backbone used are shown. NH2, amine group; BHQ, black
hole quencher; t17, 17mer target. Underlined are nucleotides bases that constitute the stem of the
MB. Mismatch bases of nonspecific target are represented in bold.
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6.2.7. Hybridization with target oligonucleotides

Specific or nonspecific target oligonucleotides (see Table 1) were used to carry out
hybridization assays. A solution of each of them was prepared at a concentration of 100

UM in SCC buffer 2X, previously diluted from a 20X stock solution in mQ water.

Hybridization of target oligonucleotides with the QD-MB already conjugated in the
APTES- modified areas of the microchannel was carried out introducing target solutions

at a flow rate of 2.5 pL-min™ during 10 min.
6.2.8. Monitoring and quantification using fluorescence microscopy

Live monitoring of fluorescent changes associated to immobilization, conjugation and
hybridization was carried out using an inverted fluorescence microscope (Olympus
IX71, Germany) coupled with a CCD camera (Olympus DP72, Germany). An HBO
mercury lamp was used as excitation source and a FITC filter cube was set to select the
emission wavelength of the QDs.

Images of a selected APTES functionalized spot inside the microchannel were acquired
at different time intervals depending on the process being monitored: every 15 sec for
immobilization and conjugation steps, and every 30 sec for hybridization.

Image J (U. S. National Institutes of Health, Maryland, USA) was used for the image
post-processing in order to determine the fluorescence intensity variation over time
corresponding to each event taking place inside the microchannel. Three squared
regions of interest (ROI) were randomly selected in the immobilization area and the
pixel sum intensity was quantified in each ROI. The average intensity of the three ROIs
was normalized and used as a comparative value between images acquired at different

time intervals of the immobilization, conjugation and hybridization steps.
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6.3. Results and Discussion

6.3.1. Aminosilane functionalization of PDMS/glass chips

A relevant issue to consider for point-of-care devices is the possibility of analyzing
small volumes of sample. That goal was achieved by using microfluidic channels in
combination with deposition of APTES to preconcentrate the sample. We deposited
APTES linearly in microspots onto the glass substrates to match the path with the
PDMS channel thus facilitating the monitoring of the events by preconcentrating the
reagents required in specific areas of interest. Microscope images of the assembled
PDMS/glass chips confirmed their correct position along the channel (Figure 3.A). We
also confirmed that APTES spots were not fluorescent in the wavelength range of the
QDs emission (Figure 3.B.) thus not interference was expected in the monitoring of the

immobilization, conjugation and hybridization processes.

A

Nt

Figure 3. A. Brightfield images along the channel path were acquired in order to confirm that
APTES spots were correctly deposited. This image shows an APTES spot covering a specific
area of the channel. B. Fluorescence image of the same spot were acquired using the settings for
QDs imaging. This shows that no fluorescence is emitted by APTES in this specific range and

that this would not interfere the monitoring of events involving QDs. Scale bars = 500 pm.
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Spot diameters of about 1.5 mm were determined by manually depositing APTES drops
of 0.1 pL. That was the minimum volume allowed by the pipette in order to obtain spots
as much separated as possible in a single channel. The aim was to develop a platform
that allowed us to monitorize sequential events, but also a device that can be used in
future applications to carry out highly parallel analyses. Different concentrations of
APTES were checked and we observed that 10% was the optimal concentration to
obtain a good coverage of the spot surface with QDs. Lower percentages of APTES
gave place to a poor amount of QDs immobilized in the area of interest and higher
percentages did not resist the continous flow and the spots were detached before the end

of the experiment (Annex I1.A).

6.3.2. Monitoring of full assay in-chip: immobilization, conjugation and

hybridization

Monitoring the immobilization of QDs, their conjugation with BHQ-modified MBs and
the hybridization with specific targets with QD-MBs was done under a fluorescence
microscope (Figure 4A). Flow rates and incubation times for each step were optimized
and were established at the fastest speed of the stream at which the spots remain stable

during the whole assay, which was 2.5 pL-min™ for a maximum of 5 puL-min™.

Immobilization of carboxyl-QDs with APTES could be followed due to the
fluorescence emission of QDs which made APTES modified spots inside the channel
visible as QDs were being immobilized onto them (schematic and corresponding image
in Figure 4A-a). The immobilization time was determined by the minimum time (5 min)
to obtain a homogenous coverage of QDs that would not induce any QDs aggregation,

which would skew the quantification.
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Interestingly with both the silanization method through APTES deposition exposing
amino groups and the use of EDC-NHS chemistry to immobilize QDs and conjugate
them to MBs, the covalent binding of QDs onto the silanized areas, firstly, and between
already immobilized QDs and MBs, later on, was ensured to take place in a more
efficient and immediate way.

As BHQ-modified MBs started being conjugated to QDs, the fluorescence of the spots
dramatically decreased due to the proximity of the BHQ to the QDs provoked by their
conjugation (schematic and corresponding image in Figure 4A-b). The incubation time
required for the conjugation step was determined as the time when no more decreasing
of fluorescence was observed (5 min) which meant that the system could not accept
more binding of MBs indicating that it was already saturated. A QD:MB ratio of
approximately 1:60 was used to prepare initial solutions of QDs and MBs for the
immobilization and conjugation steps, respectively. An excess of MBs in relation with
the amount of QDs favored a fast conjugation step due to the high number of available
MBs per QDs already immobilized in the areas of interest. After each incubation step,
excess of either QDs or MBs inside the channel were washed away to avoid the

interference with the binding events occurring in the specific areas.

Finally, hybridization of target oligonucleotides specific for the loop sequence of the
QD-MB was performed and monitored. As specific t17 hybridized with the QD-MB,
the stem-loop structure of the MB opened moving away the BHQ from the QD thus
causing progressive recovery of the fluorescence (schematic and corresponding images i
to iii in Figure 4A-c). Incubation time for the hybridization step was also optimized in

terms of the incubation time necessary to have a significant recovery of fluorescence.
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Figure 4. A. Schematics and corresponding images of a full assay monitoring. a)
Immobilization of QDs on APTEs modified areas. b) Conjugation of QDs with MB showing a
fluorescence decrease due to the proximity of QD with the BHQ present in the MB. c)
Hybridization with specific target oligonucleotides made a progressive recover of the
fluorescence proportional to the amount of target hybridized with the MB (i, ii, iii). B. Binding
curve obtained from hybridization assays with specific t17. Normalized mean values of
fluorescence were calculated from images acquired at different timepoints (timepoints (i), (ii)
and (iii) correspond to data obtained from images shown in A-c. Error bars represent differences

between quantified areas of the same chip.

Hybridization of the specific t17 with the QD-MB was quantified, and binding curves
were obtained (Figure 4B). The increment on fluorescence observed over time time
corresponds to the increment of hybridization between specific t17 and QD-MBs.

Incubation times for hybridization ranged from 6 up to 20 min and eventually it was
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possible to detect fluorescence recovery by naked-eye during the monitoring process.
However by analyzing and quantifying images at different timepoints we were able to
obtain consistent results for typical binding curves after 10 min of incubation for all
experiments. Therefore 10 min were established as the incubation time necessaty, with

target oligonucleotides, to complete the hybridization assay.

Fluorescence was quantified for each timepoint by selecting three random regions of
interest (ROIs) of each image and the mean value of fluorescence intensity was
calculated. Normalized mean values, obtained for each image, were displayed in graphs
showing the trend of a typical binding curve. The same trend was observed in
hybridization performances obtained for different chips (Annex I1.B). As an example,
three different timepoints are depicted in the graph as (i), (ii) and (iii) in Figure 4B, that
correspond to the images shown in Figure 4A-c and, as expected, differences in

fluorescence intensity are more evident in the graph than in the images.

We believe that the variability in incubation time for the hybridization is due to the
temperature at which the experiment is carried out. Whereas immobilization and
conjugation did not show temperature-dependence, DNA hybridization is known to be
sensitive to temperature and it is usually performed at higher temperatures such as 60°C.
Although carrying out the assay at room temperature can slightly delay obtaining the

results it allows having an easy-to-use platform for potential point-of-care device.

6.3.3. Specificity of the assay (specific target vs nonspecific target)

We evaluated the specificity of the assay by comparing two target oligonucleotides; one
with the exact recognition sequence for the loop of the MB (specific t17) and the other

which contained seven mismatches with the loop of the MB (nonspecific t17).
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A complete hybridization assay from the immobilization of the QD and conjugation
with the MB up to the introduction of the specific or nonspecific target was carried out
to study the specificity of the system. As explained above, hybridization of specific t17
or nonspecific t17 with the QD-MB was quantified. The data obtained from two
different chips tested for two different targets (specific and nonspecific hybridization)
are shown in Figure 5. As it can be observed in the graph, a recovery of fluorescence
typical of a binding curve is obtained for the specific t17 hybridization whereas small or
negligible recovery of fluorescence (shown as a flat curve) is observed when the
nonspecific t17 is introduced. These results show undoubtedly the specificity of the
system since no relevant hybridization was taking place when the target introduced is

nonspecific for the loop of the MB.
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Figure 5. Comparative fluorescence intensity at different timepoints of hybridization assays
carried out with specific or nonspecific target oligonucleotides. When a specific target is
introduced (green) a recovery of fluorescence resulting in the trend of a typical binding curve is
observed, whereas a flat curve with no or negligible fluorescence recovery is obtained when a

nonspecific target oligonucleotide (red) is introduced.
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6.4. Conclusions

In this chapter, we have shown how the combination of different technologies i.e.,
molecular beacons with QDs-based fluorescence and microfluidics can lead to the
development of a simple and easy-to-use integrated device able to reveal the presence of
a nucleic acid biomarker in an unknown sample. This device was achieved by using a
single channel platform in which APTES was previously deposited. Through this
silanization process amino groups were exposed in localized spots where all reactions
took place and afterwards selective fluorescence changes were monitorized.

Specificity and sensitivity are basic elements of point-of-care diagnostics devices that at
our platform are achieved thanks to the use of MBs. We chose a MB structure with a
number of bases and complementarities well studied and previously optimized with
proven results by Plaxco and collaborators®®-*%. Coupling /conjugating now MB with
QDs contributed to have a robust optical detection which, far from complicating the
readout of the signal, provided a more intuitive technique for diagnostic application
based on the internally quenched structure. Undoubtfully, introduction of QDs was the
key step to monitorize the entire assay from immobilization up to the hybridization of
the MBs with the target oligonucleotide. In fact, the stability of the emitted fluorescence
by QDs allows having reliable measures at any time during long-term experiments “*,
something that other labels can not provide 143,

In addition, we were able to minimize immobilization, conjugation and hybridization
times because of the high surface-to-volume ratio and the constant flow associated to
microfluidics that increases the sensitivity due to the higher number of available binding
events. Moreover, the use of microfluidics allows integration and automation of the

system making it more attractive in terms of possible future commercialization.
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Summarizing, the results presented in this chapter show that we successfully applied
QD-MB based technology to detect nucleic acids by carrying out hybridization assays
in specific areas of a microfluidic channel. The assay consisting in different steps,
including the immobilization of QDs as a fluorescent labeling, MB conjugation with
QD and target oligonucleotide hybridization in-flow mode, allowed real time
monitoring of the process through continous analysis of fluorescence changes.
Combining a simple deposition method with microfluidics and using QD-MB
technology, a proof-of-concept platform for nucleic acid detection with reliable results
is developed.

Considering that there is a strong demand for clinical and point-of-care diagnostics that
can reveal nucleic acid sequences the developed proof-of-concept DNA detection
technology may be useful for future applications. The developed lab-on-a-chip systems,
based on microchannels easy to be fabricated using conventional soft-lithography, 14
make the proposed QD-MB technology of interest for mass production which combined

with further automatization of the whole process will be with great interest for real

sample applications.
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7.1. Conclusions

This PhD thesis demonstrates how the use of QDs can improve current methodologies of
biology and bring also novel ones. We exploited both the optical and electrochemical
properties of QDs to develop novel labels and biosensing systems for the detection of cells

and DNA.

First of all, we demonstrated that QDs can be used routinely as fluorescent labels to visualize
several proteins in eukaryotic cells. This technology proved to have several advantages over
classical organic dyes: the same source of excitation can be used to detect different markers
and their higher brightness and photostability allows to visualize samples for longer times
and to optimize their visualization without damaging the samples or decreasing the resolution

of the signal.

Following the first work, we applied the QDs for the specific detection of apoptotic cells.
Combining QDs and Annexin-V, we managed to develop an optical-electrochemical label
that has been used to improve the detection and quantification of apoptosis in living cells.
The peculiar properties of QDs have been exploited to study the same sample of apoptotic
induced cells using classical techniques, such as SEM, CLSM, flow cytometry, and an
electrochemical technique such as stripping voltammetry. While SEM and CLSM gave us
qualitative information about the apoptotic status of a limited number of cells, flow cytometry
and stripping voltammetry gave us a more quantitative insight over the sample population.
Combining the data from the 4 different techniques it is possible to evaluate the efficiency of
a specific drug in inducing apoptosis, and to have also a closer look on the process taking

place in order to understand it better.

A further step towards the use of QDs in biological application has been done with the

development of a microfluidic chip for drug screening. The idea behind the project was to
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demonstrate that QDs can be part of an integrated system that would facilitate the work done
by the operator making it more reliable, and would also allow the analysis and comparison of
different drugs saving materials and time. In this first prototype, we decided to combine
several steps of the protocol developed for the detection of apoptotic cells into a series of
microfluidic chips. We designed a chip for the conjugation of QDs and Annexin-V, in which
the main feature is the serpentine-shaped long channel that improves the mixing and thus the
conjugation efficiency; a second chip for the generation of different drug concentrations; and
a third chip for the cell culture and apoptosis detection. The results obtained for drug
screening proved that, on one hand, the chips work properly, making easier and faster the
whole process if compared to the manual work; and, on the other hand, QDs are compatible
with this integrated system, showing their robustness, which is essential to expand their use to

new biological fields.

Finally we showed how QDs can be used as labels for DNA detection using DNA origami
structures. Taking advantage of the nanoscale precision of DNA molecular beacons and the
optical properties of the QDs, we managed to develop an optical biosensor based on
fluorescence quenching, integrating it into a microfluidic channel to further optimize its
performances. In this case, the narrow emission band of the QDs is a great tool to develop a
sensitive and specific quenching-based DNA sensor, in which the donor and acceptor
wavelengths can be perfectly matched, minimizing non-specific results. The further
integration of the QD-Molecular Beacon complex into a microfluidic channel enabled us not
only to use less material, thus lowering the cost, but also to be able to achieve a continuous
monitoring of the whole process, from the conjugation of the QDs with the molecular beacon
to the target hybridization. Being able to perform such a continuous following up of the
whole process gives the user much more control over the experiments and consequently to

respond to possible encountered problems faster and more efficiently. The achievement of
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such level of control is due exclusively to the high resistance to photobleaching of the QDs;
in fact the use of organic dyes would considerably limit the possibility of live monitoring,

since after a while the fluorescence begins to fade to finally disappear.

To conclude, we have demonstrated that QDs are not only able to replace organic dyes as
fluorescent labels, but they can also be combined with electrochemical methods and

microfluidics, generating whole new alternatives in biosensing and drug screening.

Summarizing:

1. We set up an optimal protocol for the use of QDs as optical immunolabels in routine
immunocytochemistries allowing a robust confocal microscopy imaging of HelLa cells

for diagnostics applications.

2. We developed a specific optical-electrochemical label combining QDs to Annexin V
in order to detect apoptosis by using classical techniques such as SEM, CLSM and
flow cytometry but also through biosensing using electrochemical stripping

voltammetry.

3. We developed a modular microfluidic platform for drug screening consisting in the

combination of three different chips with specific functionalities to finally detect

apoptosis in living cancer cells through the use of QDs as optical labels.

4. We developed an optical biosensor using DNA molecular beacons and QDs in a lab-

on-a-chip based on microfludics for nucleic acid detection.
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7.2. Future Perspectives

As shown in chapter 4, we believe that the combination of different sources of information by
the use of different optical and electrical techniques can give a more accurate insight over
biological interactions. The aim of the work done in this thesis was to create the basis for a
future fully integrated platform, where QDs would be simultaneously used as dual optical-

electrochemical labels for diverse applications.

We envisage a platform that is based on microfluidics and novel transparent electrodes. The
microfluidics will minimize the waste of reagents and the number of steps done by the
operator (as shown in chapter 5). In this way the final device will be cheaper, easier to use
and, possibly, will be used at the point of care. The use of transparent electrodes, such ITO or
graphene-based electrodes, will enable the simultaneous optical and electrochemical
detection. The possibility of observing in real time how a specific process is occurring (such
as the DNA hybridization monitoring shown in chapter 6) and, based on that, be able to better
understand reactions taking place, will be an invaluable tool for future research in

nanomedicine.

From a wider perspective on the use of QDs, although they are becoming more and more
common in research labs, the time in which they will be used for in-vivo applications, is still
far away. The main concern is about their toxicity. Toxicity and the interaction of QDs with
the human body are not trivial questions to answer, and it is not just related to QDs, but in
general to nanomaterials as for any chemical reagent or other material in use so far. However,
although toxicity issues on the nanotechnology field for in vivo applications have to be
addressed, the use of nanomaterials for in vitro applications is widely extended. In regards
with the use of QDs, their superior properties as optical (and electrochemical) labels,

compared to those of organic dyes, are and will be further exploited for their use in
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diagnostics, drug screening, and in vitro imaging. There are already works reporting the use
of QDs in point-of-care sensors, such as paper-based sensors. This type of sensors is well
known by the general public (i.e. pregnancy tests) and the use of QDs along with it will prove
how stable and efficient they are, and will also improve the overall acceptance of

nanotechnology-based products.
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Inigf cross

Figure S1. Quantification of relative concentrations in CGG chip. In order to evaluate the
performance of the CGG chip, relative concentrations at the outlets were calculated. (A) Two
regions of interest (ROIs) inside (X, X’) and outside (Y, Y’) the channel were selected in each
outlet for quantification, and (B) In order to obtain normalized data, color intensity at the
outlets was compared with two ROIs of inlet 1 (a, inside, and B, outside the channel) and two

ROIs ininlet 2 (o', inside, and B’, outside the channel).
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Figure S2. Calculation of theoretical concentrations in the CGG chip. According to the

distribution of mixers in the CGG chip, considering 0 and 1 the values of relative
concentrations at the inlets, the relative concentrations at the outlets will be: 0; 0.125; 0.5;

0.875 and 1.
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Figure S3. Reproducibility and repeatability studies in CGG chips. (A) Graphics corresponding to
the assays performed in three different (CGG) chips. The values of the graphics represent the
relative intensity obtained in each of the outlets and the error bars the standard deviation
obtained by doing the evaluation three times, and (B) Reproducibility results for the (CGG)
chip. The error bars correspond to the standard deviation obtained from the results of the

evaluations done in three different chips.

Selected spof of ‘nief cross
the channel

Figure S4. Fluorescence Intensity quantification of MIX chip. The mixing factor at each selected
spot of the channel was calculated by measuring the mean fluorescence intensity of two ROIs
selected in each side of the channel (A), the so-called I,.x (mean: X, X’) and |, (mean:Y, Y’)
due to maximum and minimum fluorescence observed at the inlet cross, where solutions have
not yet been mixed , and (B) I,» (Mmean a, a’) and |.x (mean B, B’) in the inlet cross were also
calculated and further used in order to normalize the mixing factors obtained in each selected

spot of the channel.

125



Annex |

A

Repeatibility

Normalized Mixing Factor (&)

Linear length {cm}

Reproduci bility

Mermalized imtensity (8 L)

Linear lenght {cm)

Figure S5. Reproducibility and repeatability in MIX chips. (A) Graphics corresponding to three
different repeatability assays performed in three different MIX chips. The values of the graphic
correspond to the normalized mixing factor obtained at different positions of the chip and the
error bars to the standard deviation obtained by doing the evaluation three times, and (B)

Reproducibility results for the (MIX) chip. The error bars correspond to the standard deviation
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obtained from the results of the evaluations done in three different chips.

Figure S6. Comparison between sterilization methods. (A) Chips were filled in with 70 %
ethanol, ethanol was removed and then chips exposed to UV light for 1h, (B) Chips were filled

in with 70 % ethanol and exposed to UV light for 1h (no ethanol removal), and (C) Chips were

filled in with 70 % ethanol until use (no UV light exposure).
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A 1. Cell seeding 2 Cellincubation with CAMPT 2 Annv-QD labeling
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Figure S7. Sequential steps of the full assay. (A) Schematic representing what happens in each
step of the assay. First, cells are seeded and adhered in the inner chambers of the CELL chips.
Second, cells are incubated with different concentrations of CAMPT to induce the translocation
of PS in the outer plasma membrane of apoptotic cells. Third, cells are incubated with AnnV-
QD to label apoptotic cells, (B) Picture showing details of the connection between the CGG
chip and CELL chips, and (C). Picture showing the fluorescence microscope image captions of

the AnnV-QD labeled cells.
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Figure S8. Full assay comparison carried out in different days. Full assays of cell apoptosis
monitoring were carried out several times in order to evaluate the variability of the
experiment. Incubations of 4h with CAMPT were carried out and the ratio of apoptotic cells
(QD-labeled cells) from the total number of cells was established. Graphs obtained from data
of a first assay (A) and a second assay, and (B) show the same trend although the number of
apoptotic cells varies from one day to another. The error bars correspond to the standard

deviations.
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A. Image of the channel where APTES deposited at a concentration of 20% is removed
after 3 minutes of continous flow of 2.5 pl/min. QDs were able to immobilize but after

the first washing step the APTES film was scratched due to the flow and removed from

the glass surface.
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B. Fluorescence intensities from images acquired at different timepoints during
hybridization were quantified for different chips. Normalized mean values for each
image were displayed in graphs showing the trend of a typical binding curve and with
minimal variation between experiments carried out in different platforms (depicted in

the graph as error bars).
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Abstract

Background: The unique photonic properties of the recently developed fluorescent
semiconductor nanocrystals (QDs) have made them a potential tool in biological research.
However, QDs are not yet a part of routine laboratory techniques. Double and triple
immunocytochemistries were performed in Hela cell cultures with commercial CdSe QDs
conjugated to antibodies. The optical characteristics, due to which QDs can be used as
immunolabels, were evaluated in terms of emission spectra, photostability and specificity.

Results: QDs were used as secondary and tertiary antibodies to detect B-tubulin (microtubule
network), GMI130 (Golgi complex) and EEAI (endosomal system). The data obtained were
compared to homologous Alexa Fluor 594 organic dyes. It was found that QDs are excellent
fluorochromes with higher intensity, narrower bandwidth values and higher photostability than
Alexa dyes in an immunocytochemical process. In terms of specificity, QDs showed high specificity
against GM130 and EEAI primary antibodies, but poor specificity against B-tubulin. Alexa dyes
showed good specificity for all the targets tested.

Conclusion: This study demonstrates the great potential of QDs, as they are shown to have
superior properties to Alexa dyes. Although their specificity still needs to be improved in some
cases, QDs conjugated to antibodies can be used instead of organic molecules in routine
immunocytochemistry.

application in both the biological and medical research
fields is still scarce.

Background
Semiconductor nanocrystals called Quantum Dots (QDs)
are fluorochromes with many advantages compared to the

organic fluorescent dyes habitually used in immunocyto-
chemistry procedures [1]. Their water solubility and
capacity to be conjugated with different biomolecules
have only recently been established [2]; therefore, their

Since the first microscope appeared up to the present day,
different kinds of dyes (fluorescent proteins, small fluo-
rescent molecules, etc.) have been used to detect or local-
ize different biomolecules within an intracellular context.
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In the last decade, when nanotechnology became rele-
vant, QDs were introduced as a promising methodologi-
cal tool due to their intrinsic brightness, high
photostability, high molar extinction coefficient, narrow
emission band, and excitability with several wavelengths
[3]- These qualities opened the possibility to handle sam-
ples labeled with different colors, preventing fluorescent
signal crossing-over, using a single laser line to excite dif-
ferent QDs at the same time [4].

QDs are aggregates of atoms -from hundreds to tens of
thousands that behave as one- of semiconductor materials
that produce a crystalline matrix (nanocrystal). Composi-
tion, size and shape of this matrix determine their physi-
cal characteristics. The properties of nanocrystals vary
according to their size, which ranges generally from 1 to
10 nm in diameter [5]; whereas smaller QDs emit in
shorter wavelengths, bigger QDs emit in longer wave-
lengths. The crystalline core of QDs is composed of cad-
mium selenide and covered with a zinc sulfide shell.
Moreover, some QDs are coated with different kinds of
polymers and molecules in order to make them water-sol-
uble and to facilitate their conjugation to different bio-
molecules, providing a specific functionality [6-9].

QDs can be linked to many molecules, such as DNA, pro-
teins and antibodies, and therefore they have a wide range
of applications in the biosciences. To date, QDs have been
used to localize proteins [10,11] and mRNA within the
cell [12], to label cancer markers [13], to follow in vivo
metastatic cells during extravasation [14] or to track
embryonic stem cells in deep tissues [15].

The aim of this study was to use QDs as secondary and ter-
tiary antibodies in a routine immunocytochemistry proce-
dure in which organic dyes are currently used. Therefore,
we characterized the shape, size and optical properties of
QD 655 (IgG or streptavidin conjugated) in order to
develop a standard protocol for protein immunodetec-
tion using QDs. We have made a comparative study of flu-
orescence intensity, bandwidth, photostability, specificity
and the quality of QD 655 versus its homologous organic
fluorophore, Alexa 594 (IgG or streptavidin conjugated),
to evaluate the possibility of replacing Alexa with QDs in
this protein detection procedure.

Results

QDs characterization by HRTEM

QD 655 showed a cone-like shape (Figure 1) with no dif-
ferences in shape between QDs conjugated to streptavidin
or to IgG. However, when comparing the size of the QDs
conjugated to IgG with those conjugated to streptavidin,
significant differences (p < 0.05) were found. QD 655-1gG
is bigger (15.4 + 0.2 x 6.4 + 0.1 nm) than QD 655-strep
(13.1 2.8 x 6.3 + 0.9 nm).

http://www.jnanobiotechnology.com/content/7/1/4

QDs characterization by CLSM

QDs have been reported to present several optical advan-
tages in fluorescence detection regarding conventional
organic fluorophores. QD 655 has been compared to
Alexa 594 to evaluate differences in fluorescence intensity,
bandwidth, photostability and specificity.

Spectra emission

First, the maximum fluorescence emission peak (L,,,) of
both fluorophores was assessed using the lambdascan
function of the CLSM. QD 655 presented its maximum at
651 nm, whereas Alexa 594 had its peak at 615 nm (Figure
2, Table 1). The 2, value recorded was identical for the
same fluorophore independently of its conjugation (IgG
or strep).

Second, the fluorescence intensity (FI) level of QD 655 (Ig
or Strep) and Alexa 594 (Ig or strep) was calculated. The
FI level of QD 655 was higher than that of Alexa 594
(Table 1).

Differences in bandwidth, calculated from the emission
profiles (Figure 2), were also found when both kinds of
fluorophores were compared. QDs had narrower values of
bandwidth than the homologous Alexas (Table 1).

Photostability

Photostability was assessed by exposing immunolabeled
cultures for eight minutes at the maximum power laser
line of 561 nm. For the first 90 seconds, the initial fluores-
cence intensity of B-tubulin labeled with QD 655s was
reduced by about 5%. The same laser incidence produced
an intensity reduction of 90% in cultures labeled with
Alexa 594s. At the end of the irradiation period, no B-
tubulin was detected in cultures labeled with Alexa 594s,
whereas in cultures labeled with QD 655s, B-tubulin still
kept up to 10%-40% of the initial fluorescence intensity
(Figure 3 and 4).

Staining specificity

Staining specificity was analyzed on cell cultures labeled
with primary antibody against the microtubule network
(B-tubulin), Golgi complex (GM130) or endosomal sys-
tem (EEA1). Brightness of both fluorophores conjugated
to IgG was similar (Figure 5). Differences in specificity
were detected when QD 655-IgG was used as a secondary
antibody against B-tubulin. The network of microtubules
was not well defined, with background and QD aggregates
that had not selectively linked to B-tubulin. In contrast,
Alexa 594-IgG was very specific and the microtubule net-
work was definitely detectable. When QDs and Alexas
were used as tertiary antibodies, the tubulin network was
clearly detected by both fluorophores, but Alexa fluoro-
chromes were more specific in pinpointing the tubulin fil-
ament structure. No differences in specificity were

Page 2 of 10

(page number not for citation purposes)



Journal of Nanobiotechnology 2009, 7:4

Figure |

HRTEM QD characterization. The large image shows a
general view of QD 655 dispersion. The small image shows a
detail of a single QD 655 cone-like nanocrystal. Its crystalline
structure core can be seen. Scale bar = 10 nm.

detected when QD 655 or Alexa 594 was used as a second-
ary or tertiary antibody against GM130 or EEAl. Both
types of fluorophores showed similar specificity (Figure
6).

Discussion

In this work inorganic QDs were used to demonstrate
their feasibility and advantages as a basic research tech-
nique in routine immunocytochemistry, as compared to
Alexa organic dyes. To our knowledge, commercial QDs
are not yet standardized; neither are they completely char-
acterized to be used without further evaluation [16,17].

HRTEM characterization of QDs demonstrated differ-
ences in core size between the two types of QDs. In theory,
these differences should be due to QD manufacturing, but
the current methods used to produce QD allow particle
size and particle size distribution to be controlled accu-
rately [18]. Moreover, according to the Quantum Dot Cor-
poration [2], there are only slight size differences in a
given batch of QDs. However, other authors have found
some variability in CdSe QDs size distribution [19].

http://www.jnanobiotechnology.com/content/7/1/4

One of the optical properties measured was the emission
spectrum, which in QDs is related to their size. QD 655
conjugated to IgG or streptavidin displays a higher emis-
sion peak and a narrower bandwidth than its Alexa homo-
logue. These advantageous characteristics have been well
documented previously by different authors [4,13,20]
and offer the possibility of using different QDs simultane-
ously without overlapping emission bands. The band-
width of our batch of QD 655 (IgG and strep) was similar
to that described in the literature [18,20].

Slight differences in size result in slight variations in the
emission wavelength. As a consequence, the emission
spectrum of a certain nanocrystal ensemble will be
broader than an individual QD spectrum [21]. A variation
in size distribution of 5% translates into a bandwidth of
approximately 25-30 nm, a narrow value compared to
the bandwidth of many fluorescent dyes [21]. Since the
size distribution of each QD analyzed in this study was
about 10%, it was expected that the bandwidth would be
greater (ca. 35 nm).

Another optical characteristic analyzed was the intrinsic
brightness of both fluorophores. The fluorescence inten-
sity (FI) was higher in QDs than in Alexas. Most authors
agree that QDs have superior brightness than organic
fluorophores [1,13,20,22]. However, other studies have
found that QDs are not as bright as expected [23]. Slight
differences in FI (ca. 8%) were detected between both
QDs, while in Alexas these differences were inappreciable.
Other authors have found that the FI of QD 525-IgG was
nearly one-third that of QD 525-streptavidin [24].

Photostability was the third optical property analyzed,
and the entire scientific community agrees that this is the
best advantage of QDs, as compared to other fluorescent
dyes [3,5]. Our study confirms that QDs have the highest
photostability. This characteristic is very important when
in vivo analyses are carried out and long-term experiments
are necessary and use multiple targets [25]. But photosta-
bility is also a determining factor in fixed samples in
which some magnification is needed to find the best reso-
lution to observe subcellular structures. Before QDs came
out, Alexa dyes were considered to be the most photosta-
ble fluorophores [26]. Nowadays, this reality has
changed: Alexa fluorophores lose almost all of their fluo-
rescence in only 90 seconds of laser exposure, while we
have demonstrated that QDs can be exposed to laser light
for eight consecutive minutes and less than 40% of their
initial fluorescence is lost.

All of these characteristics confirm that QDs have unique
optical properties that make them powerful fluorescent
dyes. In addition to the increasing interest in QDs in fluo-
rescence techniques, their electron-dense core has poten-

Page 3 of 10

(page number not for citation purposes)



Journal of Nanobiotechnology 2009, 7:4

1.2,

Alexa

Fluorescence Intensity (a.u.)

http://www.jnanobiotechnology.com/content/7/1/4

IgG

QDs

Wavelength (nm)

Figure 2

Fluorescence emission spectra. Spectral profile representing fluorescence intensity versus emission wavelength (500-780
nm) for QD 655-1gG, QD 655-Streptavidin and their Alexa homologues. Excitation wavelength = 488 nm.

tial to carry out correlated studies between CLSM and
TEM, which would allow protein localization inside cells
on a nanometric scale [11]. However, there is some con-
troversy regarding the specificity of QDs as immunola-
bels. While some authors argue that QDs have
comparable or even superior specificity in relation to
organic fluorophores [27], others consider that QDs are
appropriate fluorophores to be used as immunolabels,
although without increasing sensitivity, and with higher,
non-specific binding and aggregation than Alexa dyes
[18,23]. Low specificity could be due to different reasons:
i) a non-optimal concentration of QDs that could lead to

Table I: Spectral properties.

Emission peak (nm) Fla Bandwidth (nm)b
Q655-1gG 651 200 35.5
Q655-strep 651 180 37
A594-1gG 615 75 48
A594-strep 615 75 53

Emission peak, fluorescence intensity (FI) and bandwidth for QD 655
and Alexa 594 analyzed at 488 nm excitation wavelength.

(a) Values in gray level (0-255).

(b) Calculated as the full width at 50% maximum of the emission
spectrum (FWHM) in the Fl profile.

a non-specific signal [1], or ii) a non-optimal surface
chemistry of QDs that would affect their spectroscopic
properties and colloidal stability as well as their biomo-
lecular function or size, which could sterically hamper
access to cellular targets [20]. Several authors have
pointed out the importance of QD concentration for
improving the sensitivity of detecting water pathogens
[22], as well as improving specific immunostaining [1].
Before starting the QD characterization, we tested three
different concentrations of QD 655 in order to use the
most appropriate in which to perform this study (data not
shown). The optimal concentration was 30 nM because
there were scarce aggregates and the QD concentration
was high enough to label the tubulin network.

On the other hand, specificity was higher when QDs were
used as a tertiary antibody, but still lower compared to
their Alexa homologue. Other authors have reported that
QD sensibility is improved when they are used as tertiary
antibodies [24]; this increase in sensibility is probably due
to the high affinity between streptavidin and biotin, and
to the signal amplification.

Finally, the specificity of QDs in detecting B-tubulin,
GM130 and EEA1 proteins was tested. While specificity
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Photostability profile. Fluorescence intensity changes of QDs and Alexas during the irradiation period with the 561 nm

laser line at maximum power.

against B-tubulin was lower than Alexa, no differences
were observed when QDs were used to stain the Golgi
complex (GM130 protein) or endosomes (EEA1). Specif-
icity of QDs was higher for primary antibodies against
proteins like GM130 and EEA1, which are scarce in the
cell and are not involved in the composition of thin struc-
tures. Specificity was lower for proteins such as B-tubulin
which is an abundant protein in the cell and that polym-
erizes producing an extremely well organized thin struc-
ture. QD 655 is one of the largest QDs commercialized,
and it is possible that its size could sterically obstruct its
access to its target [20].

Conclusion

QDs are excellent fluorophores for labeling cellular tar-
gets, as they display higher intensity, an enhanced signal
to noise ratio, a narrower bandwidth and higher photosta-
bility than organic dyes. However, the specificity of QDs
depends on the target they have to bind to. More studies

are needed to improve the specificity of QDs so they can
be used routinely, alone or in combination with organic
fluorescent dyes, in all biological applications. In this
study we were able to use QDs as secondary and tertiary
antibodies to clearly detect discrete localized proteins.
Therefore, in these cases, they can replace fluorescent
organic molecules in routine immunocytochemistry pro-
cedures.

In the future, when better control of the synthesis and
functionalization of QDs is possible, the range of biolog-
ical applications of these fluorophores can be extended
and they can become part of basic research techniques.

Materials and methods

Material

Two types of red emission spectra QDs were used as sec-
ondary and tertiary antibodies: QD 655 Goat F(ab), anti-
mouse IgG conjugate (QD 655-1gG) and QD 655 strepta-
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Figure 4

t=0
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t =8 min

CLSM photostability images. Left-hand images correspond to the emission signal of QDs and Alexas conjugated to strepta-
vidin before the irradiation period (t = 0 min) with the 561 nm laser line at its maximum power. Right-hand images show the
emission signal of QDs and Alexas at the end of the irradiation period (t = 8 min). Note the loss of fluorescence intensity in the

delimited area. Scale bar = [0 um.

vidin conjugate (QD 655-strep). Two homologous red
emission Alexa Fluor Dyes: Alexa 594 Goat F(ab), anti-
mouse IgG conjugate (Alexa 594-IgG) and Alexa 594
streptavidin conjugate (Alexa 594-strep) were used to
compare to QD antibodies. Secondary antibodies QD
655-IgG and Alexa 594-IgG were purchased from Molecu-
lar Probes (Invitrogen Corp; Eugene, Oregon, USA), and
Anti-Ms IgG biotin from Boheringer (Mannheim; Indian-
apolis, USA). Primary antibody monoclonal anti-B-tubu-
lin was purchased from Sigma-Aldrich Chemie GmbH
(Steinheim, Germany). GM130 and EEA1 primary anti-
bodies were purchased from BD Biosciences (San Jose,
California, USA).

High Resolution Transmission Electron Microscopy
(HRTEM)

To carry out a HRTEM analysis, 0.5 pl of each QD was
diluted in 500 pl of MilliQ water and centrifuged for 10
minutes at 6000 rpm to eliminate all organic precipitates.
A drop of each diluted QD was deposited on a carbon
layer copper grid and air-dried.

Images of each type of QD were obtained with a HRTEM,
using a JEOL JEM 2011 transmission electron microscope
(Jeol LTD; Tokyo, Japan) operating at 200 kV. The sizes of
the QDs were determined with Digital Micrograph soft-
ware (Gatan Inc; Warrendale, Pennsylvania, USA) and
data obtained were processed with statistics software Ori-
gin-8 (OriginLab Corporation; Northampton, Massachu-
setts, USA).
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strep

CLSM specificity analysis of B-tubulin labeling. Maximum intensity projections of the distribution of the tubulin network
labeled with QDs (top images) show lower specificity than their organic Alexa homologue labeling (bottom images). Scale bar

=10 um.

Cell cultures

Two different culture cell lines, Vero (ATCC-CCL-81) and
HeLa (ATCC-CCL-2), were used. Cells were maintained in
MEM (GIBCO, Rockville, Maryland, USA) supplemented
with 10% Fetal Calf Serum (GIBCO) and incubated at
37°C and 5% CO, in a humidified atmosphere.

Immunocytochemistry

For immunocytochemistry analysis, cells were seeded
onto glass coverslips and incubated at 37°C and 5% CO2,
until confluence was reached. Cells were fixed in 4% para-
formaldehyde (Electron Microscopy Sciences; Fort Wash-
ington, Pennsylvania, USA) in 0.01 M phosphate buffer
saline (Sigma Aldrich Chemie GmbH; Steinheim, Ger-
many) for 15 min, permeabilized in 0.25% Triton X-100

(Fluka Chemie AG; Buchs, Switzerland) for 15 min and
blocked in 6% bovine serum albumin (Sigma Aldrich
Chemie GmbH; Steinheim, Germany) for 40 min. Finally,
cells were incubated with the anti-B-tubulin monoclonal
antibody (4 pg/ml) to detect the microtubule network,
with the GM130 antibody (10 pg/ml) to detect the Golgi
complex or with the EEA1 antibody (2.5 ng/ml) to detect
the endosomal system. In all cases the primary antibody
was incubated for 1 h at 37°C.

To perform secondary immunodetection, anti-Ms IgG
antibody conjugated to Alexa or QDs (4 ng/ml and 30 nM
final concentration, respectively) was used. For tertiary
immunodetection, cells were first incubated with Anti-Ms
IgG Biotin (1 pg/ml) for 1 h at 37°C, and then with
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GM130 EEA1

QDs

Alexa

Figure 6
CLSM specificity analysis of GM130 and EEAI labeling. Isosurface representation of the cell shows the nucleus (blue)
labeled with Hoechst 33342, Golgi complex (GM130) and endosomal system (EEAI) (red) within a three-dimensional volumet-

ric x-y-z data field. Scale bar = 10 pm.
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streptavidin conjugated to Alexa or QDs (4 pg/ml and 30
nM final concentration, respectively). Coverslips were
mounted onto glass slides using Fluoprep mounting
media (bioMérieux® SA, Marcy I'Etoile, France) to preserve
fluorescence.

Confocal Laser Scanning Microscopy (CLSM)

Images were captured with a CLSM Leica TCS-SP5 AOBS
spectral (Leica Microsystems Heidelberg GmbH; Man-
nheim, Germany) using a Plan-Apochromatic 63x objec-
tive (NA 1.4, oil).

Series of images (xy2), called lambdastacks, were taken to
determine the spectra emission of QDs and Alexas and to
establish their bandwidth. The excitation wavelength used
was the 488 nm line of an Ar laser. The AOTF was set at
40% and 80% for QDs and Alexas, respectively.

The emission detection was set from 500 to 780 nm. The
confocal pinhole for each lambdastack was fixed at 2 Airy
units. For each xy focal plane, confocal microscopy meas-
ured the emission variation every 10 nm (lambda step size
= 7 nm). The emission spectra analysis was processed
using the CLSM software (Leica LAS AF). A Region of
Interest (ROI) was delimited to determine the fluores-
cence intensity (FI) in the selected area in relation to the
wavelength. To analyze immunolabeled cells, 45 ROIs of
2 um?2 were selected near cell nuclei; FI and bandwidth
were calculated in the selected ROIs.

Photostability experiments were performed using the Live
Data Mode function of the CLSM, which permits monitor-
ing long time-lapse experiments. Each type of fluorophore
was illuminated with a 561 nm excitation laser line for 8
minutes (100% power, zoom = 6). Images were taken at 1
second intervals, in 512 x 512 pixels with 8 bits of
dynamic range. In the area where the laser was at its max-
imum illumination power, 45 ROIs of 2 pm?2 were
selected to show the FI in the region in relation to time.

Secondary or tertiary antibody specificity was evaluated
using the xyz mode of the CLSM, which permits one to
scan the xy plane along the z axis. Images were captured
every 0.2 pm along 3 um of thickness, with 1 Airy confocal
pinhole. From the xyz series obtained by CLSM, maxi-
mum intensity projections were achieved with Leica LAS
AF software, and three-dimensional models were gener-
ated using Imaris software (Bitplane; Ziirich, Switzer-
land).

Statistical analysis

To determine if there were significant differences in size
between QDs conjugated to IgG or to streptavidin, a two-
sample T-Student's test (T-test) for comparison of means,
with 95% confidence, was carried out. Previously, a F-

http://www.jnanobiotechnology.com/content/7/1/4

Fisher test was performed and equal variances were
assumed due to the returned p-value of 0.389. The equal-
ity of means hypothesis was rejected when the p-value was
lower than 0.05 (p < 0.05).
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There is a great demand to develop novel techniques that allow useful and complete monitoring of apop-
tosis, which is a key factor of several diseases and a target for drug development. Here, we present the
use of a novel dual electrochemical/optical label for the detection and study of apoptosis. We combined
the specificity of Annexin-V for phosphatidylserine, a phospholipid expressed in the outer membrane of
apoptotic cells, with the optical and electrochemical properties of quantum dots to create a more
efficient label. Using this conjugate we addressed three important issues: (i) we made the labeling of
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apoptotic cells faster (30 min) and easier; (i) we fully characterized the samples by common cell biologi-
cal techniques (confocal laser scanning microscopy, scanning electron microscopy and flow cytometry);
and (iii) we developed a fast, cheap and quantitative electrochemical detection method for apoptotic cells

Www.rsc.org/nanoscale with results in full agreement with those obtained by flow cytometry.

1 Introduction

The development of new techniques to detect and study apop-
tosis is crucial to fully understand how its deregulation leads
to disorders such as cancer,"” neurodegenerative diseases’
and myocardial infarction, among others. Nowadays, most
techniques used to detect apoptotic cells aim to label phos-
phatidylserine (PS), a negatively charged aminophospholipid,
whose translocation from the inner to the outer plasma mem-
brane is a distinctive hallmark of early stages of apoptosis.®™®
Methods based on PS recognition are useful clinical tools for
early diagnosis, evaluation of disease progression, and moni-
toring the therapy efficacy, besides providing excellent quanti-
tative analysis in living cells and new potential targets for drug
discovery.”'® To date, Annexin-V (AnnV), a phospholipid-
binding protein with high affinity for PS,"" has been widely
used as an imaging tool to monitor the apoptosis progression
when conjugated to a fluorescent dye.'>® Nevertheless, its
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applicability is restrained by the properties of common fluore-
scent dyes, which have limited photostability and a tendency
to photobleach.*®*”

Considering this framework, CdSe/ZnS quantum dots (QDs)
are excellent tools to overcome the inconvenience caused
by organic dyes;'® in fact, they exhibit size-dependent tunable
narrow fluorescence emission spectra, a high-resistance
threshold to chemical and photodegradation, high extinction
coefficient and high quantum yield."”*® They are already
widely used in fluorescence based technologies*** such as
fluorescence microscopy and confocal laser scanning
microscopy (CLSM),>*® flow cytometry,>” spectroscopy”®>°
and microarrays.** > Another unique characteristic of QDs,
over dyes and enzymes, is that their high electron density
allows for their use also as electron microscopy labels.
Although fluorescence-based and electron microscopy
methods provide accurate detection of apoptosis, most of
them are time-consuming, troublesome, expensive and require
qualified staff to analyze the results. A complementary and
quantitative electrochemical detection of apoptosis would
overcome these drawbacks. Several studies have reported the
use of voltammetry to detect QDs as electrochemical labels,
taking advantage of their redox properties.**>°

Herein, we describe the use of AnnvV-QD conjugates as dual
optical/electrochemical labels for complete monitoring of
apoptosis in living leukemia-derived THP-1 cells (Fig. 1). Using
this label, we were able to: (i) make the labeling process easier
and faster (30 min) than most commercially available Kits,

Nanoscale, 2015, 7, 4097-4104 | 4097
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Fig. 1 Use of Annexin-V/quantum dot probes for optical and electrochemical detection of apoptotic cells. THP-1 cell cultures are incubated with
staurosporine (STS) (a), a pro-apoptotic drug, and as a consequence phosphatidylserine (PS) is externalized (b). AnnV—-QD conjugates previously pre-
pared are added to the cell cultures (c) and bound to PS expressed in the outer membrane of apoptosis induced THP-1 cells (d). Due to the pro-
perties of QDs (they are fluorescent, electroactive and electron dense) diverse analyses can be performed.

(i) study the same sample with classical cell biology tech-
niques (CLSM, scanning electron microscopy (SEM) and flow
cytometry) obtaining a deep overview of the cell status, and
(iii) develop a cheap, easy-to-use, fast and quantitative electro-
chemical technique, with results in full agreement with those
obtained by flow cytometry.

2. Experimental

2.1 Reagents and instruments

RPMI-1640 (Gibco), foetal bovine serum (FBS) (Gibco) and
L-glutamine (Gibco), for cell cultures, and Qdot® 655 Streptavi-
din Conjugates (Invitrogen), dimer EthD (Invitrogen) and
Hoechst 33342 (Invitrogen), for labeling the cells, were pur-
chased from Life Technologies S.A. (Spain). T-25 and T-75
flasks (Nunc) were purchased from Thermo Scientific and a
hemocytometer with a Biirker grid was purchased from Brand
Gmbh + Co KG (Germany). A HERAcell 150 incubator
(Heraeus, Spain) and an Eppendorf Centrifuge 5804 R (Eppen-
dorf Ibérica S.L. Spain) were used for cell culture maintenance
and in some steps of the experimental procedure.

Staurosporine (STS) and dimethyl sulfoxide (DMSO) for the
apoptosis induction step were purchased from Sigma (Spain)
and Annexin-V biotin (Biovision Inc.) was purchased from
Deltaclon S.L. (Spain). The sample shaker used for preparation
of the conjugate was a TS-100 Thermo shaker (Spain).

Reagents for PBS and Annexin-V binding buffer preparation
were purchased from Sigma, Aldrich or Fluka. All the solutions

4098 | Nanoscale, 2015, 7, 4097-4104

were prepared using mQ water, produced using a Milli-Q
system (>18.2 MQ cm ™) purchased from Millipore (Sweden).

2.2 Cell culture and induction of apoptosis

The human monocytic THP-1 cell line (ATCC® TIB-202TM)
was maintained at a density of 5-8 x 10> cells mL™" in 75 cm”
flasks in RPMI-1640 medium supplemented with 2 mM r-glu-
tamine and 10% FBS under standard conditions (5% CO, at
37 °C).

For apoptosis induction, 2 mL of cell suspension at a con-
centration of 5 x 10° cells mL™" were transferred to 25 cm?
flasks where 3 pL of 0.5 mg mL™" of STS diluted in DMSO were
added (induced cultures). An equivalent volume of DMSO was
added into the control flasks (control cultures). Cultures were
kept under standard conditions for 6 h. Two washing cycles
with PBS were performed in order to remove any presence of
STS in the cell cultures transferring cell suspensions to centri-
fuge tubes and spinning at 300g for 5 min. The final pellets
were resuspended in 200 pL PBS.

During incubation with STS, THP-1 cell cultures were
checked using an inverted microscope with a phase-contrast
objective. We took images of the control and apoptosis-
induced cell cultures in order to observe changes occurring in
the cells due to the effect of STS such as cell shrinkage and
membrane blebbing (Fig. SI 11).

2.3 Annexin-V-QD conjugate preparation

AnnV-QD conjugates were prepared according to the manufac-
turer’s protocol. Briefly, 3 pL of 2 uM streptavidin—-QD solution

This journal is © The Royal Society of Chemistry 2015
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were incubated with 187 pL of QD conjugation buffer and
10 pL of biotinylated Annexin-V for 45 min in a thermo-shaker
at 500 rpm at 25 °C and stored at 4 °C until use.

2.4 Simple labelling protocol for apoptosis

A simple labeling procedure was carried out by the addition of
200 pL of AnnV-QD conjugate and 200 pL of Ca** containing
binding buffer to the cell suspensions (prepared in 200 pL
PBS). It was then incubated at room temperature (RT) in a
rocker shaker for 30 min. Thereafter, in order to eliminate the
unbound AnnV-QD conjugates two washing cycles with PBS
were performed.

2.5 Confocal laser scanning microscopy

A 10 pL drop of the labeled cell suspension was placed in a
bottom glass petri dish for confocal imaging. Images were
captured with a CLSM Leica TCS-SP5 AOBS spectral (Leica
Microsystems Heidelberg GmbH; Mannheim, Germany) using
Plan-Apochromatic 20x and 40x objectives (NA 0.9 and NA 1.2,
respectively).

Simultaneous excitation of the PS-expressing cells (labeled
with AnnvV-QD) and their nuclei (Hoechst staining) was per-
formed using a 405 nm blue laser diode and simultaneous
detection was done using two different photomultipliers
(PMTs), one per each corresponding spectral range. CLSM soft-
ware (Leica LAS AF) was used to obtain the overlapped images
of nuclei and AnnV-QD labeling. Stacks of XY images at
different Z planes were processed using Image] (NIH, Mary-
land, USA) and Imaris 3D rendering software (Bitplane AG,
Switzerland). In order to perform semiquantitative analyses,
fluorescence intensity data from the images were obtained
using Image] extracting the sum of intensities of all pixels for
the nuclei (FIN) and the QD (FIQD) labeling, separately for
each given image. Average intensities of 3 pairs of images,
from different areas, were calculated and the average ratio
FIQD/FIN was used to quantify cell death.

Further projections and 3-D views of apoptotic cells were
performed using Imaris software.

2.6 Sample preparation for SEM analysis

Labeled-cell suspensions were washed with 0.1 M cacodylate
buffer for 1 min and then fixed with 2.5% glutaraldehyde in
0.1 M cacodylate buffer, for 1 h at RT. Cells were incubated
again with 0.1 M cacodylate buffer for 1 min and then de-
hydrated sequentially in increasing concentrations of cold
ethanol (50, 70, and 90% for 8 min each). To complete the
dehydration process samples were incubated two times in
100% ethanol (8 min each, 25 °C) and finally resuspended in
hexamethyldisilazane solution (Sigma-Aldrich) for 15 min at
RT. A 50 pL of each sample was placed on separate glass cover-
slips and let dry for 15 min at RT. SEM samples were kept in a
desiccator at 25 °C until analysis.

The volume of all reagents used in the sample preparation
was 1 mL and after each of the above-mentioned step cells
were recovered by centrifugation (300g, 5 min).

This journal is © The Royal Society of Chemistry 2015
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Prior to SEM analysis (Magellan®FE-SEM, FEI), glass cover-
slips were placed over a typical SEM sample holder and the
edges of the coverslips were painted with silver ink in order to
increase their conductivity and facilitate the analysis of the
samples.

This protocol avoids the use of metallization steps keeping
intact the cellular structure and allows a direct visualization of
small metallic nanoparticles such as QDs on the cell surface.

2.7 Flow cytometry

AnnV-QD labeled cells (20 000 cells) were analyzed to quantify
the number of apoptotic cells in both induced and control
cultures using a FACSCanto II flow cytometer (BD Biosciences,
Franklin Lakes, NJ) equipped with the BD Biosciences
FACSDiva™ software.

2.8 Electrochemical detection of apoptotic cells

The electrochemical detection of apoptotic cells was done
using mercury-modified screen printed electrodes (from Ital-
Sens, acquired through PalmSens) by placing 30 pL of the
AnnV-QD labeled cells onto the working electrode. Apoptotic
cells were detected electrochemically through the presence of
Cd ions (as defects at the Cd QD surface) contained in the QD
structure by direct voltammetric detection. This methodology
has been previously reported by our group®® and applied now
with some minimal modifications. Briefly, the Cd(u) contained
in the QDs was reduced to Cd(0) applying a potential of —1.1 V
for 5 min. After that, a square wave voltammetry (SWV) was
performed by scanning the potential from —1.1 to —0.4 V (step
potential 10 mV, modulation amplitude 30 mV, frequency
15 Hz) and measuring the current value (analytical signal) due
to the oxidation of Cd(0) to Cd(u). The oxidation process gener-
ates a peak of current at —0.8 V which intensity is related to
the quantity of QDs in contact with the working electrode
surface. The electrochemical detection in the samples was
directly performed in PBS at pH 7.4.

Different concentrations of cells ranging from 20000 to
1250 were measured and three measures using three different
electrodes (represented as error bars in the graphs) were
performed per sample.

3. Results and discussion

3.1 Optimization of apoptosis induction and labelling with
AnnV-QD probes

In this study, we used a human monocytic leukemia cell line,
THP-1, as a target of Staurosporine (STS), a commonly used
drug to induce apoptosis in cell-based assays.’”*® Although
several studies report the apoptotic effect of STS, concen-
trations and incubation times change depending on the cell
line and specific assay requirements.>**® We observed that
5 pg mL™" of STS for 6 hours provoke the expected effect in
THP-1 cell cultures by exhibiting early apoptotic symptoms
such as cell shrinkage or membrane blebbing (Fig. S-1 in the
ESI}). We also optimized the labeling steps in order to make

Nanoscale, 2015, 7, 4097-4104 | 4099
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the method faster and easier than the use of Annexin-V-biotin
kits in conjunction with conventional streptavidin or avidin-
dye reagents. In fact in these procedures, cells are first incu-
bated with Annexin-V-biotin followed by a second incubation
with a fluorescently labeled streptavidin; besides, after each
incubation step several washing steps are necessary, making
the overall labeling process at least longer than 1 h. In the pro-
posed method the Annexin-V-biotin is pre-incubated with
streptavidin-QDs and the resulting conjugates can be stored at
4 °C, protected from light, until use. In this way we minimized
the number of steps, decreasing the overall assay time to
30 min.

3.2 Invitro CLSM monitoring of apoptosis in THP-1 cell
cultures

In order to study the efficiency and specificity of AnnvV-QD
conjugates to detect apoptotic cells, we analyzed the sample
using both CLSM and SEM. In particular, taking advantage of
the fluorescence emission of QDs, we used CLSM to obtain
qualitative information on the assay by comparing images of
the control and apoptosis-induced samples (Fig. 2a). Images
in Fig. 2a show the differences in the amount of AnnV-QD
labeled-cells (in red) between the two samples. Nuclear stain-
ing (in blue; using Hoechst 33342 dye) confirms the apoptotic
status of cells in the induced cultures, where DNA conden-

Induced

Nanoscale

sation and nuclear fragmentation are evident (inset box in
Fig. 2a). We used Image] software to analyze three random
areas in both samples (control and induced) to attain the inte-
grated fluorescence intensity of nuclear (FIN) and QD (FIQD)
staining. The histogram in Fig. 2b displays the FIQD/FIN ratio
of control and induced samples, respectively 0.022 + 0.001 and
0.06 + 0.001 A.U. The higher ratio observed in the induced
sample indicates a prevalence of apoptotic cells in the culture
incubated with STS. Furthermore, by scanning the sample
along the Z axis, we obtained information on the whole-cell
labeling. A cross section of a selected stack of an apoptotic cell
is shown in Fig. 2c. XZ and YZ plane projections show the rela-
tive localization of AnnvV-QD labeling, which is restricted to
the periphery of the cells, as expected, and also the fragmenta-
tion of the nucleus. Finally, this peripheral localization can
also be seen in a surface-rendered 3-D reconstruction of an
apoptotic cell, which gives a more complete volumetric view of
the same labeling information (Fig. 2d).

3.3 SEM analysis of apoptotic THP-1 cells and AnnvV-QD
labeling at the plasma membrane

We performed SEM analysis to see in detail the external
morphology of the cells, and to evaluate the presence or
absence of QDs in the plasma membrane surface (CdSe/ZnS
QDs can be visualized by SEM thanks to their electron dense

=

0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

Floo/Fin ratio (A.U.)

Control

Induced

Fig. 2 CLSM analysis. (a) Images of THP-1 cells after AnnV—-QD labeling (red) show few apoptotic cells in control cultures and many in induced
ones. Nuclei were counterstained with Hoechst (blue). A zoom in a selected region (dashed line) is displayed in a box for more detail (*). Scale bar
20 pm. (b) Apoptosis in control and induced cultures was established from the images acquired. Fluorescence intensities of nuclei (Fly, Hoechst
stain) and of AnnV-QD (Flgp, QDs) bound to cells were quantified and the ratio Flgp/Fly was calculated. This ratio was twice in induced cultures
compared to control ones. (c) A cross section projection allows the visualization of a XZ plane (horizontal (H) section) and a YZ plane (vertical (V)
section), where DNA condensation and nuclear fragmentation can be clearly observed. (d) 3-D rendered projection shows the peripheral localization
of the AnnV-QDs in a volumetric view. Scale bar 5 ym.
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Apoptotic cell

Fig. 3 SEM analysis. The morphology of control and apoptotic cells and the presence of QDs in the outer membrane of cells were evaluated by
SEM imaging. Images a and b were taken at 20 000x to check the size and morphology of cells, scale bar 5 um. Apoptotic cells (b) shown to be
smaller in size (shrinkage) and also presented big evaginations or blebbing (indicated by arrows), typical of apoptotic processes. Images a' and b’
were taken at 50 000X in a selected area (dashed square in top images) in order to evaluate the presence of QDs in the membrane (bright dots indi-
cated by arrowheads), scale bar 2 ym. No QDs were present in non-apoptotic cells (a') whereas in apoptotic cells (b’) dispersed or groups of QDs
were observed. In the inset (*) a detail of a selected area (dashed square) is displayed and two QDs in the membrane of the cell can be clearly

observed.

composition). Fig. 3a and 3b show non-apoptotic and apopto-
tic cells at 20 000x magnification respectively: whereas non-
apoptotic cells (Fig. 3a) had usual morphologies, apoptotic
cells (Fig. 3b) decreased in size (shrinkage) and presented
membrane blebbing (pointed out in the picture by yellow
arrows), which are typical of apoptotic processes. Moreover at
50 000x magnification, the presence of QDs was evaluated: no
QDs were observed in non-apoptotic cells (Fig. 3a’). However,
in apoptotic cells, QDs (displayed as bright dots in the image)
were present in their membranes (yellow arrowheads in
Fig. 3b’), corresponding to what was expected, due to the
interaction of AnnV-QD with the externalized PS.

3.4 Quantification of AnnvV-QD labeled apoptotic THP-1 cells
by flow cytometry

We also used flow cytometry to analyze the same samples used
for CLSM and SEM; in this way we could prove both the versati-
lity of Annv-QD labels using a different technique and the
acquisition of quantitative data to be used for evaluating the
performance of the new electrochemical detection. In particu-
lar, for each culture, 20 000 cells were analyzed and representa-
tive plots were obtained for each sample. Fig. 4 shows the
distribution of the total cell culture population. The red
colored area corresponds to the apoptotic cell population

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Flow cytometry analysis. A total of 20 000 cells from control and
induced cultures were analyzed and the number of cells emitting fluo-
rescence (AnnV-QD labelled cells) were quantified (P2 area; red dots).
The population of AnnV—QD labeled cells (P2) increased substantially in
induced cell cultures (17.1% in front of 5.0% of the control). AnnV-QD
em = fluorescence intensity emitted at 655 nm. PE em = fluorescence
intensity emitted at 585 nm (used as control).

labeled with AnnvV-QD, which was determined according to
the negative control analyzed under the same conditions
(Fig. S-2 in the ESI{). Comparing both plots, a more condensed
red area is observed in the apoptosis induced culture than in
the control one, as expected. We extracted numerical data from
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the plots and calculated the percentage of apoptosis for each
sample. Apoptotic cells constituted 5% of the control sample,
as usual in normal healthy or untreated cell cultures,®
whereas for induced cultures it was 17.1%. These results indi-
cate that apoptosis was successfully induced by STS and that
the AnnVv-QD labeling method allowed the specific detection
of apoptotic cells via flow cytometry.

3.5 Electrochemical stripping detection of apoptotic THP-1
cells through QDs

Finally, we developed an electrochemical method, based on
stripping voltammetry of QDs (Fig. 5a), to detect apoptotic
cells. It is based on the redox properties of the CdSe/ZnS QDs,
which produced a characteristic oxidative peak at —0.720 V.
The peak intensity can be used to estimate the amount of
QDs in the sample that in turn can be related to the quantity
of apoptotic cells present. Stripping voltammetry was per-
formed in PBS using disposable screen printed electrodes and
a potentiostat, as shown in Fig. 5b. In this way, an entire popu-
lation of cells can be screened, checking the effect of the drug
on their viability. In Fig. 5c, the histogram displays the peak
values obtained by electrochemical detection of serial
dilutions of control and apoptotic-induced cells. Considering
the same number of cells, the apoptotic-induced cells gener-
ated higher peaks compared to control samples, due to the
higher amount of QDs present in their plasma membrane,
indicating the specific binding of AnnV-QDs to the externa-
lized PS. The difference is observable in a range from 20 000 to

Cd Cd?*
c
e 9
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1250 cells (inset of Fig. 5c¢ shows a classical read-out of the
electrochemical stripping detection of different dilutions of
apoptotic cells). Control cell cultures, as observed by CLSM
and flow cytometry, also gave low intensity signals due to the
basal apoptotic activity of a normal cell culture. This electro-
chemical method allows quantitative comparison of the effect
of a drug on an induced sample and a control one, and, when
used in correlation with flow cytometry data, allows us to esti-
mate the number of apoptotic cells in the sample. In the
present case, the flow cytometry results indicate that 17% of
cells analyzed in the induced sample are apoptotic cells, thus,
we can assume that in the smallest concentration used in the
electrochemical detection, consisting of 1250 cells, about 212
were apoptotic cells.

3.6 Correlation between electrochemistry and other
quantitative techniques

We compared the results obtained from analyzing 20 000 cells
by flow cytometry and electrochemistry, as well as with those
from CLSM (Table 1). Data collected showed an excellent corre-
lation (~97.7%) between flow cytometry and electrochemistry,
with almost the same value of fold-increase between the
control and the apoptosis induced sample, 3.42 and 3.50
respectively. The 2.72 fold increase obtained from CLSM is
also in good agreement with the previous ones (~78%)
(although it cannot be used as a quantitative result, due to the
lack of statistical significance of the technique). This new elec-
trochemical method can be considered as a faster (readout
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Fig. 5 Electrochemical detection. (a) Schematic of electrochemical detection by SWV of QDs. First Cd ions (as defects at the CdSe QD surface) are
reduced to Cd® and the subsequent oxidation to Cd?* generates a peak, the intensity of which corresponds to the amount of QDs present on the
electrode surface. (b) Photo of the set-up for the electrochemical detection. (c) Electrochemical stripping peak currents obtained measuring
different amounts of induced-apoptotic cells (red columns) and control cells (blue columns). In the inset typical electrochemical stripping curves

obtained for the apoptotic cells are shown.
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Table 1 Apoptosis analysis. Correlation between electrochemistry, flow
cytometry and confocal laser scanning microscopy (CLSM) measures

Control Induced Fold
Technique cells cells increase
Electrochemistry (nA) 15.0 52.50 3.50
Flow cytometry (%) 5.0 17.10 3.42
CLSM (A.U.) 0.022 0.06 2.72

obtained in less than 5 minutes), cheaper and easier-to-use
alternative or complementary method to flow cytometry.
Unlike other electrochemical methods for heavy metal detec-
tion (such as those incorporating QDs) all measurements are
carried out in a cell-friendly saline solution instead of using
strong acidic conditions. Other advantages of this method
include the fact that it can be used by untrained personnel,
that it is easily miniaturizable and that does not limit the user
to working with samples containing high number of cells.

4. Conclusions

We have explored the use of AnnvV-QD probes as optical and
electrochemical labels to easily carry out correlative studies of
the same sample using different techniques such as voltamme-
try, flow cytometry, CLSM and SEM. The complementary infor-
mation obtained from the different methods provides greater
insight into the apoptotic process, compared to data obtained
from single techniques using other dyes or enzymes. The pro-
posed quantitative, electrochemical-based method is faster,
cheaper and more versatile than most of those currently in use
and can be easily miniaturized into a point-of-care, micro-
fluidic device, making it useful for both research and indus-
trial settings. We expect this technique to be extended not only
to other cell toxicity studies with interest for clinical industries,
but also to the detection of any disease-biomarker expressed
in the plasma membrane, with clear relevance for diagnostic
applications.
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Control STS apoptosis-induced

1h

6h

Fig. S-1. Check of cell cultures during pro-apoptotic drug (STS) incubation. Phase contrast images at 1 and 6 h show that
some cells begin to change its homogenous round shape after 1 h in apoptosis-induced cell cultures exhibiting cell
shrinkage and membrane blebbing (arrows and magnified squared area). After 6 h, the number of cells presenting
shrinkage and membrane blebbing increases, and also a tendency to group in small lumps (arrow heads) can be observed
in apoptosis-induced cell cultures whereas control cells preserve their healthy round shape and keep their single cell
organization within the medium. Scale bars 20 um.



Negative Control
(no QD-labeling)
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Fig. S-2. Negative control of flow cytometry analysis. A negative control without AnnV-QD labeling was analyzed in order
to establish the parameters of QD labeling detection. P2 area was selected out of the cloud of control cells and in the
region where QD were supposed to be detected according to their spectral characteristics (maximum emission at 655 nm).
These settings were kept for the analysis of control and induced cultures. AnnV-QD em = fluorescence intensity emitted at
655 nm. PE em = fluorescence intensity emitted at 585 nm (used as control).



	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	QDs characterization by HRTEM
	QDs characterization by CLSM
	Spectra emission
	Photostability
	Staining specificity


	Discussion
	Conclusion
	Materials and methods
	Material
	High Resolution Transmission Electron Microscopy (HRTEM)
	Cell cultures
	Immunocytochemistry
	Confocal Laser Scanning Microscopy (CLSM)
	Statistical analysis

	Competing interests
	Authors' contributions
	Acknowledgements
	References

