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Abstract

Unlike ensemble measurements where individual behaviours are averaged and therefore inac-
cessible, single-molecule microscopy allows researchers to obtain real-time information about
a biomolecule’s intracellular localisation, interactions or conformational changes. The obser-
vation time of individual biomolecules, typically a few seconds to a few minutes, depends on
the photostability of the fluorescent molecules used as imaging probes. The limitation of the
observation time prevents us to gain precious insight on long-term individual biomolecular
behaviours as biological processes like bacterial cell division take at least 20 minutes to occur.

The fluorescent nitrogen-vacancy defect in nanodiamond (ND) can emit light for hours and
is an established nanoscale probe for quantum sensing (e.g., magnetometry); as a result, there
has been much interest in using NDs in biological imaging. Nevertheless, the implementation
of fluorescent NDs (FNDs) in single-molecule imaging has been limited by the lack of single-
molecule characterisation methods and the low brightness of 10-nm FNDs.

In this thesis, we first report the development of a photophysical characterisation method
for FNDs down to 5-10 nm in size and present the discovery of the 10-nm ND’s potential as
direct pH nanosensors. We then pursue the establishment of a new characterisation technique
for diffusing NDs and describe an innovative routine to estimate the proportion of FNDs
among all the NDs. An optimised biofunctionalisation approach is detailed, thus allowing us
to perform n vitro single-molecule work with the smallest conjugated FNDs ever manufactured
(10-15 nm). Finally, we explore the application of these small functionalised FNDs for quantum

sensing and present in vivo experiments using conjugated FNDs in bacteria.
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Chapter 1

Introduction

To gain an accurate understanding of biological processes, it is essential to observe
and manipulate the fundamental units making the machinery of life: biomolecules.
Investigating the interactions between such molecules (e.g., DNA and proteins) can
not only expand our knowledge of biology but can also lead to new technologies and
therapies. In the past century, the fields of biochemistry, molecular biology and bio-
physics have all greatly expanded our knowledge and technology. For instance, the
discovery of the Taq polymerase in bacteria led to the development of the polymerase
chain reaction, which has revolutionized the way we study gene expression and is now
commonly used in clinical and forensic science [1]. One issue with most of the current
techniques used in molecular biology are based on the measurement of a signal (e.g.,
fluorescence) originating from an ensemble of molecules. The averaging of the signal
originating from individual molecules causes loss of precious information as biomolecules
can exhibit quite heterogeneous or dynamic behaviour. Techniques to study individual
molecules include atomic force microscopy [2, 3| and different types of transmission
electron microscopy (e.g., cryogenic electron microscopy) [4, 5, 6] but to explore the

dynamic behaviour of biomolecules techniques like patch clamp, optical tweezers and
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single-molecule fluorescence microscopy are usually preferred |7, 8, 9, 10]. Each of these
techniques exploits different physical effects generated by individual molecules (e.g.,
electrical current, force or fluorescence), thus providing complementary information on
the dynamic structure of biomolecules. Single-molecule imaging has recently gained
popularity as it is a versatile technique and offers the possibility to study the activity
and localisation of biomolecules in their native environment (i.e. live cell) [11, 12, 13].
For example, through single-molecule imaging, Uphoff et. al were able to track indi-
vidual enzymes repairing DNA inside living cells and measure kinetic information such

as the duration of a single DNA repair event |14].

The implementation of single-molecule imaging involves three important steps. The
first one is to label the biomolecule of interest with a single fluorophore such as an
organic molecule or a quantum dot. The second step is to image the fluorescent
probes with an extra dimension that permits us to distinguish single emitters within a
diffraction-limited spot. The extra dimension could be the excitation wavelength or the
time at which the fluorophores are photoactivated [15, 16]. Finally, super-resolution is
achieved by fitting the fluorescence distribution to localise its centroid with a typical
accuracy of 50 nm in the XY plane. The more photons are collected from the probe,
the better the accuracy will be and that is why the choice of the probe is paramount

in single-molecule imaging experiments.

Organic fluorophores make very bright probes and are commonly used in super-
resolution imaging especially due to their photo-switchable properties [17]. However,
their photostability is low compared to quantum dots, which is an important feature in
single-molecule tracking experiments. For this reason, quantum dots are better suited
to long tracking experiments (up to a few minutes) and have become popular probes
[18|. Nonetheless, working with such nanoparticles can be challenging because of the

intermittency of their fluorescence, which limits time resolution and may cause the loss
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of relevant information in live cell single-molecule tracking. Furthermore, being made
of semiconductors (e.g., cadmium) the particles may be toxic to the cell and need to be
encapsulated, which makes their bio-conjugation more complex [19]. The need to ad-
dress these limitations has led to many improvements including non-blinking quantum
dot [20] and the discovery of a new type of nanocrystal that shows great potential in
bioimaging: fluorescent nanodiamonds (FNDs). FNDs have gained a growing interest
over the past decade owing to their remarkable photostability, rich coupling chemistry
and biocompatibility [21, 22, 23]. Moreover, the fluorescent defect inside nanodiamonds
(i.e. the nitrogen vacancy) has a unique electronic structure, which can be harnessed
to measure, with nanotesla precision, the magnetic field in its nano-environment (for
more details see chapter 6 on page 89) (24, 25, 26].

The goal of this PhD project is to use FNDs to probe the nano-environment and
study biomolecular interactions at a single-molecule level. First, this thesis will give
an overview of the use of FNDs in bioimaging and bio-sensing. Secondly, the FNDs
will be characterised in the context of single-molecule imaging (size and photophysics)
thus revealing their potential as pH sensing probes. Finally, the bio-functionalisation
of small FNDs is reported as well as in vivo single-particle experiments with a view to

using functionalised FNDs for gene transcription studies.
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Chapter 2

Nanodiamonds as fluorescent probes

2.1 Single-molecule microscopy

Since the works of Robert Hooke, Antonie van Leeuwenhoek and Marcello Malpigi in
the 17th century, light microscopy has been an essential technique for biologists to in-
vestigate the inner working of living organisms |27]. Following such seminal studies
of microscopic structures and organisms, microscopy has been very much improved in
terms of resolution, one of the most crucial characteristics of the instrument; neverthe-
less, until the end of the 20th century light microscopists were generally limited to a

lateral resolution of approximately 250 nm [28].

The resolution of a microscope can be defined by the minimal distance at which two
point sources can be distinguished. Each point sources appear as diffraction patterns
(a.k.a. Airy pattern) when imaged by the microscope because light diffracts when
going through a lens. The size of the Airy pattern is different for each microscope and
because it describes how a point-light source is imaged by the optical system the term
point-spread function (PSF) is generally used when referring to the diffraction pattern.

Reducing the size of the PSF is the main strategy to improve the resolution of the
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imaging system but there is a limit on how small the distance between two resolvable
point-light sources can be; this is the diffraction limit and it was discovered by Ernst

Abbe at the end of the 19th century:

A
d= 2.1
2nsin 0 (2.1)

Where d is the estimated resolution, A is the wavelength and nsinf is the numeri-
cal aperture of the objective. The diffraction limit was overcome about three decades
ago using very innovative approaches to physical chemistry, optics and image process-
ing [9, 16, 17, 29]. Imaging techniques that offer sub-diffraction capabilities are named
super-resolution microscopies; the most powerful of far field super-resolution techniques
can be split into two types: deterministic and stochastic. The deterministic techniques
rely on the physical reduction of the PSF using non-linear response of fluorophores to
excitation, while stochastic techniques generally exploit the stochastic photophysical
and /or photochemical behaviour of some fluorophores to temporally control their emis-
sion so they can be localised. Deterministic techniques generate microscopy images
with resolutions inferior to 250 nm (e.g. 70 nm in the XY plane), whereas stochas-
tic super-resolution provides maps representing the localisations of fluorophores in the
field of view; the localisation accuracy of the fluorophore is smaller than the diffraction
limit (typically 40 nm in the XY plane). Such type of super-resolution approach can
be also termed in most of the cases, localisation microscopy, where single-molecule mi-
croscopy is one of the most common subtypes. The power of single-molecule imaging
lies in its ability to not only give access to an accurate localisation of a fluorescently
labelled biomolecule but also to its dynamical behaviour (i.e. conformational changes

or molecular interaction) in vitro and in vivo |30, 31, 32|.

Single-molecule imaging relies on the efficient labelling of a biomolecule of interest

16



with a fluorescent probe. The photophysical properties of the probe (i.e. brightness
and photostability) are crucial as they will determine what localisation accuracy, time
resolution and observation time can be achieved. For instance, the precision of the

localisation can be estimated by the following equation [33]:

ol + 9 (16
A= 12" 44 2.2
- (9+7) (2.2)

Where 7 is approximately the ratio between the background intensity and the peak
signal intensity, o is the standard deviation from the fit, a is the pixel size, and N is
the total photon count. The total amount of photons collected during the acquisition is
also termed the photon budget and the larger the photon budget is, the higher the time
resolution, observation time and the localisation accuracy will be. One can therefore
appreciate the importance of the photostability of the fluorescent probes as it defines
how large the photon budget will be.

Small organic molecules («~1 nm) such as members of the cyanine family make very
bright probes that can be observed up to several minutes with a 200 ms time resolution
[34]. For this reason, organic fluorophores are the best option when one wants to perform
single-molecule imaging in vitro. Nevertheless, biologists ought to observe biomolecules
for longer than a few minutes and the limited photostability of organic molecules does
not permit such investigations unless more sophisticated approaches are implemented
(e.g., DNA paint) [35]. Exploring for longer periods is important as biomolecules may
exhibit dynamical behaviour that requires long observation time (=20 min), as processes
inside living cells can take up to 20 minutes to occur such as cell division in Escherichia
coli |36].

The search for more photostable probes led to the development of a new type of
probes: fluorescent nanoparticles. Thanks to their superior brightness and tuneable

emission spectra, quantum dots (QD) were the first type of inorganic fluorescent par-
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ticles used for bioimaging (see table 2.1). These semiconductor nanoparticles are very
common probes and have been used for single-molecule imaging to track biomolecules
for minutes in living cells [18]. One of the limitations of quantum dots for single-
molecule tracking is the intermittency of their fluorescence, which can limit the time
resolution and cause the loss of important information during tracking. Despite the
great improvements made on quantum dots to reduce the off time (i.e. when a quan-
tum dot does not emit light), other nanoparticles were developed to obtain better
probes in terms of size, brightness, emission spectra and blinking such as upconversion
nanocrystals, carbon dot, polymer dots and fluorescent nanodiamonds (FNDs) [37].
FNDs (above 35 nm in diameter) have the advantage of being biocompatible and show-
ing no photobleaching nor blinking (see table 2.1). Further, unlike other fluorescent
nanoparticles, they offer nanosensing capabilities of temperature and magnetic fields.
The possibility to perform nanosensing originates from the unique electronic structure of
a fluorescent crystal defect in nanodiamonds (NDs): the nitrogen-vacancy (NV) centre.
There are other promising fluorescent defects available in diamond such as the silicon
vacancy that shows a very narrow emission band but currently NV-centre-containing

nanodiamonds are easier to manufacture [38].

A wider implementation of NDs in bioimaging is currently limited by their tendency
to aggregate and the low brightness of sub-20-nm particles. The loss of colloidal stability
in cell media or biochemistry buffer solutions can be managed by changing the surface
chemistry of the NDs [39, 40, 41| although we will show in this thesis that this is not
always required (see chapter 5 on page 66). If the problem of aggregation can be man-
aged with chemistry, the limited brightness of the sub-20-nm FNDs is still a significant
challenge when one wants to track single-molecules. Indeed, when imaging 10-20-nm
FNDs using imaging conditions that are typically used for organic fluorophores (0.1 -1

kW /cm? at 20 Hz), small FNDs will appear 10 times dimer than a fluorophore. This
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is due to the low number of NV centres per ND (1 or 2) and the low absorption cross
section of the defect (see table 2.1). One solution is to use 30-100 nm NDs containing
up to 900 NV centres per particle that would appear brighter than organic fluorophores.
The other solution is to optimise the imaging conditions so small FNDs can be con-
fidently distinguished from background signals such as cell fluorescence. For instance,
the unique electronic structure of the NV centre is such that microwaves can be used to
generate background free images [42, 43]. In this thesis, we rather used a high photon
collection efficiency microscope coupled with a spectral ratiometric approach to detect
small FNDs in cells.

Even though a single NV centre would appear dimer than a single fluorophore with
an irradiance of 0.1 -1 kW /cm? at 20 Hz, it is worth noting that such irradiance is far
from the saturation of the NV centre (=70 kW /cm?) [44, 45]. It is therefore possible to
obtain more photons from the NV centre using a higher irradiance, which will bleach
in seconds most of the fluorescent molecules as reported by Fu et al. [21]. Higher
irradiance could cause phototoxicity when performing continuous live cell imaging for
several minutes but not for in vitro work and fixed cells.

This thesis will focus more on single-molecule imaging using NV centre in NDs (for
more details see 2.4 on page 26), but there have been quite a few reports of super-
resolution imaging using FNDs or NV centres in bulk diamond. For instance, Tzeng et
al. reported a 40-nm lateral resolution using a deterministic technique termed stimu-
lated emission depletion microscopy (STED) [46]. Most of the super-resolution reports
on NDs are using stochastic techniques; for example, 2 NV centres 23 nm apart in NDs

have been super-resolved using localisation microscopy [47].
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Property Typical organic Quantum dot Nanodiamond
dye [48| |48] (NV centre) |21,
49, 50, 51, 52|
Size <1 nm 3-10 nm >5 nm
Emission spectrum IR-UV IR-UV, selected 575-800 nm
by size
Emission line width (FWHM) 35-100 nm 30-90 nm >100 nm
Extinction coefficient 10%-10° 105-10° 10* M~tem™!
M~tem™! M~tem™!
Quantum yield 0.5-1.0 0.1-0.8 0.7-0.8
Lifetime 1-10 ns 10-100 ns 25 ns
Photostability Low High Extremely high
Toxicity From low to From low to Low

high

high

Table 2.1: Comparison of the photophysical properties of organic dyes, quantum dots,
and single nitrogen-vacancy (NV) centres [53]

2.2 The nitrogen vacancy in diamond

Driven by the need to discover new photon sources and more information about the
formation of natural diamond, physicists have discovered more than 500 optically active
crystal defects in diamond [54|. The nitrogen-vacancy (NV) colour centre is naturally
present in diamond and is known to give a pink colour to diamond gems. Since its early
description in the 1970s, the NV centre has been the most studied fluorescent defect
in diamond owing to its varied applications in quantum technologies spanning from
quantum optics to quantum sensing [49, 55|. The popularity of the NV centre among
quantum physicists is due to its outstanding photostability (i.e. hours of observations)
and its spin-dependent fluorescence that can be easily manipulated at room tempera-

ture. Furthermore, the chemical composition of this crystal defect makes it relatively
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facile to incorporate in diamond.

The NV centre consists of a carbon vacancy next to a nitrogen substitution (i.e. a
carbon atom substituted with a nitrogen atom, see figure 2.1a). The defect has a Cg,
symmetry and is oriented along a specific crystal plane inside diamond (the [111] plane).
The neutral NV centre (NV?) has 3 electrons originating from the dangling bonds of
the 3 nearby carbon atoms and 2 electrons from the nitrogen dangling bond. Although
recent progress has been made, little is known about the fine electronic structure of
NV%ut we know that it has a doublet ground and excited state *E and ?A, with a
quartet metastable state A, (see figure 2.2) [56, 49]. NV? is most likely to capture
a sixth electron from a nearby donor in the lattice (e.g. nitrogen substitutions), thus
making the defect negative (NV ™) [53]. The six electrons occupy the orbitals a’y, a;, ex
e, with two unpaired electrons on ey e, . As result, the total spin angular momentum
is 1 with a spin multiplicity of 3, thus forming a triplet state [49].

When excited at 532 nm, the NV centre is known to be photoluminescent both in the
negative and the neutral charge states, which can be distinguished by a zero-phonon
line (ZPL) at 637 nm for NV~ and 575 nm for NV° (see figure 2.1b) [49]. In bulk
diamond, the fluorescence lifetime of the NV centre is 12 ns in its negative form, and
21 ns in its neutral form but such values can significantly differ in NDs because of the

heterogeneity of the defect’s nanoenvironment (10-30 ns) [45, 57].
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Figure 2.1: (a) Atomic structure of the NV centre [24]. (b) Typical photoluminescence
spectrum of NV centres (room temperature), showing excitation laser (532 nm), the
NV ZPL (575 nm), the NV~ ZPL (638 nm) and its vibrational side bands (630-800
nm) [53].

The 637 nm ZPL corresponds to the transition from the 3E to the 3A, triplet state
but intersystem crossing can occur (from *E to the 'A; singlet state) thus leading to
another radiative transition (1042 nm) from the 'A; to the 'E singlet states (see figure
2.2). The latter transition is more difficult to observe because its rate is quite low when
the ground state is at the spin projection my= 0. Nevertheless, as shown in figure
2.2, intersystem crossing to the 'A; is likely to occur if the spin projection is m,—=+1,
which is a key property of the NV centre’s electronic structure. From an experimental
point of view, when the electrons are excited to the m,==1 sub-level with a 2.87 GHz
microwave excitation (i.e. zero-field splitting), a 10-30 % drop in the fluorescence
can be observed depending on the optical set-up used [58|, this technique is called
optically detected magnetic resonance (ODMR). The possibility to optically probe the
NV-centre’s spin properties at room temperature combined with its photostability make
it an ideal system for quantum sensing (see section 2.5 and chapter 6 for more details).
Regarding bioimaging, the broad emission of the NV centre up to the near infrared is
very desirable for in vivo experiments as the background auto-fluorescence originating

from biomolecules is mostly found in green-yellow spectral window (530-600 nm) when
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excited at 532 nm.
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Figure 2.2: Schematic of NV~ and NV electronic structure with the fine structure of
the NV~ 3A, and 3E levels at room temperature. Figure modified from the publication
of Doherty et al. in 2013 [49]. The 637 nm ZPL corresponds to the transition from the
5E to the 3A, triplet state. Intersystem crossing can occur (from 3E to the 'A;singlet
state) thus leading to another radiative transition (1042 nm) from the 'A; to the 'E
singlet states. The excited triplet state °E is not likely to undergo intersystem crossing
to the 'A; if the spin projection is m,— 0. However, if m,—=1 is populated, the
intersystem crossing to a singlet state is more likely to occur from *E to the 'A; and
the NV centre will relax via the optical transition (*A; to the 'E, 1042 nm). Following
relaxation, the colour centre will convert back into a triplet state (i.e. transition from
'E to 3A,, with m,= 0). The consequence of this conversion at the ground state is that
it is possible to spin-polarise the NV centre to m,= 0 just by optical excitation.

2.3 Synthesis of fluorescent nanodiamonds

The manufacture of FNDs stems from more than 50 years of research in diamond
synthesis, which was originally driven by the jewellery and manufacturing industry (e.g.,
diamond for cutting tools and anti-wear agents). Material scientists and companies

started to focus more on NV centre in diamond when two important reports were
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published: the observation of single NV centres inside bulk diamond in 1997 and the
synthesis of FNDs enriched in NV centres in 2005 [59, 60]. The research on the synthesis
of FNDs then intensified such that three different methods are now available for ND
production: high-pressure high-temperature (HPHT) synthesis, synthesis by detonation

and chemical vapor deposition (CVD).

HPHT synthesis is today the most common method to produce FNDs; in this pro-
cess, graphite is dissolved using high temperature (>1300 °C), but the extreme pressure
applied (> 5 GPa) forces the carbon atoms to crystallise into diamond [61]. Small crys-
tals (up to a few millimetres large) can be produced in a day depending on the purity
one wants to achieve. In order to increase the NV content, it is possible to increase the
concentration of nitrogen (up to 200 ppm) by adding nitrogen-containing species in the
reaction chamber [62]. The microcrystals are then are milled down to nanoparticles (10
nm being the smallest size) using ceramic or metallic beads |63]. HPHT manufacture
is the most popular method at the moment because it is more cost effective than CVD
and provides a good control of the synthesis conditions (e.g., temperature, nitrogen
content etc.). Nevertheless, the yield and the ND’s nitrogen content become very low

when producing sub-10 nm particles; that is why, synthesis by detonation is preferred

for 3-5 nm NDs [61, 64].

The principle behind detonation nanodiamonds (DND) is to detonate explosives in
a closed chamber to create, within the duration of the explosion, the great pressure
(>20 GPa) and high temperature (> 3000 °C) required for carbon crystallisation. The
detonation product is a soot, which contains up to 75%wt. of NDs (3-5 nm in diameter),
graphite and other impurities. Acid treatment, centrifugation and ultrasounds are
subsequently used to break drown the aggregates and remove contaminants [65]. Despite
an early report of a 5-nm detonation ND containing a stable NV centre |66] there is

still a debate whether such small nanocrystals can contain a photostable NV centre.
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The proximity of the NV centre to the surface, in 5-nm NDs, makes the colour centre
very unstable and therefore the probability to find a 5-nm ND with a photostable NV
centre is very low [67]. Furthermore, it is difficult to control the crystallisation occurring
during the explosion; as a result, the nanocrystals contain impurities and strain that can
affect the photostability of the NV centre (e.g., photobleaching or blinking) [66]. The
manufacturing process that offers the highest purity of diamond as it allows scientists
to finely control the synthesis conditions is CVD.

In general, CVD diamond is grown in a low vacuum chamber (200-0.3m Bar) on a
silica substrate (seeded with NDs) in a 2-dimensional fashion |68]. The mechanism of
synthesis consists of breaking down gaseous carbon molecules in the chamber using high
temperature (>700 °C) and chemically engineer the atmosphere such that diamond is
the most stable form of carbon to form on the silicon substrate. As it is possible to
control finely the purity of the gas, the temperature and the pressure, CVD produces
high quality diamond but the synthesis process is very slow (up to 1 ym/hour). FNDs
produced by the milling of CVD diamond are therefore more expensive and not very
common in the field of bioimaging; however, they have a great potential for quantum
sensing experiments as the purity of CVD FNDs is ideal for high sensitivity measure-
ments.

In all manufacturing processes, the nanoparticles are typically oxygen terminated
(e.g., carboxylic acids, ketones, hydroxyl) as the cleaning step involves strong oxidants
like sulfuric acid. The other common steps that all the manufacturing processes may
include is particle radiation (e.g., electron irradiation) followed by annealing (=700 °C)
to generate more NV centres than the ones produced during the synthesis. Irradiation
is used to dislodge carbon atoms and create vacancies; the latter will become mobile at
elevated temperature (>700 °C) and recombine with nitrogen atoms to form new NV

centres.
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2.4 Nanodiamonds in single-molecule imaging

In 2005, Yu et al. were the first to report bioimaging of FNDs and to stress the great
potential of such nanomaterial in biology [60]. Since then, FNDs have been not only
implemented in many types of fluorescence microscopy (e.g., wide-field [21], confocal
[60] and super-resolution microscopy [46, 69]) but also used in very different biological
systems (e.g., bacteria [70], yeast [71], mammalian cells [72] and mice [73]) as NDs have
been proven to have very low cytoxicity (excluding DNDs) [23].

In all the mammalian cells that were selected as models (neurons, epithelial cells,
immune cells and varied cancer cell lines), most studies revealed no or low cytoxicity
when cells were treated with different concentration of NDs (from 0.1 to 1000 pg/mL)
[23]. Nonetheless, in some human cells and bacteria, negative effects have been reported
on viability when cells were exposed to DNDs at low concentration (5-150 ug/mL)
[74, 75]. Fortunately, the decrease in viability can be managed by adding proteins to
the DND solution or by changing their surface chemistry 74, 76].

FNDs have a large size (10-50 nm diameter) compared to proteins (mostly 2-30 nm
diameter [77]); however, FNDs can be used for in vitro single-molecule studies, with
rigorous controls on the functional impact of a large probe, as their photostability is
unrivalled compared to smaller probes (e.g., organic fluorophores). So far there has
not been any reports of in vitro single-molecule assays addressing a biological question
but there have been significant efforts towards such direction. The first single-molecule
experiment using FNDs was published by Bumb et al., who reported an innovative
functionalisation of FNDs using silica coating [40]. With their approach they were
able to attach a silica-coated FNDs to a single DNA molecule (1.4 um) and observed
the motion of the FND (~30 nm) as it diffuses in a constrained volume since the
nanocrystal is attached to the surface by the DNA strand. In another publication

reported by Teeling-Smith et al., the authors functionalised a FND (~100 nm) to a
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double-stranded DNA molecule (A DNA, 16.5 ym) [78]. They were able to confirm
the functionalisation by observing the long fluorescent DNA with FND’s fluorescence
at one end of the DNA strand. They performed further characterisation for potential

quantum sensing experiment but their work had no direct biological relevance.

In vivo single-particle tracking is one of the most exciting applications of FNDs in
bioimaging as tracking duration can last for hours without any blinking. In the first
extensive characterisation of FNDs for bioimaging, Fu et al. were able to track single
FNDs inside living cells, a significant proof of concept that led to more single-particle
experiments [21|. Then, non-functionalised FNDs were not only tracked inside cells to
observe nanotunnels but also tracked in living multicellular organisms such as worms
(Caenorhabditis elegans) and mice |79, 42]. The ability to follow the trajectory of indi-
vidual FNDs inside living cells and multicellular organisms can find varied applications
but one of the main goals of these experimentations is to pave the way towards track-
ing biomolecules attached to FNDs, an important experiment if we want to deepen our

knowledge of biomolecular interactions.

With a view to investigating the localisation of biomolecules inside cells, FNDs were
non-covalently and covalently attached to multiple biomolecules such as proteins (e.g.,
lysozyme) [80] and imaged inside cells for more than 2 hours [72] but so far there has
been only one report where single molecules were covalently attached to a 40-nm FND
for in wvivo single-molecule tracking [39]. Liu et al. functionalised the FNDs with a
protein involved in cancer (TGF-B: transforming growth factor-beta) by attaching to
the FND a polymer (polyethylene glycol) having a streptavidin protein at the end. The
streptavidin can then bind specifically to the biotin molecule that was previously added
to the molecule of interest (TGF-3). By controlling the stoichiometry, they managed
to have on average one TGF-f3 molecule per FNDs, which was confirmed by particle-

size measurements and protein concentration analysis. Single-molecule tracking was
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carried out 4n vivo and the specific interaction of the FND-TGF-8 conjugates with their
respective membrane receptors was also shown. New information about the mechanism
by which TGF-8 triggers cellular changes was provided thanks to their in vivo tracking

data.

2.5 Nanodiamonds for nanosensing in biology

Although the first publications on the NV centre as a system for nanosensing employed
FNDs in 2008, there have been only a few publications reporting NV sensing using single
F'NDs in a biological context [25, 26]. Kaufmann et al. showed that it was possible to
detect down to a few gadolinium atoms with a single FNDs when embedded in a lipid
bilayer [81]. Because of the unique electronic structure of the NV centre, the authors
were able to spin polarise the NV centre in the m,= 0 state with just optical excitation
(see figure 2.2). Following optical excitation, it is possible to measure the relaxation
time (form m,= 0 to a mixed state) by looking at the decrease in fluorescence in the
first 500 ys since m,= 0 being 20-30 % brighter than the mixed state. For these reasons,
the team managed to detect with great sensitivity the presence of 2-6 gadolinium atoms
near a single FND just by looking at the change in relaxation time.

In addition to this in wvitro research there has been significant progress toward NV
nanosensing in vivo. McGuinness et al. were the first to perform ODMR from a FND
inside living cells (see section 2.2 for more details) and characterise the spin properties
of the NV centre [82, 83| but it is Kuscko et al. who managed to make the first
measurement of the FND’s nano-environment inside living cells [83]. By performing
ODMR on a single FND, Kuscko et al. quantified the difference of the energy levels
between my= 0 and m,==+1. Such levels have temperature dependence because of the

changes in the diamond lattice strain; therefore, using this temperature dependence,
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the team achieved nanothermometry inside a living cell.

Despite the fact that the first bioimaging experiments were conducted in 2005, the
impact of FNDs on the production of new biological knowledge has been small. As
mentioned above (see section 2.1 on page 15), one of the main reasons for not having a
widespread use of FNDs in bio-imaging is because sub-10 nm FNDs will appear 10 times
dimer than a common organic fluorophore in typical bioimaging conditions although
ways to circumvent this problem can be undertaken (see section 2.1 on page 15). The
other challenge that FNDs users face is the aggregation of the particles in biological or
buffer solutions, although some solutions have been already suggested [40]. Finally, the
know-how on the use of FNDs for imaging is not very common and accessible to the
bioimaging community such that the researchers using FNDs are either disappointed
because of FND misuse or miss an opportunity to use them as they are not aware of their
optical and nanosensing properties. Nevertheless, there is much effort now invested in
tackling these problems as the interest for FNDs has been growing in the past decade.
Indeed, the enthusiasm is clear as shown by the increasing number of publications
on FNDs, the new nanodiamond-related start-ups (e.g., Adamas nano, FND biotech,
Bikanta etc.) and the large companies that have started marketing FNDs (e.g., Sigma
Aldrich) [84].
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Chapter 3

Photophysical characterisation of

nanodiamonds

3.1 Introduction

Owing to their promising applications in nanosensing and bioimaging, there is a great
incentive to synthesise FNDs with better quality; for bioimaging this means brighter
sub 10-nm particles while nanosensing experiment requires FNDs with less impurities
(e.g., nitrogen or ¥C). Thus, there are numerous efforts to manufacture small, bright,
and high-purity FNDs that differ by size, nitrogen content and surface chemistry; these
FND samples display different NV centre emission spectra and intensity levels due to
interactions with the surface, or due to a different number of NV centres per particle
[85]. For these reasons, the photophysical characterisation of FNDs is crucial to ensure

successful applications in bioimaging, especially using single-molecule microscopy.

An important question in FND characterisation is the proportion of FNDs contain-
ing single NV centres, a property paramount for the optimisation of FND manufacture

and for FND applications as single-photon sources [86, 87]. The conventional method
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to confirm the presence of the single NV centres is to measure the coherence of its emis-
sion and calculate the probability of photons being emitted at the same time. However,
such photon-correlation experiments require complex instrumentation and have lim-
ited throughput, since each measurement needs to be performed individually on FNDs
[67, 24]. An alternative method to identify single NV centre is to measure the photon
count corresponding to a single NV centre; this, however, is also complicated by the
orientation of the two NV centre’s orthogonal dipoles [49]. As a result, there is a need

for a high-throughput method reporting on the fraction of single emitters in FNDs.

Characterisation methods are also essential for new FND bio-sensing assays. Pe-
trakova et al. showed that the charge state of an NV centre could be used to detect
chemical changes on the FND surface [88, 89]. Their approach is to measure changes
in the FNDs fluorescence (brightness or emission spectra) to differentiate the two pho-
toactive charge states of the NV centre (NV- and NV NV is non-photoactive), since
NV? has its emission 60 nm blue-shifted compared to NV~ (see figure 3.1b) [88]. The
team then established that the charge state of NV centres in FNDs is affected by spe-
cific chemical changes on the FND surface (e.g., modification of functional groups or
adsorption of polymers). Nonetheless, the direct charge manipulation of single NV
centres by pH in FNDs was not performed because the FNDs used were too large (49
nm) [89]. Indeed (10-20 nm) FNDs would be optimal for such experiments, since they
contain shallower NV centres; unfortunately, working with small FNDs poses techni-
cal challenges in terms of manufacture and detection capability (i.e. small NDs form

aggregates and have low brightness) [63].

In this chapter, we report a sensitive and high-throughput wide-field imaging ap-
proach that allows us to measure reliably single NV charge states and compare the pro-
portion of single emitters in different FND samples (5-200 nm in size). Such approach

provides hundreds of FND fluorescence time traces in seconds, which allows measure-
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ments of the proportion of FNDs containing single NV centres, and the detection of
spectral shifts that unravel changes in the NV centre charge state. We use this method
to study dynamic charge states transitions in multiple FNDs and to demonstrate that
the charge state in 10-nm FNDs can be reversibly manipulated by pH, making FNDs

promising probes for pH sensing.
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Figure 3.1: Wide-field imaging of FNDs. a, Schematic representation of a ND containing
an NV centre including the atomic structure of the defect. b, Emission spectrum of NV-
measured in the 44-nm FNDs and a schematic of the blue shifted emission of the neutral
state. ¢, Simplified representation of the wide-field microscope with NDs immobilised
on the microscope slide. The zoomed-in region shows variable-angle illumination; DM1:
dichroic with reflective bands at 532 and 638 nm; DM2: 650 nm long pass dichroic. d,
Section of the field of view with FNDs. 532 nm excitation at 7.8 kW /cm? with variable
angle illumination, 100 ms exposure; the red squares represent the FNDs localised
by our software (Gapviewer), the photon count for each FND per camera exposure is
calculated from a region of interest covering the fluorescent spot; scale bar = 8 ym.
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3.2 Photophysical characterisation of different nan-

odiamond samples

To study the heterogeneity of FND photophysics, we characterised samples of different
sizes (5-200 nm), different manufacturing processes and different NV centre content
(see section 3.6). The 5 and 10-nm diameter NDs are usually too small to contain
more than 2 NVs per ND and have only up to 1% of NDs with NV centre [90]. Since
they are undoped, the 50-nm diameter NDs are expected to have up to 10 % of FNDs
containing only 1-2 NV centres per particle [91]. The doped 40 and 44-nm diameter
NDs contain up to 4 NV/FND with a larger fraction of bright NDs (up to 70 % for the
40-nm, see section 3.6). Finally, the 200-nm doped NDs are all expected to be emitting

fluorescence and can have up to 100 NV /FND because of their larger size.

We studied the ND samples using a wide-field two-channel single-molecule fluores-
cence microscope (see section 3.6). Our large field of view (50 x 80 um) allowed us to
use a low ND density (down to one FND for 40 ym?, figure 3.1d), ensuring that we are
observing single FNDs. We collected 96 to 589 time traces per sample and used all data
points to build the photon count distribution of the sum of red and green channels. To

detect changes in the emission spectrum, we compared the relative intensities of the red

Spot intensity,q )
Spot intensity,.q+Spot intensitygreen

and green channels using the R/G ratio (R/G ratio =
Since the emission of NV? is blue shifted (60 nm) compared to NV, this ratio offers us
a facile way to study the charge of the NV centre. Thanks to the specifications provided
by the manufacturer and our confocal and ensemble fluorescence measurements done
on the samples, most of the stable fluorescence detected can be attributed to the NV
defect (for more information see our publication [92]). Other optically active defects
such as the silicon vacancy, the N-V-N and the nitrogen substitution can be neglected

based on either their spectral properties or relative scarcity compared to the NV centre.
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Our studies of the 50-nm undoped NDs revealed that most time traces showed a
total photon count of 1000/100 ms and a R/G ratio of 0.9 (figure 3.2a, left; figure 3.2b).
Other traces are brighter (1500 photons/100 ms) with a lower R/G ratio (0.6), as more
light is detected in the green channel (figure 3.2a, right). These two populations with
distinct R/G ratio can also be seen as a very broad R/G ratio distribution on a 2D
histogram (figure 3.2b). We attributed these two R/G ratio states to the different charge
states of the NV centre (0.6 for NV and 0.9 for NV-) based on their respective emission
spectra and our detection efficiency for the red and green channels. The photon counts
we obtained are 20-fold higher than previously reported for a single NV centre using
wide-field imaging and 2-10 times inferior to typical values detected using a confocal
setup that usually uses higher irradiance [93, 21, 11].

The 2D histogram for 44-nm NDs shows the same main population as the 50-nm
undoped NDs (figure 3.2¢); this similarity allows us to assign this intensity to a single
NV~ emission, since this sample was manufactured to contain INV/FND; we further
verified the presence of single NV~ per FND in the 44nm NDs using photon correlation
experiments (data not shown). Notably, no clear NV signal at a R/G ratio of 0.6
is observed in these 44-nm NDs, which confirms that the population with a 0.6 R/G
ratio in figure 2b is NV, The proportion of NV~ in doped FNDs is expected to be
high (e.g., >65 % in 40-nm NDs according to the supplier) as ND doping involves high
concentration of nitrogen (up to 200 ppm) to improve the probability of NV centre
formation; high nitrogen content is known to stabilize NV’s negative charge state as
nitrogen acts as an electron donor for NV centres [49]. Similar distributions of photon
count and R/G ratio were measured in 40-nm doped NDs (figure 3.3a-b, row 5), an
expected result based on the comparable size and manufacturing process for the 40 and

44-nm doped NDs.
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We then examined sub-20-nm FNDs, which are challenging samples as they contain
more unstable NV charge states [90, 94]. In such small particles, the fluorescent defect
is closer to charge traps at the surface that can act as electron acceptors to NV~ [66]. We
observed that the photon count of the 10-nm doped FNDs mainly originates from single
NV centres, which is expected given their small size (figure 3.3a row 3); the distribution
of the R/G ratio is centred around 0.7 (figure 3.3b row 3), suggesting that the charge
conversion may happen within 100 ms. We attribute this charge state instability to the
NV centre’s proximity to the surface.

The 5-nm NDs show low brightness, a small bright fraction (<1 %; see section 3.6)
and, unlike all the other samples, most of the 5-nm FNDs photobleach within a few
seconds. Nonetheless, we can confirm the rare presence of stable and bright FNDs
(>2000 photons/100 ms; figure 3.3a row 2), as previously reported [90, 94]. Given
the scarcity of such emitters (<0.1% of the total 5-nm NDs) one cannot exclude the
possibility that we detected fluorescence from a small subpopulation of NDs having a
larger size than 5 nm (e.g., 10-30 nm, as reported by Vlasov et al.) [94].

The 200-nm doped NDs exhibit a very broad photon count distribution (figure 3.3,
bottom; showing only FNDs with photon count <5000 photons/100 ms (20% of the
200-nm FNDs)). The first maximum of the photon count distribution is above 2000
photons/100 ms, indicating that the sample contains no single NVs per FND, consistent
with the probability of having FNDs containing one NV centre being very low in such
large doped FNDs. Finally, no NV fluorescence is present in the R/G distribution

(figure 3b bottom), very likely due to their size and high nitrogen concentration.
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Figure 3.3: Distribution of photon count (a) and R/G ratio (b) in different NDs samples.
Black dotted line marks the photon count collected from single NV centre. The back-
ground signal is the fluorescence originating from impurities in the microscope slide.
The purple and green dotted lines indicate respectively NV~ and NV fluorescence. Us-
ing multiple-Gaussian fitting, the proportion of single NV centre (NV- or NV°) per
FND is estimated be > 70 % for the 50-nm undoped and 10-nm doped FNDs, < 50 %
for the 44 and 40 nm-doped FNDs and 0 % for the 200-nm doped FNDs. The same
analysis for the 5-nm undoped NDs is not possible because of their low brightness and
small sample size. N is the number of FNDs observed and “Frames” is the frequency of
the measurement from a FND (see figure 3.1 for details). The immobilised FNDs were
imaged in air with 532 nm excitation 7.8 kW /cm? 100 ms exposure for 25 s.

37



3.3 Dynamic behaviour of the NV centre in nanodia-

monds

To capture dynamic transitions in FNDs occurring in the timescale of seconds, we
studied 40-nm FNDs exhibiting NV charge-state transitions. For the population with
single N'Vs, we measured steady fluorescence in 60% of them (figure 3.4a) as opposed to
the remaining 40%, in which clear dynamic behaviour was observed. Dynamic traces
are mostly due to NV centres with unstable charge states (figure 3.4b (i) and (ii)), which
causes in rare cases some on/off blinking (<1 % of the total traces, figure 3.4b (iii)).
According to previous studies, fluctuations in ND fluorescence is due to the proximity
(<10 nm) between the NV centre and the FND’s surface |67, 95]; electron transfer from
the NV centre to surface charge traps allows the NV defect to switch from NV~ to NV

and then to the non-photoactive NV charge state, causing blinking.

To study the dynamic traces, we first defined the charge states in terms of photon
count and R/G ratio using stable time traces (data not shown). We assigned emitters
having a photon count of 4000/s and a R/G ratio of 0.6 to single NV° (16% of static
traces, figure 3.4a top). We also assigned the traces showing a photon count between
2000 and 4000 photons/s and a R/G ratio of 0.7 to 0.8 to time-averaged values of
the NV- and NV states (38% of static traces, figure 3.4a middle); such averaging
is consistent with charge conversion in bulk diamonds that may occur within the ps
timescale [96]. Finally, we assigned the FNDs emitting 2500 photons/s with a R/G
ratio of 0.9 to single NV~ (48 % of static traces; figure 3.4a bottom).

We then collected dynamic and long traces (lasting 30-60 min), which provided
enough statistics to compare state transitions within FNDs (N = 32, providing >600
dwells). The dynamic traces showed either two-state or three-state transitions (figure

3.4b (i) and (ii)) with the transition frequency varying among FNDs. To investigate if
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these dynamic FNDs share similar states and dwell times, we performed Hidden Markov
modelling (HMM) analysis, which showed that a three-state model was sufficient to fit
our dynamic traces based on the lower bound values analysis (see section 3.6 on page 49)
[97, 92]; the three states identified (NV™ at 0.85, NVt 0.67 and a time-averaged state
at 0.75, figure 4c¢) correspond well to those seen in static traces. The slight difference
(4/-0.07) between the values from the static and dynamic traces is likely due to small

errors in the state allocation by HMM (see section 3.6 on page 49).

We used the dwell times from the HMM analysis to calculate the lifetimes of each
NV charge state. Dwell time distributions from the NV~ and NV~ /NV’states were fitted
with a single-exponential decay function (figure 3.4b middle and bottom histograms)
while the dwell time distribution from the NV? state had to be fitted with a double
exponential decay function (figure 3.4b top histogram) as the single exponential decay
was clearly missing a long-dwell component. Most of the NV® dwells are less than
10 s as shown by the amplitude (A) of the lifetimes (t): 11=3 s A;;= 90 %; 19=53 s
A»,=10%. The most representative NV lifetime is shorter than the two other states
(1= 57 s for NV /NV? and t=38 s for NV-, see figure 3.4d), which is expected when
using 532 nm excitation, a wavelength known to pump NV? back to NV-, thus making
NV? lifetime shorter in our imaging conditions [98, 57]. Indeed, based on previous
report, we can hypothesise that the transitions between the charge states in NDs occur
in a similar fashion as in bulk diamond: the negative charge state can lose an electron
to a charge trap (e.g., surface defects) via a two-photon absorption process that will
excite the electron into the conduction band. Likewise, the neutral NV centre is most
likely to gain back an electron when one of its electrons is excited into the bandgap

from the valence band by a two-photon absorption process.

The transition probabilities provided by the HMM are more difficult to interpret

because sub-second transitions are likely to occur and might not be detected with
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our current time resolution. Nevertheless, the transition matrix shows that NV (0.01
versus 0.0007) is more likely to move to a mixed state (NV-/NV?) like NV~ (0.01 versus
0.006), while the mix state is more likely to go to NV (0.24 versus 0.006). This data in
addition to the lifetime measurement support the charge-transition model elaborated
in bulk diamond in which NV~ can be photoionised and NV? pumped back into NV~

with 532 nm excitation [57, 99].
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Figure 3.4: States and dynamics of NV centre in FNDs. a, Typical static time traces
corresponding to the two different charge states of single NV centres ((i): NV® R/G
ratio = 0.6 — 4000 R+G photons/s; (iii): NV: R/G ratio = 0.9-2000 R+G photons/s)
and a time-average of the two charge states ((ii): NV-/NV%: R/G ratio = 0.7-0.8 - 2000-
4000 R+G photons/s). Red and green photon counts are shown in purple and green,
respectively; the sum of red and green photon counts is in grey. b, Typical dynamic
traces; the first trace (i) shows two-state transitions as demonstrated by the spectral
inversion; the second trace (ii) is more dynamic and shows three-state transitions; the
last trace (iii) shows two-level blinking ¢, 2D histogram of 32 dynamic traces with
their R/G ratio distribution on the right side of the figure; the R/G distribution is
fitted with 3 Gaussian profiles centred at the R/G ratio values calculated by HMM
modelling, which fits well the distribution and the 2D histogram especially the brighter
NV? population. Gaussian centres: NVY R/G ratio = 0.67; time-averaged NV~ /NV?:
R/G ratio = 0.75; NV: R/G ratio = 0.85. d, Dwell time analysis of the 3 states
by HMM. The distribution of dwell times is fitted with a double exponential decay
function for the NV? state (top histogram, fitting function shown in red). The lifetimes
are 1;=3 s +/- 0.3 8 A;;= 90 %; 19=53 s +/- 7.7 s Au=10% for NV°. The distribution
of dwell times is fitted with a single exponential decay function for the NV-/NV? and
NV states (middle and bottom histograms). The lifetimes are: t= 56 s +/- 1.7 s for
NV /NV? 1= 38 s +/- 1.5 s for NV". 32 FNDs were used for the subfigures b, ¢ and d.
“Frames” is the frequency of the measurement from a FND (see figure 3.1 for details).
The immobilised FNDs were imaged in air using 532 nm excitation 3.4 kW /cm? and 1
s exposure for 20 to 60 minutes. A1



3.4 Effect of the surface chemistry on NV centre flu-

orescence

Since we could detect different charge states of the NV centre, we investigated our abil-
ity to modify the FND’s emission by immersing immobilised 10-nm NDs into separate
solutions containing DNA, proteins, and a reducing agent (DTT); none of these solu-
tions showed detectable effects on the photon count or the R/G ratio (data not shown).
Nevertheless, changes in pH were found to have a clear effect on the NV centre’s charge
(figure 3.5a and b), where high pH shifts the R/G distribution towards higher values
(from 0.7 to 0.8 R/G ratio in figure 3.5a).

The relation between pH and the mode of the R/G ratio distribution is relationship
for pH values ranging from 4 to 10. Using this region, we estimated that we can measure
the pH of a solution from the mode of the R/G ratio distribution with an accuracy of

~0.4 (average of absolute value of the residuals).

To explore the possibility that these NDs could be used as pH sensors, the reversibil-
ity of the effect was tested, by imaging the same field of view (containing 140 FNDs)
after consecutive immersions into acidic and basic solutions. The modes of the R/G
ratio distribution (figure 3.5¢) clearly showed that the effect of pH on the R/G ratio is

indeed reversible.

We have also examined whether we have the resolution to detect the increase of the
R/G in basic pH on the same FND particle; this was indeed the case (see example in
figure 3.5d). In addition to this change in R/G ratio, there was also a decrease of photon
count (from 1750 to 1250 photons/100 ms) at pH 12.8. Such increase of R/G ratio and
decrease of brightness correlates well with our observation of charge state conversion on
the 50-nm undoped and 40-nm doped FNDs (figure 3.2; figure 3.4), with the deviations

of the R/G ratio values from 0.6 and 0.9 being attributed to the charge instability in
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the 10-nm FNDs. However, our data indicates that the NV centre will stay longer in a
charge state (NV? for acidic pH or NV~ for basic pH) within 100 ms, leading to changes
in the R/G ratio. We do not have such measurement for other pH values so we cannot
estimate the accuracy of our pH estimation using the R/G ratio but given the width
of the R/G ratio distribution for a single ND, we expect that the accuracy should be
enough to detect intracellular pH changes (+/- 1) provided the FND is imaged for long
enough (730 sec).

The mechanism behind this pH-dependent charge transition of NV probably is likely
to involve deprotonation of ND surface groups (mainly OH or COOH groups generated
during ND acid cleaning, and affecting the ND’s surface charge), thus creating more
negative charges around the NV centre [100]. Our findings confirm previous reports
that FNDs photophysics is affected by surface chemistry and demonstrate that they

can be used for pH nanosensing [88, 89].
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Figure 3.5: Effect of pH on 10-nm FNDs. a, Increase of the R/G ratio distribution in
the 10-nm doped FNDs at high pH. Aqueous solutions used: 0.01 M HCI for pH 1.2,
and 0.1 M NaOH for pH 12.8. b, Relation of the mode of the R/G ratio distribution
with pH following Gaussian fitting of the distribution (0.01 M HCI for pH 1.2, 0.1 M
NaOH for pH 12.8 and commercial buffer solutions used for the other pH data points). c,
Reversibility of the effect following multiple washing on the same field of view containing
more than 140 FNDs (washing was performed using deionized and filtered water; the
same acidic/basic solutions as in figure a were used). The convergence of the modes after
the first repeat may be due to the washing steps that gradually become less efficient.
d, Observation of the charge state conversion on the same FND particle in acidic and
basic solutions (same solutions used as in figure a). R+G photon count is shown here.
Approximately 75% of the single NV centres observed showed this increase of the R/G
ratio in basic solution. The error bars (figure b and c¢) indicate the standard error from
the Gaussian fitting. N is the number of FNDs observed and “Frames” is the frequency
of the measurement from a FND (see figure 3.1 for details). The immobilised FNDs
were imaged with 532 nm excitation 7.8 kW /cm? 100 ms exposure for 25 s.
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3.5 Discussion

Our work demonstrated that wide-field imaging and automated time-trace analysis is
a powerful approach to characterise ensembles of FNDs. By examining large numbers
of single FNDs in parallel, we were able to detect single NVs in up to 500 FNDs per
sample, providing helpful comparisons of the proportion of single emitters in different
samples based on their photon count distribution, a task facilitated by the random
orientations of the spin-coated NDs on the microscope slide. We also introduce the use
of the R/G ratio to analyse the charge state of the NV centre, a crucial determinant on
the FND photophysical behaviour. Our technique can be easily implemented to screen
different FNDs samples to investigate the proportion of single NV/ND and the charge
stability of the NV centre since measuring >100 FNDs takes only seconds.

We overcome the problem of the sub-optimal orientation of the defect by imaging
up to 500 FNDs randomly oriented for each sample, thus ensuring that we have at
least enough optimal orientations of FNDs with different charge state or number of
NV centre per particle within a sample. Since we used a statistical approach to define
the photon count provided by a single NV, it is difficult to confirm that a given FND
contains only one NV centre based on a single observation if no charge transitions are
observed. For this reason, photon correlation experiments are more suited in this case
[87]. However, this limitation could be overcome by investigating the orientation of NV
centre using defocused orientation and position imaging [101].

Our results on the charge state instability in 10-nm FNDs or undoped 50-nm FNDs
confirm previous reports that established the negative impact of ND size or low nitro-
gen concentration on the stability of the NV~ [67, 49]. Further, our high-throughput
approach allowed studies of small but significant subpopulations of the FNDs, such as
the one having dynamic single NV centres; based on 32 dynamic time traces, we could

estimate the lifetimes of the NV~ and NV? in FNDs. Such a study was not reported
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before as confocal or wide-field measurements described lifetimes of NV~ from only a

single particle [93, 66].

The lifetimes we measured for NV~ and NV? (from 3-60 s) significantly broadens
our understanding of dynamic FNDs, as previous studies only report on the on and off
lifetimes of FNDs. Indeed, measuring blinking might be easier to perform in FNDs, but
since the NV centre has two fluorescent states (NV-and NV°) and one non-fluorescent,
state (NV™T), blinking-based studies are ambiguous with regards to the charge transi-
tions involved in the charge-transfer events. The closest report to our results is a study
published by Aslam et al. who investigated charge state transitions of a single NV
centre in bulk diamond, and measured lifetimes for NV~ and NV (57 ms and 465 ms
respectively) three orders of magnitude shorter than what we measured; however, those
measurements used significantly different conditions such as the fact they study only
one NV centre in bulk diamond. Further, they used a different excitation wavelength
(593 nm) and as shown in the same paper, the charge transition rates between NV~ and

NV? are dependant on the excitation irradiance and the wavelength [98].

It is likely that the mixed state NV-/NV? is caused by photoinduced subsecond
charge transitions reported by Aslam ef al.. We do not exclude that the transitions we
measured in the second time range are also photoinduced but another phenomenon must
occur to increase the lifetime of charges states above 1 s. Owing to the complexity of the
system represented by the FNDs we can merely speculate with the following suggestion.
Electron donors or acceptors on the ND surface could be stochastically photoactivated
and cause the NV centre to change its charge state. It would be possible to test this
hypothesis by taking longer recordings of such NDs (3-10h) and compare the lifetimes

with the one that we found.

The lifetimes of the mixed state NV-/NV? and NV~ could be fitted with a single-

exponential decay function, which is surprising given the heterogeneity of the possi-
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ble localisations of the NV centre inside a ND. Different localisations should affect
the electron density around the NV centre; for instance, the presence of electronega-
tive/electropositive species on the surface. One can then expect that such differences in
the nanoenvironment could lead to different rates and the lifetime distribution would
require a multi-exponential fitting. Yet, it is likely that the nanoenvironment of dy-
namical NV centres in our 40 nm ND sample is not that diverse when considering the
following factors. The NV centre is preferentially oriented on the [111] plane and the
faces of the NDs are likely to be parallel to the [111] plan as it is the weaker plan
[49, 102]. Moreover, modelling and experimental data suggest that there is a 4-8 nm
minimum distance from the surface for an NV centre to be still photoactive [67, 103].
We can therefore suggest that the dynamical NV centres are mostly located 4-8 nm
away from the surface in a plane that is parallel from the surface [111]. Such restric-
tions could limit the range of photophysical behaviours that we could observe and
explain why single-exponential fitting was suitable for the mixed state NV-/NV? and

NV-. Further modelling work should allow us to confirm this hypothesis.

The presence of a longer component only for NV® might be due to sub-seconds
transitions into the dark NV state that could slow down the transition from NV? to
NV-. The rare cases of blinking in our data set support such hypothesis as we can see
transitions occurring from NV to NV? (see figure 3.4 on page 41) but with such a lim-
ited number of dwells we cannot perform any quantitative analysis. Charge transitions
with NV are poorly understood but we can speculate that thermal fluctuations in the
lattice could modify the strain in NDs and cause greater charge traps for nearby NV
centres. Dislocations and lattice mismatches may have an impact in electronic densi-
ties because of the possible recombination of dangling bonds especially under strain or

thermally induced lattice expansion [104].

We also showed that FNDs can be directly used for pH nanosensing. In ways similar
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to the studies of Petrakova et al. and Karaveli et al., who showed that the NV charge
state in FNDs can be used for sensing (electrical potential or surface chemistry changes),
we demonstrated a simple practical implementation of FND sensing without the need
for functionalisation or equipment such a spectrograph or microwave generator for spin
state manipulation [88, 105, 89]. Notably, pH did not significantly impact the R/G
ratio in the 44-nm doped FNDs (data not shown), consistent with the prediction by
Petrakova et al. in 2012, which proposed that only small particles (10-20 nm) could
lead to optically detectable transitions of NV’s charge because of required proximity to
the surface [88]. At the moment, our approach would require calibration before taking a
pH measurement but a better understanding of the heterogeneity of FNDs photophysics

could permit us to achieve absolute reading without any need of calibration.

In summary, our ability to detect simultaneously hundreds of single NV centres and
their charge states is a powerful screening method for material scientists who manu-
facture FNDs and need a facile and reliable way to characterise their photophysical
properties. Such analysis will also interest physicists working on quantum optics ap-
plications, who need to screen FND samples for brightness, charge stability, and the
fraction of FNDs having a single NV centre. Our capability to study dynamic FNDs
directly and in parallel will enhance our fundamental understanding of NV charge tran-
sitions in a nanocrystal and our ability to maintain the negative charge state, which is
the charge state that is mostly used in FND commercial applications. Considering that
FNDs show great photostability compared to organic fluorophores, our findings should
foster more applications of single-molecule fluorescence imaging and tracking experi-
ments in vitro and in living cells, as well as sensing experiments such as pH monitoring
in microfluidics or pH mapping inside biological samples [106]. Finally, our method
should also facilitate the development of biosensing assays based on the measurement

of the NV charge state conversion and its dynamic behaviour. Such assays will be
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helped by further study on the effect of bio-functionalisation on the charge state since

the NV centre can be affected by the surface chemistry.

3.6 Materials and methods

Nanodiamond samples

Doped nanodiamonds of 10, 40, 44 and 200-nm in diameter were commercial high-
pressure-high temperature (HPHT) samples enriched in nitrogen followed by particle
irradiation to generate vacancies (providers: 10 and 40-nm: Adamas nano; 44-nm: FND
biotech; 200-nm: Columbus Nanoworks). Following the high temperature annealing of
NDs, the vacancies recombine with the nitrogen to form NV centres. When not provided
by the manufacturer, the fraction of NDs containing NV was coarsely estimated by
dividing the density of FNDs by the density of NDs deposited on the glass surface.
The values obtained from 2 to <0.1 % are within the range of values reported in the
literature (0.03 to 70%) depending on the size and manufacturing process [63, 90]. The
44-nm NDs were manufactured to contain a maximum proportion of one NV centre
per FND. The NV centre’s emission spectra were measured in all our samples. The
presence of single quantum emitters in the 44-nm sample was confirmed by photon
correlation experiments (data not shown). 50-nm NDs were undoped HPHT particles.
All the samples were acid cleaned, sonicated and their size distribution was confirmed

by single-particle tracking and/or dynamic light scattering.

Microscope and imaging

The particles were spin coated at a very low density (down to 1 FND for 40 um?) and
imaged using a single-molecule desktop wide-field microscope Nanoimager S (Oxford

Nanoimaging) with a 1.4 NA oil immersion objective. The emitted light is split into a
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green and red imaging channels with a long pass filter at 650 nm for the red channel
(see figure 3.1¢). The 1W 532 nm CW laser allows us to detect single NV centres with
10-1000 ms time resolution when used at full intensity (7.8 kW /cm?). The exposure
time of 100 ms was selected for most experiments as it provided the best SNR for a
minimal acquisition time (25 s). Illumination for the TIRF objective was at 50° to
remove out-of-focus background and no particular light polarisation was applied to
the excitation path according to the manufacturer. All the samples were exposed to
maximum excitation intensity for 30-60 sec to photobleach other emitting species (e.g.,
surface defects). The photon count distribution from 80 to 300 particles per sample was
collected by imaging different fields of view. A custom-built confocal set-up was used
to perform spectral measurement and photon correlation experiments as we previously
reported [107]. For pH sensing, the 10-nm NDs were immersed in different buffer
solutions using silicon gasket to form wells. A 0.01 M HCI solution was used for pH
1.2, a 0.1 M NaOH solution for pH 12.8, a 1X phosphate-buffered saline solution (PBS)
for pH 7 and the pH 4 measurement was carried out using a commercial buffer solution
(Hanna instruments). Washing was performed using deionized and filtered water (220

nm pores) and the acquisition was done 1-3 minutes following the solution addition.

Time trace analysis and HMM

The raw image was processed by home-built software (GapViewer) that detects diffraction-
limited spots by their intensity. It performs background subtraction for each frame
using the intensity around the Gaussian profile of the FNDs emission. The photon

count is calculated by adding both channels and the R/G ratio was computed as

. Spot intensityy. ..
R/G ratio = Spotmtensif;.Z::g;;ﬁntinsitygmn . Based on the NV centre emission spec-
tra of the two charge states previously reported |98| and the wavelength dependence

of the quantum efficiency from the microscope’s SCMOS camera , we expect a R/G

20



ratio difference of 0.3 between NV~ and NV? with NV%being brighter than NV-. The
stable and dynamic traces were manually selected based on their R/G ratio (within
0.6 and 0.9) and their intensity (0-1500 photons/s for the green channel and 1000-3200
photons/s for the red channel). Some dynamic time traces (<10%) were excluded from
the analysis if their R/G ratio transitions were showing more than 3 states because it
could indicate the presence of a second but dimmer NV centre. Following HMM pro-
cessing of the manually selected dynamic and stable time traces (EbFRET, 10 restarts
and 0.001 precision) we selected the 3-state model because a 4-state model would only
lead to negligeable increase of the lower bound (less than 10) compared to from a 2 to
a 3-state model (lower bound increase approx. 30) [97]. Then HMM analysis was run
again only with the dynamic traces in order to extract the dwell times (prior strength
set with a 0.2 centre). The priors were set using the state’s centres found in the first
HMM analysis where no priors were set. The durations of the dwell times for each state

were extracted and fitted with a single or double exponential decay.
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Chapter 4

Tracking of diffusing nanodiamonds

4.1 Introduction

The previous chapter provided a new insight into the photophysical behaviour of FNDs
in air and in solutions containing different chemical species (e.g., acid, base, DNA
etc). Such findings were produced using NDs immobilised on the glass slide in order to
obtain more accurate measurements in comparison to diffusing FNDs. However, one of
the main applications of FNDs in bioimaging is to track individual biomolecules inside
living cells. Furthermore, one cannot exclude the fact that the FNDs’ interaction with
the glass surface on which they are immobilised might have an impact on the FND’s
response to the solution content. For instance, Bradac et al. reported that a change of
substrate can cause significant changes in the FND’s photophysical behaviour. In their
study of the blinking of FNDs in air, the authors found that blinking is greatly reduced
when the nanoparticles are immobilised on silica compared to borosilicate [67]. The
improvement of the FND photostability was due to a difference of the charge transfer
between the FNDs and the substrate. As a result, in order to expand our findings on

immobilised FNDs, we decided to investigate the photophysics of diffusing FNDs using
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single-particle tracking.

Single-particle tracking (SPT) was developed in the 80s to investigate different
molecular processes occurring in living cells such as membrane trafficking and molec-
ular motors [108, 109]. In 1981, Ghosh et al. managed to track diffusing molecules
on the cell membrane and estimated their apparent 2—dimensional diffusion coefficient
[109, 110]. The membrane receptors they tracked were labelled with fluorescent probes
but in the same period Geerts et al. achieved SPT using gold nanoparticles as labels
(20-40 nm) [108]. Gold nanoparticles could be easily observed under bright field illumi-
nation because of their light scattering properties. The authors introduced nanoparticle
tracking in the context of bioimaging but it is only two decades later that the power of

SPT had been considered for nanoparticle size characterisation [111].

Nanoparticles are used in many industries such as pharmaceutics and food indus-
tries and it is therefore important to control for their size as it may have significant
impact on the product’s quality. Dynamic light scattering (DLS) is a conventional ap-
proach to determine the diameter of nanoparticles; the machine analyses the intensity’s
fluctuation of the light scattered by an ensemble of nanoparticles to estimate their size.
The limitation of this technique is that when measuring an ensemble of particles, the
large particles will dominate the signal recorded as the intensity of the scattered light
is proportional to the sixth power of the nanoparticle diameter, thus leading to inaccu-
rate measurement. SPT can provide a more accurate and robust measurement of the
particle’s size as each nanoparticle size is recorded regardless of their size as long as it
exceeds the mininal diameter that can be detected. Additionally, DLS measurements
can be affected by the fluorescence if the DLS’s light source has the right wavelength

to excite a fluorescent sample.

More specifically SPT size estimation works by localising particles in the field of

view with sub-diffraction accuracy (see section 2.1) from their scattering or in our case
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fluorescence emission spot with the view to measuring their individual 2-dimensional
displacement. If the track is long enough (e.g., 200 ms for 50 ms exposure), one can
calculate the mean square displacement (MSD) which can be used to estimate the
diffusion coefficient of the nanoparticle. With this coefficient it is possible to estimate

the Stokes radius r of the particle using the Einstein-Stokes equation:

kT
© 6myr

D (4.1)

Where kg is the Boltzmann constant, 7" the temperature of the sample and 7 the
dynamic viscosity of the suspension. Because in our case the layer of ions or solvent
surrounding the particle is negligible compared to the size of the nanoparticle, the
Stokes radius r of the particle can be used to approximate the radius of the particle.
Further considerations and more complex models must be taken into account when the
particle is not spherical (e.g., DNA strand).

Fluorescence-based SPT on FNDs to estimate their diffusion coefficient has already
been reported by Faklaris et al. on a 35-nm FNDs but they did not analyse smaller
FNDs probably because tracking fast diffusing FNDs is more challenging as their bright-
ness is limited (i.e. lower content of NV centre per FND) [44].

In this chapter we report SPT on different NDs sizes down to 5-10 nm; furthermore,
unlike previous reports, the dual colour microscope and the tracking algorithm we used
allowed us to collect simultaneously photophysical and size information from each track.
In addition to unravelling new information on the photophysics of diffusing FNDs, we
developed a SPT-based method to investigate the proportion of NDs containing NV
centre. Such property is an important aspect of ND characterisation that is difficult to
investigate as it usually requires the combination of fluorescence microscopy and atomic

force microscopy (AFM).
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4.2 Size characterisation of nanodiamonds

Dynamic light scattering and SPT were performed on the same samples (5 and 50-
nm ND) to validate SPT as a size characterisation method. In order to overcome
the problem of tracking fast diffusing NDs (5-nm) with low SNR we used an 80%
glycerol concentration to slow down the particles, optimised imaging conditions and
high-performance localisation /tracking software our team has developed.

DLS and SPT analysis gave similar size estimations for the 50 nm particles (+/- 1
nm) despite a higher standard deviation (SD) for SPT (see table 4.1). SPT performed
on the 40-nm NV doped NDs showed a hydrodynamic diameter 3-nm inferior to the
expected value. Regarding the 5 and 10-nm sample, the diameters measured are greater
than the expected size: 25.6 nm for the 10-nm ND sample and 8.1 (DLS) or 12.8 (SPT)
for the 5-nm ND. The cause of the discrepancy between the expected size and the mea-
sured one (SPT and DLS) may be due to aggregation of the NDs; moreover, concerning
the SPT measurement, it is also possible that the size of the NDs is overestimated
as SPT might be biased towards larger FND; bigger NDs are more likely to contain
multiple NV centres. However, as shown in the section 4.4 and in figure 5.4 in chapter
5 page 74, we know that it is possible to track 10 and 5-nm particles because we could
perform SPT on 1 nm fluorescent molecules as their high brightness allows it. Finally,
it is worth mentioning that the 5-nm NDs did not show any red fluorescence (i.e. lo-
calisation from the red channel) that is characteristic of NV centre but were tracked
using their green fluorescence, which is probably coming from the surface defect (see

section 3.2 on page 33).
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Figure 4.1: Dynamic light scattering (DLS) and single-particle tracking (SPT) mea-
surement on 50-nm NDs. DLS was performed in water and SPT in 80% glycerol.
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DLS SPT

Diameter in SD in nm Diameter in SD in nm
nm nm
50-nm ND 51.4 38.5 50.2 135.6
5-nm ND 8.1 4.8 12.8 44.8
10-nm N/A 25.6 21.5
NV-doped
ND
40-nm N/A 37.0 27.8
NV-doped
ND

Table 4.1: Hydrodynamic diameter measurement (DLS and SPT) on different ND sam-
ples. The diameter corresponds to the mode of the log-normal fitted function. The SD
is also provided by the fit. N/A: not analysed

4.3 Photophysics of diffusing nanodiamonds

Before analysing the photophysics of diffusing nanodiamonds, the tracking software
was tested on fluorescent beads (100 nm in diameter) as a control for the red/green
(R/G) ratio measurement. The distribution of the R/G ratio in figure 4.3a is centred
around 0.5, which is the expected value (beads are equally bright in both channels). The
measurement was then performed on the 40-nm NV doped NDs; the R/G ratio is higher
than 0.5 (see figure 4.2 and 4.3b) as found in the chapter 3 but the distribution found
is broader suggesting that the charge stability of the NV centre is impaired in solution;
furthermore, a bright subpopulation having a ratio of 0.8 can also be distinguished,
which might be caused by a different photophysical behaviour from the NV centre.
The other samples (50, 10, and 5-nm ND) are not shown here as the low brightness

and /or their fast diffusion in solution did not provided a good SNR. to do such analysis.
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Figure 4.2: Typical tracks of 40-nm NV-doped NDs under 532 nm excitation, 7.8
kW /cm?, 50 ms exposure time. Scale bar 2 ym.
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Figure 4.3: Distribution of the R/G ratio versus the track’s intensity. 532 nm excitation
(a) 140 W/cm?, 50 ms exposure. (b) 7.8 kW/cm?, 50 ms exposure.
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4.4 Proportion of fluorescent nanodiamonds

The fraction of FNDs in a ND sample is an important part of the sample characterisation
as it has major impact on how to use a given ND sample for single photon sources or
imaging applications. To investigate such fraction, we labelled the nanoparticles with
Cy3b (see section 4.6). On figure 4.5b, most of the coated NDs show a R/G ratio (~
0.08) similar to the one measured for free Cy3b (~ 0.1). The difference in laser power
excitation could explain why coated NDs show slightly lower ratio than free Cy3b. Data
on figure 4.5¢ is presented in a simple histogram because the number of tracks was too
low to be displayed like in figure 4.5a. Interestingly, a few tracks from coated NDs have
a higher ratio than Cy3b (~ 0.17) even at high intensity where the SNR is increased (see
arrow figure 4.5b). It is possible that these particles are the ones containing NV centres.
The MSD data also indicated that most of the particles tracked were approximately 50
nm in diameter (data not shown).

Green channel Red channel Green channel Red channel
“—>

Cy3b cy3b

Red/green ratio = 0.1

Cy3b Cy3b
532 nm o

excitation

cy3b cy3b

& NV
@ Red/green ratio > 0.1

650 nm
Coated NDs Emission spectra Image of the ND

Figure 4.4: Investigating the fraction of fluorescent NDs. NDs are coated with fluo-
rophores (Cy3b) in order to image all the NDs including the non-fluorescent ones. The
particles containing NV centres will not only emit light in the green channel but also
in the red one. As a result, the R/G ratio will be higher than 0.1, which is the ratio
for free Cy3b.
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Figure 4.5: R/G ratio for NDs labelled with Cy3b. a, Distribution of the tracks’ inten-
sity versus their R/G ratio for labelled NDs (140 W /cm?, 100 ms exposure). b, enlarged
version of the tracks’ intensity distribution versus their R/G ratio for labelled NDs. c,
Distribution of the track’s R/G ratio for free Cy3b (250 W/cm?, 10 ms exposure).

4.5 Discussion

The size characterisation for 50 and 40-nm particles with SPT provided measurement in
good agreement (+/-3 nm) with the expected size and the DLS control. The analysis
of the 10 and 5 nm NDs proven to be more challenging as the size was in general
overestimated (up to +15 nm). The fact that the hydrodynamic radius found for the
10 nm particles with SPT is 25 nm can be due to either aggregation or an overestimation

of the size because SPT can be biased towards larger FNDs if the FNDs population is
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not homogenous in terms of brightness. For instance, if the sample contains a small
population (e.g., 10%) of 25-nm NDs that contains 2 NV centres per particle, they are
at least twice more likely to be detected by the localisation algorithm than the 10 nm
NDs containing mostly 1 NV centre per FND, which will also diffuse faster. As a result,
SPT can lead to an overestimation of the particle’s size when tracking dim and yet fast
diffusing NDs. This hypothesis will be proven to be correct in chapter 5. Regarding
the analysis of the 5-nm NDs both DLS and SPT showed a diameter superior to the
expected size (DLS: +3 and SPT: +8 nm), which shows that the NDs have started
to aggregate. Based on the presented data, we demonstrated that SPT is a suitable
alternative to measure ND’s size distribution provided the sample is bright or large
enough (in our case> 40 nm). Indeed, it is important for this project to have another
technique to measure sizes as DLS analysis is perturbated when the sample contains
fluorescent molecules or some large contaminant increasing the size distribution (i.e.

polydisperse).

TrackCen is an innovative way to characterise the photophysics of diffusing FNDs
[112]. Our test on fluorescent beads demonstrated that we are able to detect the
expected R/G ratio and that the higher is the intensity and the better is the ratio SD
(see figure 4.5). Running this analysis on 40-nm NV-doped FNDs showed a different
R/G ratio distribution than when the NDs are immobilised on the glass surface (see
figure 3.3). The R/G ratio distribution for the diffusing 40-nm NDs is broader and
shows a peak around 0.7 where immobilised 40-nm NDs have a peak at 0.9. This data
indicate that the charge state of the NV centre is less stable, which is consistent with the
observation that the glass surface is providing electrons to the NV centre as reported
by Bradac et al. [67]. Nonetheless, we cannot exclude the fact that glycerol may be
contributing to the charge instability too. Glycerol is not charged but might have an

impact on the surface charge by removing water molecules from the ND’s hydration

61



layer.

The analysis also revealed a subpopulation having both a higher ratio and intensity.
Using size measurement, we isolated only the tracks of 40 nm particles and found the
same subpopulation; therefore, aggregates could not account for this phenomenon. One
explanation is that this subpopulation having a higher R/G ratio corresponds to NV
centres in the core of the NDs. This will protect the defect against quenching by
the surface or prevent electron transfer from the NV centre to the ND surface. As a
result, the crystal defect will not go from NV~ to NV? and eventually to NVT (non-
photoactive, see section 3.3) [98]. If the defect stays in the negative charge state, it
will be brighter and emit more in the red compared to unstable NV centres closer to
the surface. More data are required to conclude on this last observation but these
preliminary results illustrate the potential of our approach for the characterisation of
NDs. Moreover, such a technique provides essential spectral insight of NDs in solution,

which is a key question when using these nanoparticles for intracellular tracking.

Being able to measure the proportion of FNDs from a given ND sample is an im-
portant parameter to know for bioimaging application. For example, if one wants to
internalise FNDs for intracellular tracking, the proportion of FNDs has to be known
in order to calculate the total amount of NDs to internalise. In the extreme case of
detonation NDs in which Reineck et al. reported a fraction of 0.03% of FNDs, more
than 3000 NDs have to be internalised inside the cell to ensure that there will be at
least one FNDs to track; it is clear that such an experiment poses significant challenges
as the physiology of the cell will be modified by the addition of such a large volume of
NDs even if they have low cytoxicity [90]. So far, the best measurement of proportion
of FNDs is usually performed by a combined measurement of the NDs with AFM and
confocal microscopy [63]. Such technique is not straightforward, low throughput and

requires two types of microscopes. In the last part of the results section, we aimed
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to measure the proportion of FNDs with high-throughput and using only one type of
imaging (i.e. wide-field imaging).

Firstly, the fact that we were able to track the Cy3b fluorescence signal from NDs
demonstrated that we are able to successfully conjugate NDs and purify them with no
aggregation. This protocol will be useful for the bio-conjugation step in the next chap-
ter. Secondly, regarding the proportion of FNDs in the sample one has to consider the
fact that when a ND is labelled with fluorophores, the emission of its NV centre (which
is 10 times less bright than Cy3b) has to compete with up to 5000 Cy3b indocarbo-
cyanine molecules from the ND’s surface depending on the functionalisation efficiency.
Consequently, the red-shift of the NDs containing NV centres is expected to be small.
We detected a subpopulation showing a small red-shift (R/G ratio >0.15), which could
correspond to NDs containing NV centres. Such subpopulation corresponds to 1.5% of
the NDs, which is not very different from the previously reported values (e.g., 5-8% for
100-nm HPHT undoped ND) [67|. Further work is required but our method could be
the first one to directly measure the proportion of fluorescent NDs at the single particle
level while providing estimation of the size at the same time.

To conclude, using dual-colour SPT we were able to expand the characterisation of
NDs with key information on the NDs: hydrodynamic radius, charge stability in freely
diffusing NDs and the proportion of FND. The characterisation method we presented
in this chapter is not only useful for us to prepare the bio-functionalisation protocol
for single-molecule experiment but can be very interesting for material scientists and
physicists working on quantum applications of the FNDs. Now that the characterisation
techniques are developed, we can use them in our bio-conjugation efforts as presented

in the next chapter.
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4.6 Materials and methods

Nanodiamond Sample

50-nm HPHT and 5-nm detonation NDs were provided by Prof. Oliver Williams and
his team at Cardiff University. In their laboratory, these samples were cleaned by air
annealing and sonicated to disperse aggregates. 10 and 40-nm NV-doped NDs were
ordered from Adamas nano (for more details see section 3.6). All the samples were
oxygen terminated and suspended in water. The working concentration was from 30

nM to 150 pM depending on the experiment.

Labelling of nanodiamonds

To investigate the proportion of fluorescent NDs, the nanoparticles were coated with
a fluorophore excited by green light (Cy3b). NDs containing NV centres could be
detected as they will emit a red signal in addition to the green fluorescence of the Cy3b
(see figure 4.4). To conjugate NDs with Cy3b, we incubated the nanocrystals (3.7 nM)
with Cy3b molecules having an N-hydroxysuccinimide (NHS) ester function (100 pM)
for 3 hours at room temperature. We expected the NHS ester function to execute an
electrophilic substitution on the oxygen groups of the NDs’ surface such as carboxylic
acids or to bind non specifically via hydrophobic interactions as previously reported
on carbon nanotubes, which have a very similar chemical structure and composition as
the ND’s surface [113]. The mixture was purified 10 times from unbound fluorophores
using ultracentrifugation at 100000 g (10 minutes 4°C). A negative control containing
Cy3b only was performed and did not show any aggregates of the fluorophores (data

not shown).
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The equation below, derived from Stokes’” law was used to estimate the sedimentation

rate and choose the appropriate centrifugation speed and duration:

2 . — :
v — d g(ppartzcle pmedzum) (42)
18n

v is the sedimentation rate, d the ND’s diameter, ppq,ticeis the density of the ND,
Pmedium the density of the medium (i.e. water), g the gravitational force and 7 the

medium viscosity.

Single-Particle Imaging

ND samples (30 pM to 1 pM) were diluted in 80% glycerol and imaged for single-
particle tracking (SPT) at room temperature with variable angle illumination (TIRF
angle: 40-50° degrees) at least 3 micrometers away from the surface. From 2500 to
70000 frames were recorded depending on the SNR using the microscope described
in chapter 3 (see figure 3.1). TrackCen developed by Dr. Barak Gilboa was used to
perform localisation and SPT [112]. TrackCen operates in the same way as GapViewer
except from a few features; the localisation algorithm implements the centroid method,
which is faster than Gaussian fitting and the software also records the displacement of
each emitter to calculate their mean square displacement (MSD). The MSD is used to
estimate the diffusion coefficient and the hydrodynamic radius of the particle using the
Einstein-Stokes equation (see introduction of chapter 4).

Dynamic light scattering (DLS) measurements were done in water using a Viscotek
machine; to estimate the diameter of the particles, data from DLS and SPT was fitted
using a log-normal function instead of a Weibull function as the bin size provided by

the software was systematically logarithmically distributed and could not be changed.
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Chapter 5

Biofunctionalised nanodiamonds

5.1 Introduction

Despite the fact that the first bioimaging experimentation with FNDs were conducted
in 2005, the impact of FNDs in single-molecule imaging has been limited to method
development and proof of principles. More specifically, there have been only three
reports of single-molecule experiments using FNDs: two in vitro experiments on DNA-
FND conjugates [40, 78] and one in wvivo single-molecule tracking on proteins [39]. As
mentioned in chapter 2 (see section 2.4 and 2.5), one of the main limitations of FNDs
in single-molecule imaging is their size and their tendency to aggregate in buffers like

phosphate-buffered saline (PBS).

When researchers intended to use a FND smaller than the biomolecule of interest,
they used 100-nm FNDs to label very long molecules (16.5 um DNA molecule) [78].
Most proteins of biological interest are around 2-30 nm diameter; consequently, it would
be better to use the smallest FNDs available when labelling individual molecules (i.e.
10 nm) [77]. However, it is problematic to work with such small FNDs since they

have low brightness and a propensity to aggregate. Indeed, the 10-nm NDs will mostly
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contain 1 NV centre per ND (see chapter 3 section 3.2), which will require a higher laser
power excitation than usual and may cause important phototoxicity when preforming
in vivo experiments. Phototoxicity can be reduced when using a sensitive microscope
with high light collection efficiency and by lowering the time resolution (i.e. extending
exposure time). The second challenge that small NDs pose compared to 100-nm NDs
is that they tend to aggregate more easily; further, such aggregates are also much
harder to break up than larger NDs (>50nm). This is because small NDs have a
higher surface to volume ratio where electrostatic forces play a more important role
than for larger particles. So far, the issue of aggregation has been always tackled by
changing the surface chemistry of the ND during the functionalisation process of NDs.
Strategies varied from a simple coating with polyethylene glycol [39] to a more complex
encapsulation process using silica (see section 2.4) [40]. Changing the surface chemistry
to improve the colloidal stability is increasing not only the hydrodynamic radius of the
NDs but also the complexity of the functionalisation protocol, which may decrease the

yield of the overall functionalisation process.

The experiments detailed in this chapter were conducted in order to address the
above-mentioned challenges by combining a simplified functionalisation protocol with
sensitive wide-field imaging (see chapter 3) and therefore achieve the production of the
smallest functionalised FNDs ever reported. The labelling procedure was inspired by
a publication from Be-Ming Chang et al. but was extensively shortened because we
found that in most cases changing the surface chemistry of the NDs is not required to
prevent aggregation of small NDs [80]. With careful optimisation of the protocol we
managed to link 10-nm FNDs to a double stranded DNA molecule (~60 base pair or
bp) in order to study the interaction of the DNA with an important enzyme involved

in gene expression: RNA polymerase (RNAP).
Understanding how genes are expressed in bacteria (i.e. the production of a specific
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ribonucleic acid (RNA) or protein from a corresponding gene) is not only essential
for fundamental microbiology but also for the design of antibiotics in pharmaceutical
industry or in food and agricultural industries. The RNAP is a key enzyme in this
process [114]. It is a multi-protein complex (~20 nm in diameter) that synthesises
RNA chains using DNA sequences as templates in a process called gene transcription.
The core enzyme is composed of five subunits (3, §’, ol, ol and w) and performs
transcription in three main phases: initiation, elongation and termination (see figure
5.1) [114, 115]. Transcription initiation is a well-studied process as it is the first step of
gene expression; however, single-molecule studies on transcription initiation are limited
by the photobleaching of the fluorescent probes used (less than a second for fluorescent
proteins and up to several minutes for small fluorescent organic molecules) [34, 13]. The
use of FNDs in single-molecule studies of transcription initiation could lead to great
improvements not only in the duration of RNAP tracking in vivo and in vitro (from
seconds to hours of tracking) but also in the temporal and spatial resolution as FNDs

can provide a higher photon budget (see equation 2.2 on page 17).
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In this chapter we present single-molecule experiments on transcription initiation
using 10-nm FNDs. We first describe the optimisation made on the functionalisation

protocol, then demonstrate the biological activity from the Cy3-DNA-ND conjugates.
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Figure 5.1: Simplified steps of transcription. The initiation phase corresponds to the
specific binding of the RNAP to DNA. This phase is only possible with the presence of
the o factor. The extension of RNA to longer lengths is the elongation phase, and the
termination occurs when the RNAP dissociates from the DNA.

5.2 Optimisation of the protocol

To investigate DNA-protein interaction with FNDs we attached FNDs to a short DNA
strand (60 bp) using a covalent bond created by a bifunctional linker: 1-ethyl-3-(-3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC). EDC is known to link two
chemical species by reacting with the amine function (-NHy) of one compound and with
the carboxylic function (-COOH) of another chemical (see figure 5.2). Moreover, the
DNA strand we selected for this experiment is labelled with a green emitting fluorophore

(an indocarbocyanine molecule also called Cy3), which will serve two purposes: to
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directly visualise the functionalisation of the ND and to verify the biological activity of

the DNA molecule.
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Figure 5.2: ND functionalisation using the EDC bifunctional linker. The presence of
carboxylic function in oxygen-terminated NDs is established and was also confirmed by
the manufacturer [100].

The labelling protocol described in chapter 4 (see section 4.6) served as a basis to
carry out the functionalisation work; nevertheless, attaching DNA molecules to NDs
instead of an organic dye (Cy3b) poses few additional challenges that required optimi-
sation. The first issue is that DNA is a biomolecule that ideally requires to be in a
buffer solution to preserve its double stranded form. Buffer solutions used to manipulate
biomolecules contain salts such as NaCl and KCl in order to stabilise the pH at a given
value (e.g., pH 7-8.5). The risk of working with NDs in buffer solutions is that salt can
cause ND aggregation [40]. The second problem is that the amount and concentration
of labelled DNA is limited compared to organic fluorophores because labelled DNA is

more expensive than organic fluorophore. Thus, the protocol has to be improved in
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terms of loss and labelling efficiency; this is especially true for the purification step that
usually causes significant loss of NDs. Finally, the smaller size of the NDs used (10 nm
compared to 50 nm in chapter 4) will make the purification by ultracentrifugation more
difficult as the size of the DNA is similar to the NDs (18 nm in length, 60 bp).

There have been many reports on the stabilisation of NDs by chemical treatment
since uncoated NDs have been criticised as being unstable in various buffer solutions
[65, 46, 72, 116, 117|. Yet, we could not find a study of the NDs colloidal stability
(i.e. the resistance to aggregation) in the buffer solutions that are mostly used in
biochemistry. Such experiment could help us to identify a buffer solution in which
both NDs and DNA will be stable. Using the size characterisation methodology we
developed in chapter 4 (see section 4.2) we could confirm whether 5 common buffer
solutions cause the aggregation of NDs or not (see figure 5.3). The results presented
in figure 5.3 revealed that the untreated NDs are actually stable in most of the buffer
solutions used (phosphate buffered saline solution [PBS| and KG7 causing a clear loss of
colloidal stability [i.e. aggregation], see 5.5 on page 86 for details on the buffer compo-
sition). MES (2-[N-morpholino|ethane sulfonic acid) and HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) buffers were selected for our functionalisation protocol
as their pH range is optimal for not only the coupling reaction (MES pH 4 is ideal for
EDC reaction with the carboxylic function of the NDs) but also for the storage of the
Cy3-DNA-ND conjugates. TE buffer could not be used as it contains amine that will

reduce the efficiency of the EDC linker.
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Figure 5.3: Colloidal stability of unfunctionalised FNDs in the most common buffer
solutions. The 10-nm NDs were mixed into the buffers for 1-5 minutes and glycerol was
added to obtain a 80% glycerol final concentration. The hydrodynamic diameter was
estimated from single particle tracking as described in chapter 4 (see section 4.2). KG7
buffer was also tested but caused such large aggregates that they could not be tracked.
The expected size of the NDs is between 10-20 nm based on the size characterisation
provided by the supplier. All the buffer solutions tested show good stability of the
NDs except for PBS and KG7. MES: 2-[N-morpholinolethane sulfonic acid; HEPES 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid; PBS: phosphate buffered saline; TE:
Tris-EDTA; see section 5.5 for full composition of buffer solutions. The diffusing FNDs
were imaged with 532 nm excitation «~1.3 kW /cm? 50 ms exposure for 1-2 min.

Using Stokes’ law (see equation 4.2 on page 64) we attempted to purify the NDs
with 7 rounds of ultracentrifugation (500 000g for 60 min) but could not remove enough
free DNA, as shown in figure 5.4. For this reason, we decided to use another approach
inspired from the works on gold nanoparticle purification: filtration by centrifugation
(Amicon filters) [118]. Amicon tubes contain a porous membrane that can let the DNA
through but not the NDs (see materials and method page 86 for more details). Following

8 rounds of centrifugation (5 minutes at 14 000g) the Cy3-DNA-ND conjugates were
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well purified from the free DNA, as we only detected the presence of 10-40 nm particles
(the expected size of the Cy3-DNA-ND) with no free DNA (see figure 5.4). Because we
tracked the Cy3-DNA-NDs via the Cy3 fluorescence from the DNA, we can be confident
that the DNA is bound to the NDs. We also performed a control experiment to verify
that the DNA is not forming 10-40 nm aggregates that could be misinterpreted as NDs
(data not shown).

By finding the right buffer solution and a more suitable purification technique we
were able to address the main problems of working with DNA instead of a small
organic molecule. Furthermore, the labelling efficiency, which is calculated later in
this chapter (see single molecule experiment page 79), was increased by using the N-
Hydroxysuccinimide (NHS) compound in addition to EDC in the reaction mix. The
next step after making the Cy3-DNA-ND conjugates was to ensure that the NDs or the

coupling chemistry did not affect the biological activity of the DNA.
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Figure 5.4: Hydrodynamic diameter measurements on the Cy3-DNA-ND conjugates
following purification. When purified by ultracentrifugation, the peak of the distribu-
tion is around 5 nm, which corresponds to free DNA (the same hydrodynamic size was
found when performing SPT on the DNA 18 nm strand - data not shown). In the
case of Amicon filtration, the peak is at «~17 nm, the expected hydrodynamic diameter
for the Cy3-DNA-ND conjugates is 10-40 nm. The Cy3-DNA-ND hydrodynamic size
distribution is larger than NDs (see figure 5.3) probably because some of the Cy3-DNA-
ND conjugates are bound to two or more DNA molecules; single-molecule results later
detailed in this chapter will prove this hypothesis to be most likely correct. The differ-
ence between the length of the DNA molecule (18 nm) and the hydrodynamic diameter
found (5 nm) is due to the fact that the Einstein-Stokes equation assumes that the
diffusing molecule/particle is a sphere (see equation 4.1 section 4.1).The diffusing Cy3-
DNA-ND were imaged by exciting the Cy3 fluorophore with 532 nm light 0.1 kW /cm?
50 ms exposure for 1-2 minutes in 80 % glycerol.
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5.3 Biological activity of bio-conjugated nanodiamonds

Ensemble measurement

With a view to establishing the biological activity of the DNA strand linked to the ND,
we designed an experiment based on the publication by Ko et al. [119]. In their report,
the team was able to harness a unique property of the Cy3 fluorophore to study the
kinetics of the first steps of gene transcription (i.e. from DNA to RNA). The beginning
of transcription is also called transcription initiation; such bio-molecular process starts
by the formation of the holoenzyme, which consists of the RNAP core (formed by the
5 subunits) and the o factor. The latter is a small protein able to initiate transcription
at specific DNA regions [115] once assembled with the RNAP core.

Once the holoenzyme is formed (here abbreviated RNAP), it can proceed to the
transcription initiation, a complex process that can be simplified into the 4 steps de-

scribed below.

e Promoter binding: the RNAP binds specifically to a given sequence in DNA called

a promoter sequence (see figure 5.5a).

e Promoter melting: the RNAP separates locally the two DNA strands to carry out
the transcription (see figure 5.5a). The region where the double strand DNA is
open is termed the transcription bubble and is approximately 12 bp long. Since
the DNA is opened, the macromolecular structure formed by the DNA and the
RNAP is called the open complex. The opening of DNA (a.k.a. DNA melting) is
necessary as the incoming nucleotides need to bind to the DNA template strand

for transcription to occur.

e Abortive transcription: the RNAP transcribes a few base pairs but fails to move

away from the promoter.
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e Promoter escape: the RNAP moves away from the promoter, thus closing the

transcription bubble while the enzyme continues to transcribe the gene.

Ko et al. aimed to study the kinetics of promoter escape by measuring the change in
the fluorescence of Cy3. The photoluminescence of Cy3 is greatly affected by the local
environment: fluorescence intensity of a Cy3 molecule linked to a single-strand DNA
is approximately twice that of Cy3 linked to a double-stranded DNA. The exact origin
of this behaviour is still unclear but it has been established that the environmental
sensitivity of Cy3 is ascribed to its cis-trans photoisomerisation. The Cy3 trans isomer
has a larger absorption cross section causing the trans isomer to be brighter than
the cis conformation. Based on this information and a recent report by Rashid et
al., we hypothesise that because of the RNAP binding and formation of the open
complex, Cy3’s local environment undergoes an increase of viscosity preventing the
photoisomerisation of the Cy3 and increasing the fluorescence intensity in a single strand
DNA [120]. In addition to this process, the Cy3 molecule in the single strand is free
from a partial nucleic acid induced quenching in the double stranded DNA giving rise
to an even greater fluorescence enhancement [120].

The experiment by Ko et al. that we aim to replicate with our Cy3-DNA-NDs
conjugates consists of measuring the fluorescence change of an ensemble of Cy3-DNA
molecules as RNAP is added to the solution. The fluorescence increase caused by the
RNAP binding and formation of the transcription bubble (see diagram in figure 5.5a)
is shown in figure 5.5b. We performed the same experiment using our Cy3-DNA-ND
conjugates and also found a fluorescence enhancement when RNAP is added (see figure
5.5¢). The increase of fluorescence is lower than for the Cy3-DNA only: fold change
of 1.2 for Cy3-DNA-ND compared to 2 for Cy3-DNA. A possible cause for a lower
biological activity of the Cy3-DNA-NDs is the fact that a proportion of the Cy3-DNA

molecules have non-specific interactions with NDs preventing the formation of the open
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complex.

Data presented in figure 5.5¢ show clearly that some of the Cy3-DNA-NDs are
active and not free Cy3-DNA as the Cy3-DNA-NDs were purified just 2 hours before
the fluorescence measurements. In order to further rule out that the photoluminescence
enhancement was merely caused by free Cy3-DNA we also preformed single-molecule

measurements on the Cy3-DNA-NDs.
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Figure 5.5: Real-time ensemble measurement of the open complex formation. a, dia-
gram of the fluorescence assay from the publication of Ko et al.. UP: upstream pro-
moter, and -35 and -10 indicates promoter sequences interacting with the RNAP. The
Cy3 probe is indicated by a little sun at position +2 (with +1 being the position of the
first bp transcribed). On the right diagram, the o factor is indicated in dark grey while
the RNAP core is shown in light grey. b, time course of the fluorescence change of Cy3
labelled DNA upon the addition of the RNAP. The fluorescence increases two fold as
the open complex is formed. Heparin is added to confirm the specificity of RNAP-DNA
interaction and once all the nucleotides (i.e. building blocks of RNA: ATP, UTP, CTP,
GTP) are added for the RNAP to end transcription initiation, promoter escape leads
to a fluorescence decrease as the transcription bubble collapses (data from Ko et al.). c,
time course of the fluorescence change of Cy3-DNA-ND conjugates upon the addition
of the RNAP. Following the addition of the RNAP after «~~ 2 minutes the fluorescence
increases in a timescale (<1000s) comparable to the one in figure b. Excitation 540
nm, emission wavelength 563 nm, integration time 1 s.
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Single-molecule characterisation

With the help of single-molecule imaging we could measure the labelling efficiency,
characterise the photophysics and the biological activity of the Cy3-DNA-NDs conju-
gates. To make sure that we are working with Cy3-DNA-FNDs all the data presented
in this section are from Cy3-DNA-NDs from which the Cy3 emission colocalises with
NV fluorescence. The procedure we used to collect Cy3 and NV time traces from single
Cy3-DNA-ND particles is presented in figure 5.6. Using such sequential single-molecule
measurements, we could count the number of FNDs functionalised with Cy3-DNA as
they show typical Cy3 fluorescence. We estimated that the labelling efficiency (using
NHS + EDC) can be as high as 30 % while the negative control (DNA + ND with
no EDC + NHS) showed lower labelling efficiency (approximately two times less than
with EDC + NHS). Our results suggest that Cy3-DNA can adsorb on the NDs in
a non-specific manner and that our labelling efficiency estimates might include some

adsorption instead of covalent bonding.
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Figure 5.6: Single molecule imaging of the Cy3-DNA-ND conjugates. a, Cy3 probe
is excited with relatively low laser power. b, typical time-trace of a Cy3 probe. c,
high laser power is used to photobleach the Cy3 probe and excite the NV centre. d,
NV centre time-trace that colocalise with the Cy3 signal shown in b. NV and Cy3
fluorescence can be easily distinguished as Cy3 does not emit in the red channel. It is
very unlikely that a Cy3-DNA-NDs or free Cy3-DNA happened to be next to a FND
because the density of NV localisations is low (localisations per field of view of 50x80um:
Cy3 <1000 and <100 FNDs). The Cy3-DNA-ND conjugates are immobilised on the
glass surface by electrostatic forces and are imaged in imaging buffer containing oxygen
scavenging system (see materials and method page 86). 532 nm excitation, 100 ms
exposure 25 sec: Cy3: 0.1 kW/em? NV=: 1.6 kW /cm?.

Following the estimation of the labelling efficiency, we then characterised the fluo-
rescence’s intensity distribution of the Cy3-DNA-FNDs. First, we needed to study the
photon count distribution of the NDs after EDC reaction to make sure that we can
interpret confidently the data from the Cy3-DNA-FNDs (for details on the EDC+ND
preparation, see materials and method page 86). Controlling the fluorescence of unfunc-
tionalised NDs is important as there are multiple reports of bright and unstable fluores-

cence originating from NDs surface defects involving graphitic structures [90, 121, 117].
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Our analysis of unfunctionalised NDs revealed green fluorescence brighter than the NV
centre and photobleachable within a few seconds (data not shown) when exciting with
low laser power (0.78 kW /cm?) as displayed in figure 5.7. Fortunately, the photon count
produced by the surface defects is low (=500 photons/100 ms) compared to what was
measured from a single Cy3 molecule («~ 1000 photons/100 ms see 5.6 page 80). There-
fore, we excluded time-traces lower than 900 photons/100 ms to avoid surface defects

interfering with our investigation.

The photon count distribution from Cy3-DNA-FNDs without the RNAP is broad
(1000-6000 photons/100 ms) with a main peak at 1500 photons/100 ms (see figure
(5.7)b). We attributed the principal peak to Cy3-DNA-FNDs attached to a single Cy3-
DNA molecule as a photon count of «~~1000/100 ms is expected from Cy3 DNA and
surface defects from the same Cy3-DNA-FNDs might participate in the photon count
up to 1500 photons/100 ms. The other peaks found in the histogram (-~ 2200, 3000
and 5500) are more difficult to interpret and such analysis is beyond the objective of
the experiment. Nonetheless, the fact that the distribution is broad with other peaks
suggest that some of the Cy3-DNA-FNDs are attached to multiple Cy3-DNA molecules

(up to 5).

When the RNAP is added to the imaging buffer, the distribution becomes even
broader including brighter emitters than without the RNAP (>6000 photons/100ms,
see figure 5.7¢). Moreover, the peak at 1500 photons/100 ms is now almost as high as
the peak at 2200 photons/100 ms, indicating that the proportion of emitters at 1500
photons/100 ms is relatively smaller compared to Cy3-DNA-FNDs without RNAP (see
figure 5.7b). The presence of brighter emitters and the smaller proportion of particles
emitting 1500 photons/100 ms confirm that the Cy3-DNA attached to the FNDs is still
able to bind to the RNAP as shown in the previous section by ensemble measurement

(see page 74). The other finding (from fluorimeter analysis) that our experiment cor-
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roborates is the fact that not all the Cy3-DNA-FNDs are biologically active. Indeed,
after RNAP incubation the peak at 1500 photons/100 ms is still visible, which means
that some of the Cy3-DNA-FNDs did not interact with the RNAP probably because
of non-specific interaction of the Cy3-DNA with the FND’s surface. We also excluded
the possibility of some non-specific photophysical effect of the RNAP by showing that
a decrease of fluorescence occurs when the RNAP dissociates from the Cy3-DNA (data

not shown).
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Figure 5.7: Photon count distribution of unfunctionalised FNDs and Cy3-DNA-FNDs
(with and without RNAP). a, NDs treated with EDC. The photon count distribution
shows that most of the emitters have a photon count of between 150 and 350 pho-
tons/100 ms. b, Cy3-DNA-FNDs without RNAP. The Cy3-DNA-FNDs show much
brighter emitters that we attributed to Cy3. Only the emitters showing a photon
count/100 ms >900 are shown here to exclude fluorescence from the surface defects
shown in a. ¢, Cy3-DNA-FNDs with RNAP (0.35uM following 5-10 minutes incubation
at room temperature). The photon count distribution contains brighter emitter thus
confirming the biological activity of the Cy3-DNA-FNDs. Likewise, only the emitters
showing a photon count/100 ms >900 are shown. The NDs and Cy3-DNA-FNDs con-
jugates are immobilised on the glass surface by electrostatic forces and are imaged in
imaging buffer containing oxygen scavenging system (see materials and method page
86). 532 nm excitation, 100 ms exposure 25 sec. To image Cy3 and surface defect the
irradiance was: 0.1 kW /cm?. In order to image NV~ (only for colocalisation) with Cy3
or the surface defects, an irradiance of 1.6 kW /cm? was used. Most of the photons
are coming through the green channel (data not shown) as expected from the Cy3 (see
figure 5.6 page 80).
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5.4 Discussion

In this chapter we presented our efforts to attach the FNDs to a Cy3-DNA molecule.
Thanks to an optimisation of the labelling protocol, we could form 17-nm Cy3-DNA-
FNDs conjugates from 10-13 nm FNDs with sufficient efficiency for us to perform single-
molecule experiments and demonstrate their biological activity. It is the smallest bio-
functionalised FNDs ever produced, as previous reports used larger FNDs: Bumb et
al.: 30 nm, Liu et al.: 40 nm, Teeling-Smith et al.: 100 nm [40, 39, 78|. In order to
successfully implement FNDs in single-molecule imaging, it is paramount to be able to
work with the smallest FNDs available (i.e. 10-nm NDs, since the 5-nm NDs show very
little fluorescence see section 3.2 on page 33 in chapter 3) as most of the biomolecules
that biologists would like to study are relatively small (2-30 nm).

In addition to providing a protocol to functionalise sub-20 nm FNDs, we also pro-
vided a valuable information for ND researchers: a comparable study of the stability of
small FNDs in the most common buffers used in biochemistry. Surprisingly only PBS
and KGT7 buffer led to the aggregation while the other buffers (HEPES, TE and MES)
did not affect the colloidal stability of the FNDs. Raw NDs are often described as un-
stable for biological applications but our findings suggest that in certain buffer solution,
raw NDs can be simply used without any further modification of their surface chemistry.
Such information will be useful for researchers working not only on bioimaging but also
on drug delivery as NDs have been shown to be suitable carriers for intracellular delivery
of drugs [65]. The explanation for KG7 and PBS causing aggregation is not clear but we
noticed that both of these buffers contain divalent ions (mM concentration is of HPO4*
and Mg?") unlike TE, HEPES and MES. Further assays are required to elucidate how
NDs aggregate in KG7 and PBS, but a likely cause is the interaction of a divalent ion
with negative carboxylic functions (COO") from two different NDs thus producing a

non-covalent crosslinking between the NDs and eventually their aggregation.

84



Having stable suspension of sub-20-nm Cy3-DNA-FNDs is not the only requirement
for the biofunctionalisation to be successful, we also had to test its biological activity.
Indeed, for the Cy3-DNA-FNDs to be used in transcriptional studies, the Cy3-DNA
molecules have to be able to bind to the RNAP. Inspired by previous works on tran-
scription initiation [119, 122], we used the environment sensitive fluorescence of Cy3 to
show at macroscopic and microscopic level that the RNAP is able to interact specifi-
cally with the Cy3-DNA-FNDs to perform the first steps of transcription initiation (i.e.
binding and melting of the promoter). We also note that only Liu et al. actually showed
that their biofunctionalised FNDs were biologically active while the two other articles

reporting single-molecule experiments did not test the functionality of the biomolecule

attached to the FNDs [40, 78, 39].

Our control sample where Cy3-DNA was mixed with just NDs revealed that Cy3-
DNA adsorbs to the NDs. This was expected as the ability of NDs to non-specifically
interact with nucleic acid has already been reported [123]. Nonetheless, labelling effi-
ciency was two times higher (up to 30%) when EDC/NHS was used, which suggests
that the covalent binding has occurred. Furthermore, the fact that the RNAP can
bind to the Cy3-DNA-FNDs and melt the promoter also supports the assumption that
the Cy3-DNA is covalently bound to the FND. It is also consistent with our observa-
tion that not all Cy3-DNA-FNDs are biologically active as this inactive population of
Cy3-DNA-FNDs could be the one formed by merely adsorption. Although we cannot
exclude the scenario of adsorbed DNA reacting with the RNAP, it is a less likely sce-
nario as the adsorbed Cy3-DNA strand will be less accessible to the RNAP because the
Cy3-DNA will bind to the DNA in many different orientations and positions. Still, it is
difficult to estimate how much of the Cy3-DNA-FNDs are formed by covalent reaction
vs adsorption; single-particle tracking experiments with different concentration of salts

could force the adsorbed Cy3-DNA molecules to dissociate and permit us to measure
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the fraction of Cy3-DNA strand bound to NDs.

5.5 Materials and methods

DNA construct

The double stranded Cy3-DNA was prepared from two single strands synthesised by
IBA having the following sequence: non-template strand 5-(C6-NHy)GAA ATT GTT
ATC CGC TCT CAC AAT TCC ACA CAT TAT ACG AGC CGA AGC ATA AAG
TGT CAA GCC T-3’, template strand including a promoter sequence 5-AGG CTT
GAC ACT TTA TGC TTC GGC TCG TAT AAT GTG TGG AXT TGT GAG AGC
GGA TAA CAA TTT C-3” with X being a thymine base labelled with Cy3. Both
oligonucleotides were annealed at and diluted at 2.6 uM in sodium borate buffer 50

mM pH 9.5 just before using the DNA to functionalise the NDs.

Bio-functionalisation of NDs

For the tracking experiment to explore the stability of NDs in buffers we used the
following recipes: PBS pH 7: 137 mM NaCl, 2.7 mM KCI, 8 mM Na,HPO,, and 2
mM KH,POy4; TE pH 7.5 10 mM tris(hydroxymethyl)aminomethane (tris) and 1 mM
ethylenediaminetetraacetic acid (EDTA). For KG7 composition see the protocol for
single-molecule imaging below.

The 10-nm NDs (concentration estimated to 117 nM) were diluted into MES buffer
(0.1 M MES (2-|N-morpholino|ethane sulfonic acid, pH 4.5) and mixed with EDC.
Sulfo NHS was also added to improve the labelling efficiency as it is known to form
a semi-stable sulfo NHS ester with the EDC-activated carboxylic functions, which can
react more efficiently with the amine function of the Cy3-DNA molecules. After 15

minutes incubation under stirring (650 rpm at room temperature), pH was adjusted to
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9.5 by exchanging MES buffer with sodium borate buffer (50 mM) using Amicon filters
(100KDa). Cy3-DNA was added and left overnight under stirring (650 rpm) in the dark
at room temperature. In the case of the control sample with no EDC and no NHS, the
DNA was directly added to the ND suspension while the ND + EDC (No DNA) control
was made using NDs and EDC only. The negative controls were also left overnight in
the dark under stirring (650 rpm) at room temperature. The concentrations for all
the reagents were adjusted to respect the following number of molecules for 1 ND: 100
Cy3DNA, 10° EDC and 2.5 x 10¢ NHS. The sample was then purified using 7 rounds
of washing in 100KDa Amicon filters and then stored at -20°C in HEPES pH 7.

Fluorimeter measurements

A fluorimeter from PTT was used to perform ensemble measurements. Light excita-
tion was performed at 540 nm and the fluorescence emission was collected at 563 nm
(emission slit 6 nm, detector slit 6 nm, gain 800-1000). One data point per second.
The presence of Cy3 emission spectrum was verified before carrying out the promoter
melting experiment (data not shown). A 50 uL reusable cuvette was used to carry out
the promoter melting experiment. The concentration of the RNAP was approximately
14 times higher than the Cy3-DNA-FNDs and the experiment was done in HEPES
buffer.

Single-molecule imaging

Tracking and immobilised single-molecule experiments were also performed on a Nanoim-
ager S (see materials and methods chapter 3 page 49). Single-particle tracking was per-
formed as described in chapter 4 (see material and methods page 64) but the tracking
software used in this chapter was provided by Ozford Nanoimaging and the laser power

used was lower to prevent Cy3 photobleaching (532 nm excitation at 7-1.4 kW /cm?).
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The Cy3-DNA-FNDs were immobilised on a glass surface using either spin coating or
drop casting; silicon gaskets were used to form wells and 30 yL imaging buffer was
added to the wells (imaging buffer: KG7 buffer containing 2 mM Trolox, 12.5 uM glu-
cose oxidase, 16 nM catalase, and 8 mM D-glucose; KG7 buffer: 40 mM HEPES-NaOH,
100 mM potassium glutamate, 10 mM MgCI2, 1 mM dithiothreitol, and 5% glycerol).
Glucose oxidase and catalase was always added just prior to recording and the RNAP
promoter melting experiment recordings were done in a different well between each con-
dition (with or without the RNAP). 7 uL of RNAP holoenzyme from NEBiolabs was
added to the well in order to have excess of RNAP and the well was left to incubate

for 5-10 minutes at room temperature before recording.
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Chapter 6

Nanodiamonds for multimodal

imaging

6.1 Introduction

How close are we from being able to detect the magnetic fluctuations produced by
a single biomolecule in its native form? Since the works of Balasubramanian et al.
and Maze et al. NV centres in diamond have been used as a nanosensor for varied
applications including bio-sensing (e.g., temperature measurement inside living cells,
for more details see section 2.5 on page 28) |25, 26, 58|; however, researchers working
on NV quantum sensing have been pursuing an important goal: the label-free detection
of a single biomolecule in its native form. The possibility to measure the magnetic
fluctuations produced by a single biomolecule could make significant contributions to
the field of single-molecule experiments as it would be a label-free technique that will
not be limited by photobleaching. Such a single-molecule approach could be used to
study not only bio-molecular interactions but also conformational changes in proteins

or DNA. Much progress has been done towards achieving single-molecule detection
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with NV centres, but a couple of challenges remain to be addressed when performing
optically-detected magnetic resonance (ODMR) in a biological context.

ODMR based sensing approaches rely on the difference in the absorption and emis-
sion properties of the NV centre spin sub-levels: my= 0 and m,==+1 (see chapter 2
figure 2.2 on page 23). More precisely, ms= 0 is 10-30% brighter than m,==+1; as
a result, when a 2.87 GHz microwave excitation drives a transition from m,= 0 to
m;—==+1, a drop of fluorescence can be observed (see figure 6.1b first ODMR spectra
from the bottom). The decrease of fluorescence at resonant frequency is used to mea-
sure the difference between the energy levels m;= 0 and my==£1, but in presence of an
external static magnetic field the degenerate m,==+1 level splits into two levels my=+1
and my=—1 (see splitting from the second ODMR spectra in figure 6.1b). The energy
difference between the two levels m;=+1 and my=—1 is proportional to the external
magnetic field due to the Zeeman interaction. Therefore, it is possible to measure the
projection of the external magnetic field on the symmetry axis of the defect using the

following equation:

hA,

B =
291p

(6.1)

Where h is the Planck constant and A, is the difference between the m, — 0 and
ms = =£1 sub-level resonant frequencies (not to confound with A, in 6.1b) [24]. More
sophisticated techniques are available such as pulsed ODMR to improve the sensitivity
of the magnetometry measurement down to 500 nT Hz'/? for an AC magnetic field
[26, 24]. Further, pulsed measurements allow to probe electron-electron coupling, thus
it is possible to investigate the interaction between a NV centre and a spin label. Using
such approach, the detection of a single spin-labelled biomolecule using NV centre has
been achieved recently [124].

Shi et al. reported in 2018 the successful detection of the magnetic field produced
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by a single spin-labelled DNA molecule in a buffer solution [125]. To do so, they immo-
bilised a spin-labelled DNA molecule within a 10 nm distance of an NV centre located
inside a diamond nanopillar. The nanopillars are nanoscale structures (about 400 nm
in height) etched from bulk diamond in order to improve light collection efficiency from
the NV centre located at the top of the pillar. The ability to detect electron spin res-
onance from a spin-labelled DNA molecule in aqueous buffer solutions and at ambient
temperature is a great step toward performing magnetic resonance on unlabelled single-
molecules; nonetheless, there are some limitations to the aforementioned publication.
Firstly, the use of spin label hinders the potential of the technique as it will require
covalent modification of the molecule of interest every time a new biomolecule is stud-
ied. Further, specific chemical modification of proteins is relatively more challenging to
carry out as it may impair its functionality. Secondly, despite the fact that NV centres
in bulk diamond are the best option when performing electron spin resonance because
of their enhanced photophysical properties (e.g., charge stability), such material is not
very compatible with in vivo investigations. FNDs are better suited for in vivo quan-
tum sensing and they have already been successfully used for quantum measurement
inside living cells [83, 82, 58]. However, none of these FNDs in vivo sensing investiga-
tions account for the study of biomolecules, but instead, they focus on temperature or

orientation measurement.

If the long-term goal is to study individual biomolecular interactions in vivo with
ODMR, we first need to be able to track biomolecules using FNDs fluorescence. As
mentioned in the introduction (see section 2.4 on page 26), intracellular single-molecule
tracking using NDs has only been reported in eucaryote cells [39]. Such cells are large
enough (e.g., 30 um) for large NDs (up to 100 nm) to be used and have enough intra-
cellular volume to diffuse in. Yet, bacteria like Escherichia coli (E. coli) is a better

biological model when one wants to investigate fundamental gene expression mecha-

91



nisms as it is an easier organism to work with. As our Cy3-DNA-NDs were designed to
study gene transcription (see introduction chapter 5 on page 66 ) we decided to perform

in vivo single-molecule experiments with our ND conjugates in E. coli.

ND bioimaging in bacteria is more challenging because their small cells (1-3 ym long)
limit the size and brightness of NDs that can be used. For instance, a 100 nm NDs
would be difficult to internalise and will struggle to diffuse inside the cytoplasm. So far,
there have been only two publications on ND imaging with bacteria; the first one was
in published in 2007 in which E. coli cells were introduced to ND-lysozyme complexes
to determine their antibacterial properties [70]. The aim of the experiment was to see if
NDs could improve the delivery of lysozyme to E. coli; furthermore, the authors imaged
the NDs in contact with cells by detecting a characteristic signal in the light scattered
by the diamond (i.e. Raman signal). Chao et al. did not observe any internalisation
of the NDs, but in 2014, Wehling et al., who were also interested in the antibacterial
properties of NDs, managed to show intracellular aggregates of detonation NDs inside
E. coli cells [74]. By simply incubating bacteria with detonation NDs for 15 minutes,
they were able to incorporate ND aggregates inside the cells as shown by transmission
electronic microscopy (TEM). On one hand, the advantage of TEM is to not rely on
the presence of the fluorescent NV centres but on the other hand it is not possible to
perform any live cell imaging as measurements are done on ultrathin sections of the
sample. Fluorescence microscopy has the advantage to be compatible with live-cell
work and that is why the report by Hemelaar et al in 2017 is the most relevant study to
our research project so far. Using a very short electrical pulse (0.9 kV), they were able
to permeabilise the cell membranes for a short instant in order to incorporate 70-nm
FNDs inside yeast cells (Saccharomyces cerevisiae) |71]. The use of electrical shocks
to permeabilise cells is called electroporation. It has been used to deliver different

materials into cells, but not with FNDs until then [126, 127]. The presence of FNDs in
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the yeast’s cytoplasm was confirmed by fluorescence microscopy using the NV centre’s
characteristic emission but no single-particle tracking was performed.

In this chapter we first present relevant results towards achieving ODMR on a
bio-functionalised FND with a view to detecting the magnetic field of a biomolecule
in its native form. We demonstrate that the functionalisation of FNDs destabilises
the charge state of the NV centre thus making ODMR on Cy3-DNA-FNDs impossible.
Secondly, we present the first observations of intracellular single-molecule tracking inside
E. coli cells using electroporated Cy3-DNA-FNDs. The electroporation protocol and
data analysis methodology presented here pave the way for long term single-molecule
tracking in bacteria to study real-time gene transcription during an entire cell cycle and

possibly for hours.
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Figure 6.1: (a) Energy level scheme. Optical transitions are shown with solid arrows
while the dashed arrows indicate spin selective intersystem crossing (ISC) involving the
singlet states 'A; and 'E (for more details see chapter 2 figure 2.2 on page 23). (b)
Reproduction of the figure in the publication by Rodin et al. 2014. ODMR spectra
recorded for different magnetic field magnitudes applied to a single NV defect in dia-
mond. The spectra are made by recording the fluorescence intensity while changing the
frequency of the microwave excitation [24].

6.2 ODMR on bio-conjugated nanodiamonds

Shazeea Ishmael from Jason Smith’s laboratory (Oxford Materials department) per-
formed the ODMR measurements on the 10-nm FNDs in air and on the bio-functionalised
FNDs in imaging buffer. The ODMR spectra shown on figure 6.2 presents a zero-field
splitting (ZFS) signal at 2.82 GHz for the raw NDs in air. Following our discussion with
Jason Smith, we do not know why the peak is found at 2.82 GHz instead of 2.87 GHz
but we know this signal corresponds to the ZFS as we observed a splitting of the peak
when an external magnetic field is introduced (data not shown). When performing the

ODMR on the functionalised NDs (Cy3-DNA-ND) no decrease of the fluorescence was
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observed even with a higher number of sweeps accumulated (see figure 6.2 middle spec-
trum). Nevertheless, the sum of the sweep 40-50 (from the 191 sweeps in the middle
spectrum) shows a slight drop of fluorescence at 2.88 GHz, which suggests that charge

fluctuation might be responsible for the poor contrast in the measurement.
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Figure 6.2: ODMR spectra on raw and functionalised single 10-nm FNDs. The spec-
trum on 10-nm NDs particle in air presents a drop of fluorescence at 2.82 GHz with
good contrast («~15% decrease in fluorescence). No decrease of fluorescence is detected
for the functionalised FNDs (Cy3-DNA-FND). A slight drop of photoluminescence can
be observed at 2.88 GHz when taking only the average of the sweep 40 to 50 from the
191 sweeps in the middle spectrum. Fl.: Fluorescence.
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6.3 The effect of bio-conjugation on the NV centre

In the previous section, we were able to record a ZFS signal in the raw FNDs but
not from the biofunctionalised sample; consequently, we decided to investigate whether
the functionalisation protocol may cause charge instability. The charge state of the
NV centre in the Cy3-DNA-FNDs was measured in imaging buffer using the method
presented in chapter 3 (see section 3.2 on page 33). The R/G ratio distribution from
the raw 10-nm FNDs (top histogram) in imaging buffer has a peak around 0.55, which
is 0.15 lower than the value reported in figure 3.3 on page 37 (peak at 0.7). We also
observed a lower R/G ratio for the 10-nm NDs in water (-0.17) compared to the data
presented in chapter 3. This difference of 0.15-0.17 is due to the change of microscope
between this chapter and chapter 3. The microscope used for the analysis presented
here has probably different filters and/or sCMOS, which results in lower R/G ratio
values although the same FNDs are imaged. Considering this 0.15 offset caused by a
change of microscope, the R/G distribution of raw FNDs in imaging buffer is similar to
the one described in chapter 3: unstable with sub-100 ms fluctuation between NV~ and
NVY. Interestingly, the R/G ratio distribution of Cy3-DNA-FNDs (bottom histogram)
is shifted to lower values («~0.4) indicating that NV is the main charge state of the
NV centre in bio-conjugated FNDs. We further analysed whether DNA or only EDC is
destabilising the NV centre and found that charge instability can be produced by EDC

only (see measurements in air, figure 6.4 on page 98).
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Figure 6.3: R/G ratio distribution of the NV centre in raw 10-nm FNDs and following
bio-functionalisation (ND-EDC-NHS-DNA). 532 nm excitation, 100 ms exposure 25 sec,
irradiance of 1.3 kW /cm?. For the ND-EDC-NHS-DNA (i.e. Cy3-DNA-FND) sample,
the combination of non-specific binding of Cy3-DNA-FNDs with the dissociation of
Cy3-DNA-FNDs from the surface caused short increase of R/G ratio from 0.8 up to
above 1, a negligible artifact. For more details on the method, see figure 3.3 on page 37.
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Figure 6.4: R/G ratio distribution of the NV centre in raw 10-nm FNDs and following
bio-functionalisation (ND-EDC-DNA, i.e. Cy3-DNA-FND) or EDC treatment only (in
air). 532 nm excitation, 100 ms exposure 25 sec, irradiance of 1.6 kW /cm?. The small
subpopulation at 0.2 for the ND-EDC-DNA sample is due to aggregated ND-EDC-DNA
formed during the drying on the glass surface. The large amount of Cy3-DNA molecules
in these aggregates did not bleach, even with higher laser irradiance. For more details
on the method, see figure 3.3 on page 37.

98



6.4 Live-cell tracking of bio-conjugated nanodiamonds

With a view to using Cy3-DNA-FNDs for live-cell transcriptional studies, we electro-
porated Cy3-DNA-NDs into E. coli. The Cy3-DNA-NDs electroporation was done by
adapting a protocol previously used to internalise DNA into E. coli [126]|. Figure 6.5
shows an example of the fluorescence images obtained for cells electroporated with Cy3-
DNA-NDs or with TE buffer only (negative control). The negative control shows that
E. coli cells have some autofluorescence that appears mostly on the green channel (see
bottom right image 6.5) with varying intensity: from low (see cell number 5) to high
(see cell number 6). Cells electroporated with Cy3-DNA-NDs also have cell autofluo-
rescence (see cell 3) but most cells contain green bright spots (see cells in position 2
and 4) with different levels of density and intensity; for instance, cell 4 contains only 2
spots while cells in position 2 have 3-4 spots per cell. Finally, some bacteria will not
contain any spots and show low autofluorescence like cell 1. Since we did not observe
the same bright spots in the negative control, we concluded that this signal is coming

from the Cy3-DNA.
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Cy3-DNA-ND

Negative control

Figure 6.5: E. coli cells electroporated with Cy3-DNA-FNDs or TE buffer (negative
control). The two pictures on the left are bright field recording showing the cell shape
while pictures on the right are the first frames of a fluorescence recording from the
green channel. Fluorescence movies were captured with 50 ms exposure for 30-60 sec
and low 532 nm excitation (0.1 kW/cm?) in order to image Cy3 fluorescence. Both
Cy3-DNA-FNDs and the negative control images are shown with the same pixel value
scaling (i.e. contrast and luminosity). Scale bar 8 pm.
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When looking at the movies we could also notice that the Cy3-DNAs are diffusing
inside the cell (see tracks in figure 6.6), thus concluding that the internalisation of
Cy3-DNA or Cy3-DNA-NDs was successful. As discussed in the previous chapter (see
discussion chapter 5 on page 85) Cy3-DNA also adsorbs to the NDs, which may cause
the release of Cy3-DNA into the solution even after thorough purification because of
changes in temperature, salts or Cy3-DNA-ND concentration. Therefore, we cannot
exclude the fact that the Cy3 fluorescence captured inside the cells are from free Cy3-

DNA.

101



(b) Example 2

Figure 6.6: Example of intracellular tracks following the electroporation of Cy3-DNA-
ND in E. coli. The tracks were found using a tracking software provided with the
microscope. The bright field image is shown in one of the insets and the yellow dotted
line is an approximation of the cell wall. The picture with the dark background is one
frame of the fluorescence image showing one or two intracellular Cy3 spots. The tracks
are shown in green in the larger inset. In example 2, the diffusing emitter is moving
inside the cell but stops and stays relatively stationary at the place marked by a yellow
arrow. Fluorescence movies were captured with 50 ms exposure for 30-60 sec and low
532 nm excitation (0.1 kW /cm?) in order to image Cy3 fluorescence. Scale bar 1 um.
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In order to establish that the Cy3-DNA-NDs were internalised, we need to record
NV fluorescence from inside the cell. Following low power excitation to track Cy3
fluorescence, cells were submitted to higher irradiance to not only photobleach Cy3
molecules and cell autofluorescence but also to image NV fluorescence. If Cy3-DNA-
FNDs were successfully electroporated, we would expect that some cells might show
low but photostable NV centre fluorescence in both green and red channel with a «~0.4
R/G ratio as measured in figure 6.3 on page 97. Two cells out of the 43 cells imaged
(two fields of view) appear to have NV fluorescence (see example in figure 6.7). As
expected, the fluorescence appears in both channels with an average pixel intensity
(both channels) of 17 a.u. and an average R/G ratio of 0.42 (N=4 data points from
2 different cells). The fluorescence signal was not continuous during the recording
but appeared stochastically (dark duration up to 30 sec) inside the cell in a similar
localisation (up to 300 nm away from the previous spot). In one of the cells shown
in figure 6.7 (example 2), the NV fluorescence occurs at the same region of the cell
where Cy3 fluorescence is recorded as this cell incorporated 3-4 fluorescent particles,
thus suggesting that one of the Cy3-DNA-NDs internalised had an NV centre that we
could observe once the Cy3 has photobleached. The cell shown in figure 6.7 (example 1)
did not show prior Cy3 fluorescence possibly because the FND was not functionalised
(reaction efficiency up to 30% of the NDs) or due to the photobleaching of the Cy3
molecule within the first few seconds of imaging usually required to change field of view
and refocus before recording.

To further confirm that this signal is different from cell autofluorescence we com-
pared the pixel intensity and R/G ratio with the ones from the rare fluorescent spots
appearing in both channels in the negative control. With an average pixel intensity

(both channels) of 6 a.u. and a R/G ratio of 0.7 (N=2 data points), we deduced
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that cell autofluorescence detected in both channels are due to dimer red fluorescent
molecules that have photophysical properties distinct from the NV centre; moreover, the
spots found in the negative control only appeared once in the cell suggesting that these
emitters photobleached. It is also worth noting that neither Cy3 nor NV fluorescence
was found in the control sample where we attempted to internalise Cy3-DNA-NDs or

raw NDs using either electroporation or a 15-min incubation of bacteria with NDs as

described by Wehling et al. ([74] data not shown).
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(b) Example 2

Figure 6.7: Example of intracellular NV fluorescence following electroporation of Cy3-
DNA-NDs. BF: bright field; SF: sum of all the fluorescence frames (green channel,
low power excitation to image Cy3); GCI: green channel first selected frame; RCI:
red channel first selected frame; GC2: green channel second selected frame (up to
30 sec after the first frame selected); RC2: red channel second selected frame; The
yellow dotted line is an approximation of the cell wall based on the bright field image.
For the spots shown: average pixel intensity 17 a.u. (both channels); average R/G
ratio of 0.42. All the pixel intensity values and R/G ratios are background corrected.
Fluorescence movies were captured with 50 ms exposure for 30-60 sec, 532 nm excitation
(0.1 kW /em?to image Cy3 and for the selected frames 1.3 kW /cm?to image NV centre).

Scale bar 1 ym.
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6.5 Discussion

Being able to perform ODMR on a single biomolecule would be a great advancement for
not only biology but also chemistry and physical chemistry as it would allow to study
in real-time and for an indefinite amount of time conformation changes and molecular
interactions without using any labels. To achieve such a challenging task, the use of
NDs is preferable as they are optimal for in vivo measurement. Nonetheless, we found
that the labelling protocol we developed is causing considerable charge instability on
the 10-nm FNDs, thus preventing to perform ODMR measurements. Our findings are
relevant for the diamond community as we were able to show that EDC is a compound
responsible for the loss of the NV~ charge state; with EDC being used in many of the
bioimaging/bio-sensing work previously reported (in bulk diamond and NDs) [39, 125,
128, 129].

The mechanism by which EDC is causing the loss of charge in the NV centre is
still unclear, but we speculate that the positive charge of this molecule can interact
with the negative charges of the NDs surface (e.g., carboxylic acids). A likely scenario
since EDC is very much in excess in the reaction mixture (10° EDC molecules for 1
ND, see materials and method in chapter 5 on page 86). Despite the fact that more
experiments and possibly modelling is required to elucidate the mechanism of charge
destabilisation, we showed that our method to study charge stability can be not only
useful in the context of bioimaging and pH sensing (see chapter 3), but also for the
characterisation of NDs for quantum sensing.

Our precise understanding of the photophysical properties of the NV centre in NDs

also allowed us to confirm intracellular NV fluorescence in the complex context of in
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vivo single-molecule microscopy. Following the electroporation of Cy3-DNA-FNDs, we
were able to track Cy3 signal inside different E. coli cells and in some cases detect
the characteristic NV fluorescence. This result suggests that we achieved the first
internalisation and single-particle tracking of FNDs inside bacteria, although more cells
and data points need to be collected. The NV fluorescence was found in 2 cells out of
47 cells (5%), a low number of observation due to the fact that not all the NDs contain
an NV centre (1-0.03%, see section 3.2 on page 33 for more details). Additionally, since
this is the first time that such small NDs are tracked inside such small cells we had
to perform movie analysis manually as no software was able to detect NV fluorescence
accurately. The limitation we had to analyse the recordings reduced our throughput,
but it should be easy to collect more observations. Now that we have established how
the NV centre behaves inside the cell (low and intermittent fluorescence), we can just
image more cells and adjust the parameters of our localisation/tracking algorithm to

observe more events.

The intermittence of the NV centre inside the cell is most likely due to a change
in the diffusion coefficient inside the cell. We could exclude photoblinking because the
10-nm FNDs do not show blinking, as demonstrated in chapter 3 (see section 3.2 on
page 33 for more details). Furthermore, we performed a control experiment to measure
the NV fluorescence from 10-nm NDs immersed inside bacterial cell lysate and did not
observe blinking (data not shown). In one of the cells, the NV signal is up to 300 nm
away from the previous spot, which also corroborates our hypothesis that the FNDs
are diffusing too fast to be imaged but can be only observed when the FNDs become
stationary for an instant. An example of such behaviour was observed when tracking
Cy3 signal inside the cell (see example 2 in figure 6.6 on page 102). The interruption of
the FND diffusion might be due to unspecific interaction with the large DNA bacterial

chromosome as it is the largest molecule inside the bacteria. Nonetheless, a specific
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interaction cannot be excluded since the FND always reappears in a similar region
of the cell. It is possible that the FNDs encountered a slow diffusing RNAP cluster
(previously described by our lab [13]) where the short gene, present in the Cy3-DNA
attached to the FND, is transcribed multiple times by the clustered RNAPs. With more
data points, this hypothesis could be confirmed by looking at the tracks formed by the

Cy3 fluorescence and investigate the changes in intensity and diffusion coefficient.

The latter conjecture illustrates the fact that even if the fast FNDs could not be
tracked with NV fluorescence, there is still many interesting investigations that can
be made by just studying the NV signal from stationary FNDs interacting with large

bio-molecular clusters or the bacterial chromosome.

Lastly, the fact that we could not internalise raw NDs by electroporation or incuba-
tion reveals important limitations of two previous publications of ND imaging in yeast
and bacteria. First, internalisation of raw NDs with electroporation is not possible or
very inefficient, even if this has been achieved in S. cerevisiae [71]. E. coli and S. cere-
visiae are two very different microorganisms; unlike E. coli, S. cerevisiae is a eukaryote
organism that has a different membrane structure and composition. It is more likely
that NDs can more easily cross the membrane of S. cerevisiae as it is able to perform en-
docytosis, a process whereby the membrane invaginates to internalise external material.
Second, internalisation of raw HPHT NDs inside bacteria by incubation is inefficient
or impossible as we could not reproduce the works by Wehling et al.. The authors
were able to internalise detonation NDs in E. coli by incubating the detonation NDs
with bacteria for 15 minutes [74]. The possible explanation of this result discrepancy
between us and Wehling et al. is the type of ND used: detonation NDs and HPHT
NDs (i.e. the 10-nm NDs) have different surface chemistry. Indeed, detonation NDs
usually have more sp? carbon on their surface, which might lead to different types of

electrostatic interactions between the NDs and the cell membrane [100, 116]. Moreover,
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the successful electroporation of functionalised NDs suggests that DNA or EDC have a
positive impact on the internalisation efficiency. We hypothesise that DNA is respon-
sible for the increased efficiency as previous reports showed efficient electroporation of

DNA inside E. coli cells [130, 126].

6.6 Material and methods

ODMR

The Cy3-DNA-ND were prepared as described in chapter 5 (see materials and meth-
ods 5.5 on page 86) and spin coated on a borosilicate microscope slide (10-20 uL with a
concentration estimated to 100 nM). Silicone gaskets were used to form wells and after
the addition of the imaging buffer (see composition in the section 5.5 on page 86) the
well was sealed with another slide on the top. A wire passing on the slide were the NDs
are immobilised was soldered to the chip to deliver the microwave. Shazeea Ishmael
used a custom-built confocal set-up to perform ODMR measurement as Jason Smith’s

lab previously described [131].

Electroporation

ElectroMAX DH50-E Competent Cells (Invitrogen) were used for electroporation. For
the electroporation 20uL of electrocompetent cells were mixed with one of the following
reagents: 9.4 picomoles of Cy3-DNA-ND, 117 picomoles of 10-nm NDs (adamas nano),
1 picomoles of 10-nm NDs, 10 uL of TE buffer (volume max 30 uL, see composition
in the section 3.6 on page 49) and incubated 1-3 minutes on ice. The mixture of
electrocompetent was placed into an electroporator (MicroPulser, Bio-Rad) and an

electric field of 1.4 kV was applied for electroporation with a measured time constant
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between 3 and 10 ms. A non-electroporated control was also prepared for the Cy3-DNA-
NDs and 10-nm ND sample where the cells incubated at 37°C for 15 min. 500uL of
super optimal broth with catabolite repression (SOC, Invitrogen) medium was added
immediately after electroporation. Cells were recovered for 20-30 minutes at 37°C
under stirring. After recovery, cells were washed with PBS buffer using 3 rounds of
centrifugation at 3300g for 1min at 4°C. Cells were then resuspended in 80-150 yL of
PBS and placed on 1% agarose pads containing M9 medium. 5uL of cells were pipetted

onto the pad and imaged subsequently.

Imaging and data analysis

Imaging was done using a more recent NanoimagerS than in chapter 3 (from ONI, see
section 3.6 on page 49 for more details) and the tracking of intracellular emitters was
done using the build-in software. The tracking parameters were 1-2 maximum gap
between each frame, 1 ym as a maximum distance between frames, 1.5 um exclusion
radius, and a minimum of 4 steps for each tracks. Pixel intensity and R/G ratio
measurement were done manually on the raw movies using an image processing software
(Fiji) and analysing a 9x9 pixel area centred on the fluorescent spot. The background
value was taken on the same location as the fluorescent spot, but 1-3 frames before the

appearance of the spot in order to take autofluorescence into account.
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Chapter 7

Conclusion

The work detailed in this thesis should help the bioimaging community to implement
FNDs. Our first contribution was to develop a characterisation method to analyse the
heterogeneity of the ND’s photophysical behaviour, a methodology that we extended to
diffusing NDs. Such sensitive and quick characterisation method will not only benefit
the bioimaging community but also anyone working on application of FNDs as photon

sources or as versatile quantum sensors (e.g., magnetometer, thermometer etc.).

Using our high-throughput characterisation capabilities, we learned more about
what is causing NV centre’s charge state transitions in NDs and their dynamics, a
knowledge that has been mainly extrapolated from in bulk studies until now. More pre-
cisely, we discovered that the charge state of the NV centre inside 10-nm FNDs responds
to pH variations, thus rendering FNDs even more promising bioimaging probes since
they could be used as pH nanosensors for microfluidics or intracellular pH mapping. We
also investigated the lifetimes of the NV centre’s charge states in NDs, an important
and yet unexplored property of this crystal defect. For instance, stochastic charge state
transitions inside FNDs have been recently used to perform super-resolution microscopy

in vivo [132]. Finally, we uncovered the detrimental effect of EDC-mediated function-
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alisation on the charge stability, thus rendering quantum sensing more problematic to
implement on small bio-functionalised FNDs (10-nm). Such a finding will be useful
regarding any implementations of diamond (bulk or nanoparticle) for single-molecule
quantum metrology, a new application of the NV centre having the potential to greatly

impact biochemistry.

Our work on diffusing NDs should allow material scientists to analyse simultaneously
the size and the photophysics of FNDs. Furthermore, we detailed a method to estimate
the proportion of FNDs in a ND sample that is simpler than the combination of AFM

and confocal microscope usually used.

We took advantage of the simultaneous measurement of size and fluorescence proper-
ties (i.e. intensity and R/G ratio) to take an innovative approach to the bio-functionalisation
of NDs. By measuring the FND’s colloidal stability, we were able to find appropriate
buffers for the coupling reaction and simplify our protocol to make the smallest function-
alised FNDs ever manufactured as demonstrated by single-particle tracking using their
Cy3-fluorescence. The FND-DNA conjugates maintained biological activity as shown
by our ensemble and single-molecule data; we hereby performed in vivo single-particle

tracking experiments in bacteria (E. coli).

In the last chapter we presented the first single-particle observations of FNDs in-
side bacteria for long term single-molecule experiments. Indeed, in vivo single-molecule
studies have been typically limited to a few seconds because of photobleaching; FNDs
now offer the possibility to study single molecules in live bacteria for at least several
minutes (and potentially much longer) provided that phototoxicity is carefully man-
aged. We also showed that FND electroporation is most likely enhanced by DNA, a
molecule known to be easily internalised by electric shocks. Such a unique way of inter-
nalisation can be used to internalise not only different DNA sequences but also proteins

for a wide range of single-molecule experiments. Furthermore, the DNA mediated in-
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ternalisation of NDs can also be used as a delivery system for bacterial transformation

or the intracellular release of antibiotics.

Nonetheless, two questions should be addressed so that long-term FND in vivo
single-molecule imaging can be carried out without much disturbance of the cell’s biol-
ogy. First, a better control of the ND’s surface would permit us to stabilise the negative
charge state for ODMR measurements; additionally, it would allow us to limit non-
specific ND-DNA interactions, thus simplifying the interpretation of single-molecule
data. A possible solution is to passivate the surface with more negatively charged
groups (e.g., very extensive oxygen termination) or a very shallow negatively charged
polymer coating. Second, the electroporation of the FND-DNA conjugates needs to be
repeated with a greater number of observations to have a better idea of the incorpo-
ration efficiency, cell viability and the photophysical behaviour of 10-nm FNDs inside
bacteria cells. More repeats should be easier to collect now that the electroporation
protocol and routine analysis have been established. Third, the phototoxicity caused by
the higher irradiance needed to image 10-nm FNDs must be taken into consideration,
especially when the aim is to perform long single-molecule tracking. To manage the
photodamage one may use longer exposure time or implement background-free imaging

techniques that exploit the spin-dependant fluorescence of the NV centre [42, 43, 58|.

The future of FNDs in bioimaging will be most likely a combination of single-
molecule tracking and nanosensing, which harnesses either the NV centre’s charge state
sensitivity to the nano-environment (e.g., pH or temperature) or the spin-dependant
fluorescence for nano-magnetometry. To do so, progress in material science to man-
ufacture smaller and brighter FNDs with fewer impurities would be of great use for
the bioimaging community. Moreover, diamond technology is already functional for
many biological investigations (e.g., single molecule tracking and quantum sensing)

and communication about the potential of such technology to biologists is very im-
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portant as their usage of FNDs will encourage diamond scientists towards achieving

high-performance long duration FND multimodal imaging.
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