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Abstract

The use of non-invasive methods to visualise and monitor processes inside living
organisms is vital in the understanding and diagnosis of disease. The work in this
thesis details the synthesis and applications of a new imaging modality; carbon dots,
whose inherent fluorescence and non-toxic nature makes them attractive alternatives

to more traditional ‘quantum dots’.

In this thesis, different methods of carbon dot synthesis were attempted in order to
produce carbon dots of the desired size and morphology. Nitrogen-containing carbon
dots generated from 1,4-addition polymers provided the most successful route with
optical and structural characteristics studied by TEM, UV-Vis and fluorescence
spectroscopy and XPS. The biological behaviour of the carbon dots produced by this
method were also evaluated. The ability of these carbon dots to up-convert when

excited at long excitation wavelengths was studied.

A number of biologically relevant applications of the carbon dots were studied.
Using amine-functionalised carbon dots, cell targeting cargoes were conjugated and

the effects of the carbon dot-cargo conjugates on cell lines were studied.
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Lay Summary

Monitoring and visualising processes within cells is crucial in understanding the way
diseases work and ultimately in diagnosing and treating these diseases. Techniques
which enable this to happen without the need for invasive surgery are generally
termed ‘molecular imaging’. This wide-ranging field covers everything from X-Rays

and MRI scans to lesser known techniques such as PET and SPECT.

Optical imaging is a technique that relies on light to interrogate molecules. In order
to visualise the process of interest, fluorescent molecules are attached to a probe,
which can give an indication of where the probe is located within a body or a cell.
The work in this thesis describes a new carbon nanoparticle-based imaging probe
that is inherently fluorescent, therefore removing the need to use additional
fluorophores. The synthesis of these carbon nanoparticles from carbon rich polymer
starting materials is reported and their optical and structural properties are described.
The carbon nanoparticles were shown to be non-toxic and readily taken up by cells.
To test the biological relevance of these carbon nanoparticles, they were attached to
compounds which targeted the carbon nanoparticles to certain cellular locations.
Fluorescence microscopy was used to verify the location of the nanoparticles within
the cells.

These new fluorescent carbon nanoparticles are a non-toxic alternative to other
fluorescent molecules (fluorophores, quantum dots, etc) and have potential use in a

variety of optical imaging scenarios.
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Ac,0 Acetic anhydride
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Chapter 1

Chapter 1.

Introduction

1.1 Nanoparticles

Defined by the National Nanotechnology Initiative as “the manipulation of matter

with at least one dimension sized from 1 to 100 nanometres”, !

nanotechnology
covers subjects as diverse as semiconductors and surface science’ to biological
chemistry.®> Although it has its detractors, nanotechnology continues to attract

widespread investment due to the diversity of potential applications.*
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Figure 1: Nanopatrticles between 1-100 nm include dendrimers, gold nanoshells, quantum
dots and liposomes and are shown in comparison to molecules for size comparison.
Reprinted with permission from the National Cancer Institute, Office of Cancer
Nanotechnology research.’

Nanoparticles are particles having at least one dimension sized between 1 and 100
nm (Figure 1) which can display properties not seen in larger-sized particles of the
same material.® In larger particles, there are relatively few atoms on the surface

compared with the bulk whereas in nanoparticles, the large surface area to volume
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ratio dominates the chemistry. Due to their small size, quantum mechanical effects
have an important bearing on the properties of nanoparticles, in particular novel
optical properties due to the ‘confinement of electrons’.” The diameter of large
particles is much larger than the electron wave function, therefore the distance
between the conduction and valence bands (bandgap) remains constant. In
nanoparticles however, the diameter is of the same magnitude as the electron wave
function, therefore the energy levels become discrete (rather than continuous).® The
bandgap is dependent on the size of the nanoparticle which results in different optical
and electronic properties compared to larger particles or bulk material ( Figure 2).
Many applications take advantage of these unique properties ranging from paint

formulations® to sunscreens®® and cosmetics.*

Bulk Nanoparticles

Conduction
Band

Band
Gap

Energy

Valence
Band

Decreasing Size

Figure 2: Differences in band gap energy between bulk materials and nanoparticles of
different sizes. As the size of the nanoparticle decreases, the band gap widens resulting in
fluorescence. Reprinted with permission from Sigma Aldrich.*?

Nanoparticles based on various materials such as gold and other d- or f-block metals,
e.g. iron, silver, and lanthanum have been reported with applications across

molecular imaging platforms.***> Gold nanoparticles are widely studied and a range
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of applications developed. A typical 3 nm nanoparticle will contain ~500 gold
atoms® with the size of the gold nanoparticles depending greatly on the method of
synthesis - most applications focussing on gold nanoparticles <10 nm. A popular and
simple method for gold nanoparticle fabrication is the citrate reduction of HAuCl,4
first developed by Turkevich.™” In this process, Au®* ions are reduced to neutral gold
atoms which precipitate from the supersaturated solution as nanoparticles. Compared
to small molecule fluorophores which can be degraded by light, gold nanoparticles
do not undergo photobleaching.*®

Gold nanoparticles have been widely studied due to their unique surface properties.
For example, the electrons at the surface of gold nanoparticles are in resonance with
the frequency of light, in a process known as surface plasmon resonance.'® This
phenomenon depends on the size of the nanoparticle (~30 nm nanoparticles appear
red whereas larger particles or aggregates appear blue to purple), and can be used to
tailor the optical properties of these nanoparticles for different applications.?*%
Surface modification of gold nanoparticles is achieved via Au-S chemistry which has
been used to introduce polyethylene glycol (PEG) and other polymers to stabilise the
nanoparticles and make them suitable for biological applications, i.e. detection of
biomarkers.?? Functionalising gold nanoparticles is the basis of many widely used
assays, e.g. the home pregnancy test.”® Gold nanoparticles tagged with antibodies
specific to the B-subunit of human chorionic gonadotropin (hCG) travel via capillary
action across strips coated with immobilised a-subunits. On binding of the B-subunit
in the urine of the pregnant woman to the antibody-functionalised gold nanoparticle
and subsequent binding of the two subunits, a red line will appear if the hCG
concentration is high enough. This colour change property has been exploited in
mercury sensing when gold nanoparticles are functionalised with nitrogen rich
ligands which chelate the mercury ions.?* On binding of mercury ions, the individual
red nanoparticles aggregate and become blue in colour (Figure 3).
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individual nanoparticle ion-mediated assembly
(red) (blue)

Figure 3: Red-to-blue colorimetric sensing of mercury ions using gold nanoEarticIes
functionalised with chelating ligands. Reprinted with permission from Rotello.? Copyright
2012 American Chemical Society.

Gold nanoparticles have been widely used in clinical applications.?® Qian used gold
nanoparticles functionalised with Raman reporters and single chain variable fragment
(ScFv) antibodies to target epithelial growth factor receptors (EGFR) found on
cancer cells.?” Over time the nanoparticles accumulated in the tumours and their
location was detected using Surface Enhanced Raman Spectroscopy (SERS) (Figure
4) (laser irradiation Aex 785 nm). On irradiation with light, localised surface plasmons
in gold (and silver) nanoparticles are excited and resonate with similar frequencies to
the incident radiation, thus enhancing the Raman scattering of Raman-active
molecules (Raman reporters) adsorbed onto the surface of the metallic

nanostructure.?
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Figure 4: SERS spectra obtained from the tumour (red lines) and liver (blue lines) using (a)
targeted and (b) non-targeted gold nanoparticles administered to nude mice by tail vein
injection; (c) laser irradiation of the tumour site and liver (A¢x 785 nm). Raman reporter used
was Malachite green. Reprinted with permission from Qian.”’ Copyright 2008 Nature
Publishing Group.

Once a tumour has been detected, gold nanoparticles themselves can be used for
photothermal ablation. Thus, Huang irradiated the area using a near infrared (NIR)
laser causing the nanoparticles to absorb the incident energy and generate heat
sufficient enough to kill the tumour cells.?®® Aside from their clinical applications,
gold nanoparticles have also been used to identify if foods are suitable for
consumption.”® A DNA sequence complimentary to that present in pork (but not beef
or chicken) was incubated with gold nanoparticles. When challenged with DNA
extracts from beef or chicken products, no duplex was formed and as such the gold
nanoparticles remained dispersed in solution. On binding with the complimentary
sequence present in pork products (or products adulterated with pork), aggregation of

the gold nanoparticles resulted in a colour change from pink to grey.
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Silver nanoparticles (AgNPs), in similarity to gold, have been widely used due to
their optical and physico-chemical properties.***? Although physical, photochemical
and biological methods of synthesis exist, traditional chemical methods remain the
most straightforward.®® In most cases, AgNOs is reduced (NaBH,) in the presence of
a capping or stabilising agent (PVA, PVP, sodium oleate). Among the beneficial
properties of AgNPs, are their antibacterial effects against both Gram-negative and
Gram-positive bacteria which has been exploited for centuries and are used in
clinical dressings today.* Silver nanoparticles attach to the bacterial cell membrane
disrupting its permeability and affecting the function of the membrane. Interaction of
silver nanoparticles with compounds inside bacteria are also reported to contribute to
their bactericidal effect. Padilla investigated the bactericidal effect of an AgNP
suspension against multidrug resistant Pseudomonas aeruginosa, ampicillin resistant
Escherichia coli and erythromycin resistant Streptococcus pyogenes.®® The silver
nanoparticles were shown to inhibit the bacterial growth rate from the time of first
contact via a bactericidal mechanism (Figure 5).

o
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Figure 5: Time-kill assays of drug-resistant bacteria measured using a luciferase-based
assay (enhanced luminescence in this assay is proportional to cell death) of (a) erythromycin
resistant S. pyogenes, (b) ampicillin-resistant E. coli 0157, and (c) multidrug-resistant P.
aueuginosa, incubated with media containing different concentrations of silver nanoparticles.
Reprinted with permission and adapted from Padilla.>®> Copyright 2009 Springer
Science+Business Media B. V.
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Magnetic nanoparticles such as those based on iron, nickel and cobalt, or manganese
oxide, have applications in imaging, particularly within the field of MRI as contrast
agents.***° The most widely studied nanoparticles are iron-based, in part due to the
approved medical use of some magnetic iron oxide nanoparticles.** Below 128 nm,
iron oxide nanoparticles become superparamagnetic,* i.e. their magnetism is only
exhibited on application of an external magnetic field, thus minimising aggregation
of the nanoparticles. In similarity to gold nanoparticles, iron nanoparticles deposited
in a tumour released heat when irradiated with an alternating magnetic field. Rabias
synthesised maghemite nanoparticles (y-Fe,O3z) which showed high absorption of an
alternating magnetic field, from ferric chloride and ferrous chloride in the presence
of KOH using a coprecipitation method.”” The nanoparticles were coated with
biocompatible dextran which hindered the growth of clusters. Very small quantities
of the nanoparticles were demonstrated to be efficient in the heating of small sized
tumours reaching temperatures up to 99 °C within 3 min when exposed to a moderate

magnetic field (Figure 6).

MRI contrast agents based on iron oxide produce strong visual differences between
healthy tissue and tumours and overcome the adverse renal effects that more
traditional gadolinium compounds can cause.* Magnetic nanoparticles
functionalised with peptide sequences can target the vascular cell adhesion molecule-
1 (VCAM-1), which is involved in the initiation and progression of atherosclerotic
plaques. These VCAM-1 internalising nanoparticles were injected into mice and
were shown to enhance the MRI signal in the aortic roots (Figure 7).** The probe

was also used to evaluate the therapeutic efficacy of statin treatment of the mice.
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Figure 6: (a) and (c) (low and high magnifications, respectively) show cross sections of
control tumour tissue without nanopatrticles; (b) and (d) (low and high magnifications,
respectively) show damage of the tumour tissue after treatments with iron nanoparticles
solution. The upper inset in (b) thermal image showing the ability of the nanopatrticles to
produce strong localized heating at the tumour site. Reprinted with permission from
Rabias.** Copyright 2010 AIP Publishing LLC.

Figure 7: In vivo MRI of VCAM-1 expression. (A) MRI before injection of VCAM-1
nanoparticles (B) same mouse 48 h after injection of VINP-28; (insets are an expansion of
the area indicated by the dotted line, lower inset colour coded signal intensity). Adapted and
reprinted with permission from Nahrendorf.** Copyright 2006 American Heart Association,
Inc
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Apart from their use as imaging agents, the easy separation of these nanoparticles by
the application of a magnetic field has led to their potential in the treatment of
contaminated water. Heavy metals chelate with the surface of the functionalised
nanoparticles which can quickly be removed from solution. Koehler used
polyethylene imine and heavy metal chelators to functionalise iron nanoparticles.*
These magnetic nanoparticles were shown to extract Pb%*, Cd** and Cu®* ions from
aqueous media to concentrations as low as pg L. A scaled up version of the
experiment (8 L water and 1 g magnetic nanoparticles) showed 95% of the

nanoparticles were recovered on application of a permanent magnet.

Although magnetic nanoparticles have medical applications, the drawbacks

4647 aven when some

associated with these metallic particles include their toxicity,
polymeric coatings are applied.”® High local concentrations of nanoparticles can
build up inside cells in endosomes.*® The direct or indirect interaction of metal-based
nanoparticles within cells can affect the normal behaviour of the cytoskeleton®® and
disrupt signalling pathways vital for the cell’s normal function. Dissolution of the
nanoparticle core and leaching of free metal ions into the cytosol has also been
shown to induce high levels of apoptosis and inflammation.>® Particularly associated
with magnetic particles, although not exclusively, is the concern around the
generation of reactive oxygen species (ROS).>* Functional groups on the surfaces of
nanoparticles, active redox cycling on the surfaces of transition metal nanoparticles
and interactions between the particles and the cell are key factors in inducing
oxidative stress.®® Fenton or Haber-Weiss reactions generate ROS with the
involvement of transition metals causing reactive OHe to be generated.>*> Although

a certain level of ROS within the cell is tolerated, nanoparticles can induce levels of

ROS within cells that severely disrupt normal function causing apoptosis.>®

Nanoparticles show many promising applications, however, there are environmental,
ethical and toxicological issues to consider before they should be viewed as a
panacea. The size of many nanoparticles is important for their advantageous

properties but also increases the likelihood of release into waste streams. Public
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perception of nanotechnology also remains an issue and a careful balance between
scientific progress and regulation must be struck in order for the benefits of these

materials to be fully evolved.

1.2 Nanopatrticles in Optical Imaging

The incorporation of organic dyes into optically transparent silica nanoparticles has
been suggested as an attractive option for optical imaging. By using a fluorescein-
labelled aminosilane in the nanoparticle synthesis, Santra was able to synthesise
fluorescein-loaded silica nanoparticles.”” The surface of these nanoparticles was then
functionalised with human leukaemia cell specific CD10 monoclonal antibodies with
fluorescence microscopy confirming the successful labelling of leukaemia cells. This
incorporation method has also been proposed from apatite (calcium phosphate)
nanoparticles®® and inorganic oxide nanocrystals (Y203, NaYF).> The usefulness of
silica nanoparticles lies in the ability to carry cell impermeable fluorescent dyes
across the cell membrane.® The concentrations of dye within the nanoparticle can be
low enough to avoid self-quenching® and the versatility of surface functionalisation
allows conjugation of a large number of targeting molecules.®? Silica nanoparticles
have been widely used in biological applications. Qian synthesised a ratiometric
nanosensor to detect Zn** and H,PO, inside living cells.®® A reference dye was
incorporated into the core of a silica nanoparticle and a Zn®* sensitive fluorophore
was conjugated to the shell (see Figure 8). The scope of silica particles extends
beyond dye incorporation and nanoparticles have been used to improve the
bioavailability of hydrophobic drugs both via controlled release, and to transport

drugs that would not normally be taken up, into cells by endocytosis.*

10
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Figure 8: (a) bright field image of HeLa cells incubated with the silica sensor nanopatrticles
(b) fluorescence image of Hela cells incubated with the silica sensor nanopatrticles (c)
fluorescence image of HelLa cells incubated with silica sensor nanoparticles and further
incubated with Zn** (5 x 10”> M) for 30 min. Reprinted with permission from Qian.®®> Copyright
2010 The Royal Society of Chemistry.

Tung developed polymeric nanoparticles based on poly(lysine) with pendent peptide-
fluorophore groups.”® By carefully tuning the peptide-fluorophore ratio, self-
quenching of the fluorophores make the probes optically silent. On proteolytic
cleavage of the peptide by the enzyme of interest, the fluorophores were released and
imaged in vivo (Figure 9). Although fluorescent silica nanoparticles and organic
nanoparticles have shown promising applications, their optical properties are often
still dependent on the incorporation of a small molecule fluorophore rather than

intrinsic fluorescence.
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Figure 9: (a) probe structure based on poly(lysine) with pendent peptide-fluorophore
moieties is cleaved by the enzyme of interest (in this case, cathepsin D) to release the
fluorophores (b) In vivo fluorescence images taken 24 h after injection of the probe in mice
with cathepsin D positive and negative tumours. Reprinted from Texier et al, open access
publication.®® Copyright 2012 Texier et al.

11
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1.3 Quantum Dots

The most widely studied photoluminescent nanoparticles are quantum dots, clusters
of semiconductor atoms 2-10 nm in diameter. They are predominantly composed of
mixtures of elements from groups Il and VI (e.g. ZnS, CdSe) or IV and VI (e.g. PbS,
PbSe) in an ordered crystal structure.®” A typical 2 nm quantum dot contains ~100
atoms (10 atom diameter) whereas a 10 nm quantum dot contains ~100,000 atoms
(50 atom diameter).%® Quantum dots were first reported in the early 1980s by Ekimov
from molten glass,®® and Brus from aqueous colloidal solutions of CdS.” It was not
until 1993, that Murray reported the synthesis of monodisperse colloidal quantum
dots with particle size controlled by the temperature of the reaction.”* The reaction of
CdMe; with PH3Se, PH3Te or (MesSi),S in a coordinating solvent with a high
boiling point resulted in luminescent cadmium chalcogenide quantum dots — a

turning point in the efficient and controlled production and study of these materials.

The photoluminescence of quantum dots renders them useful in optical imaging and
the mechanism of luminescence can be attributed to their size and structural
similarity to semiconductors. On absorption of light, electrons in the valence band
are excited to electronic levels within the conduction band, leaving behind a
positively charged ‘hole’. The radiative recombination of the electron hole pair
results in the emission of light (Figure 10).”® Larger quantum dots have more energy
levels which are more closely spaced meaning less energy is required to promote
electrons, i.e. 10 nm quantum dots display red fluorescence whereas 2-3 nm
quantum dots display blue fluorescence (Figure 11). The fluorescence of carbon
dots arises because the energy required to promote an electron from the valence to
the conduction band results in the emission of a photon in the visible region of the

electromagnetic spectrum.”

12
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Figure 10: (a) Quantised energy levels in a quantum dot with electrons in the valence band
(b) promotion of an electron to the conduction band leaves a positively charged hole in the

conduction band, recombination of this electron-hole pair results in emission of light at

fluorescence (c) recombination of an electron and hole at surface energy traps (grey lines)

results in the emission of light in the form of fluorescence.
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Figure 11: Different sizes of quantum dots display different optical properties; smaller

guantum dots with a larger bandgap display blue fluorescence whereas larger quantum dots

with a smaller bandgap require less energy to excite electrons, thus appear with red

fluorescence. Reprinted with permission from Gao.”® Copyright 2010 The Royal Society of

Chemistry
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Key to the photoluminescent properties of the quantum dots is the energy associated
with energy traps located on the surface of the dot. The incomplete bonding of atoms
at the surface (in comparison to the core material) results in ‘dangling' orbitals
pointing away from the surface which carry a slight positive or negative charge. If
the energy of this orbital is within the bandgap, electrons and holes can be trapped at
the crystal surface. Traps for electrons are provided by ‘dangling” cadmium orbitals,
and traps for holes are provided by ‘dangling’ selenium orbitals.®” Stabilising these
traps (passivation) at a specific position with organic molecules increases the chances
of radiative recombination of electron-hole pairs at these sites. Early reported
quantum vyields were in the range of 5-15% for organically passivated guantum

dots 71,74

It became clear, however, that the majority of ‘naked’ quantum dots or those with
organic groups used to passivate the surface gave low photoluminescent quantum
yields. Hines remedied this issue by coating the CdSe core with ZnS, an inorganic
semiconductor shell with a larger bandgap between the conduction and valence
bands.” This shell further confines the electron-hole pairs and leads to increased
fluorescence intensity. Further coating with a polymeric or water soluble layer

enhances biocompatibility and enables cellular uptake (Figure 12)."

0 .<". .I*

Figure 12: (a) ‘naked’ quantum dots consist of a CdSe core (cut away from spherical dot
shown) (b) coating by ZnS further enhances the optical properties (cut away shown) (c)
passivation by organic molecules aids biocompatibility and is usually required in ‘top down’
synthesis methods for fluorescence to occur.

14
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One significant advantage of quantum dots over small molecule fluorophores is that
they do not undergo photobleaching.” This has led to marketing of quantum dots for
the long term storage of pathological samples.”” The quantum size effect of quantum
dots allows their emission to be tuneable, i.e. a narrow size distribution of quantum
dots gives rise to a sharp emission peak rendering them useful in multi-colour
experiments.”® Emission peaks of quantum dots are symmetric, they have high
thermal and photochemical stability and their quantum yields are comparable to
those of small molecule fluorophores in the visible region and higher in the NIR
region. Quantum dots do, however, suffer from blinking emission caused by the

competition between radiative and non-radiative relaxation.”

Quantum dots have been used in protein and nucleic acid detection as well as in vivo
targeting and imaging.®>®! The major drawback of cadmium based quantum dots is
their toxicity, particularly with ‘naked’ or uncoated dots.®” Deterioration of the core
lattice and subsequent leaching of Cd?* ions from the structure is known to cause
severe hepatic injury.®® Although coating the cadmium-containing core with the ZnS
shell reduces cytotoxicity, it does not eliminate it, hampering applications of these
promising materials. Investigation into cadmium free quantum dots based on
indium® or silicon-based and carbon-based structures at the turn of the 21st century
allowed progression of the research into biocompatible photoluminescent

nanoparticles.
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1.4 Carbon Dots

Carbon dots have provided the next logical step from CdSe quantum dots. Research
into these organic nanoparticles has grown rapidly since their first discovery in 2004
with many applications and potential benefits cited.®® A literature search for the term;
“carbon dots” (Web of Knowledge, accessed 23/11/2014) shows the explosion in

publications featuring these materials (Figure 13).
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Figure 13: Graph showing the rapid increase in publications that contain the word “carbon
dots” since 2004, *data only shows papers up to and including November 2014.

Discovered serendipitously as a by-product of single walled carbon nanotube
purification by the Xu group in 2004,% carbon dots (also known as carbon quantum
dots, carbon nanoparticles or carbon nanodots) have attracted wide interest due to
their similarity to quantum dots but with the significant advantage of not containing
toxic heavy metals. The dots, which are composed predominantly of carbon, are

typically less than 10 nm in diameter and can be produced by breaking down larger
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carbon structures (top down approach) or by building from smaller carbon precursors

(bottom up approach).

1.4.1 'Top Down' Synthesis

In the gel electrophoresis purification of carbon nanotubes from arc discharge, Xu
isolated a fast moving photoluminescent carbonaceous band in addition to the
expected bands for the carbon nanotubes and shorter tubular carbon structures
(Figure 14).

Figure 14: Electrophoresis profile in 1% agarose gel under 365 nm UV light showing (a)
crude single walled carbon nanotube suspension; (b) purified fluorescent carbon material; (c)
short carbon nanotubes. Reprinted with permission and adapted from Xu.%® Copyright 2004
The American Chemical Society.

On excitation at 365 nm, three electrophoretic bands were visible; the fastest moving
(smallest) exhibited green-blue fluorescence (3—10 kDa), the next displayed yellow
fluorescence (10-30 kDa) and the slowest band, orange fluorescence (30-50 kDa).
Oxidation of the original arc discharge soot in HNO3 had introduced carboxylic acid

groups to the surface of the carbon dots (confirmed by FTIR), explaining their
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migration in the gel. Elemental analysis of the carbon dots formed showed them to be
54% carbon by weight, a characteristic shown later to be shared by carbon dots from
other synthetic routes. The quantum vyield of the carbon dots in the yellow
fluorescent band was determined to be 1.6% and although very low in terms of

fluorescence imaging, the material was deemed interesting.

Following the accidental discovery of carbon dots, Sun produced carbon dots by
laser ablation, a process which removes material from a solid surface by laser
irradiation.?” A carbon target composed of graphite powder and cement was prepared
and mounted in a furnace at 900 °C and 75 kPa with an argon gas flow (Figure 15b).
A Nd:YAG laser was used to ablate the surface and the carbon material produced
was directed to a cooled copper collector. No noticeable fluorescence from the 5 nm
particles was seen after the initial ablation, or after oxidation in aqueous concentrated
nitric acid for 12 h. Bright luminescence (Aex 400 nm, Aem 450 NM) was observed,
however, after surface passivation with PEG3500. Du proposed a one-step synthesis
and passivation of carbon dots by laser ablation through irradiation of dispersed
graphite powders in PEG.% The diameter of the carbon dots produced by both

methods was 3.2-3.3 nm.
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Figure 15: (a) arc discharge electrodes with carbon source (1) at the centre giving rise to

carbon dots in addition to previously expected carbon nanotubes; (b) laser ablation of the

carbon source (2) in a heated furnace and resulted in carbon dots which were collected on
cooled copper (3) and aided by a continuous argon gas flow; (c) chemical exfoliation of
carbon dots from MWCNTSs (4) being used as an electrode in an electrochemical cell.
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The electrochemical exfoliation of carbon dots from multi-walled carbon nanotubes
has also proved to be a successful method (Figure 15¢).%° Carbon nanotubes were
grown on carbon paper, encased in a Teflon jacket designed for electric contact
before immersing in a solution containing a supporting electrolyte. The potential was
cycled between —2.0 and 2.0 volts at 0.5 Vs™, and the electrolyte solution turned
from yellow to dark brown indicating the formation of carbon dots from the surface
of the carbon nanotube electrode. The carbon dots produced were spherical, had
diameters of ~3 nm, and exhibited blue fluorescence (hex 365 nm, Aem 410 NmM). SEM
images indicated that the nanotubes had undergone swelling and curling with
breaking of the the carbon nanotubes into smaller fragments. In this method, no
deliberate passivation was required although it is thought that counter ions

effectively passivated the surface thereby making it emissive.

The top down approaches of arc discharge, laser ablation and electrochemical
exfoliation dominated early carbon dot research. Bottom up methods focussing on
smaller carbon precursors did not appear in the literature until the work of Mao in
2007.%

1.4.2 'Bottom Up' Synthesis

The earliest syntheses of carbon dots from smaller carbon rich precursors used
thermal combustion.*® The soot collected on glass plates on top of burning candles
was 91% carbon and did not display fluorescence until oxidised with concentrated
HNO;. Separation by gel electrophoresis gave carbon dots <2 nm in diameter with
emissions ranging from 415 nm to 615 nm when excited at 315 nm. When
H2,0,/AcOH was used as an oxidant, the carbon dots showed blue fluorescence
indicating that the oxidant used may not only break down aggregates and solubilise
the particles, but may also influence their optical properties. Purification by gel

electrophoresis showed results consistent with carbon dots produced from the earlier
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top down methods. Faster moving, smaller nanoparticles displayed green-blue
fluorescence whereas slower moving, larger dots displayed orange-red fluorescence.
The purified carbon dots were 37% carbon by weight, had low quantum yields
(between 0.8% and 1.9%). However no additional surface passivation was required.

Following this approach, the gamut of carbon precursors for nanoparticle fabrication
widened, ranging from citric acid and glycerol to substances not usually found in a
synthetic chemistry setting, such as orange juice, eggs, honey and instant coffee.* %
Giannelis used chemically-defined carbon-based precursors to produce monodisperse
carbon dots via a one-step thermal route.”® Carbonisation of octadecyl ammonium
citrate at 300 °C for two hours resulted in “organophilic” nanoparticles of 5-9 nm in
diameter, with the authors suggesting the citrate salt acts as the carbon source and the
octadecyl unit as the passivation agent. Here, the low melting point of the citrate salts
used allowed growth of nanoparticles from the liquid phase rather than solid
precursors. The generated carbon dots were dispersible up to 50 mg mL™ in organic
solvents, above this concentration, it is expected that aggregation of the dots causes
larger particles to be formed. Carbonisation of citric acid alone resulted in an
insoluble solid. TEM showed a monodisperse population with an average diameter of
7 nm, and the absorption and emission spectra of the nanoparticles showed similar
results to previously functionalised carbon dots.

Solid supported routes for carbon dot synthesis have also gained popularity due to
their ability to control the growth of the nanoparticles. Li used SiO, microspheres
(~120 nm diameter) as a surface on which to ‘grow’ the carbon dots from smaller
molecular weight carbon precursors.’” The surfaces of the spheres were modified
with the polymeric surfactant (F127) and low molecular weight phenol/formaldehyde
resins (resols) were adsorbed onto the F127 (Figure 16). Stirring at 66 °C for 48 h
allowed polymerisation of the resols on the surfactant shell and the resulting
composites were isolated by centrifugation. SEM and TEM confirmed the satellite
like morphology of the composites which were subsequently calcined at 900 °C for 2

h resulting in the formation of carbon dots on the surface of the silica spheres. The
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use of the solid support prevented the aggregation of the nanoparticles usually
encountered in high temperature reactions where nanoparticles reduce their high
surface energy by forming aggregates. The SiO, was etched away using concentrated
NaOH to release the carbon dots which were found not to be emissive. Upon
oxidation to introduce carboxylic acid groups and passivation with PEGisgo, the
carbon dots showed blue fluorescence and excitation dependent emission

wavelengths.
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Figure 16: The synthesis of carbon dots using an SiO, supported route. SiO, spheres
modified with surfactant and resols were polymerized, then (a) calcined (b) SiO, removal
(etching) using NaOH. (c) Passivation of the carbon dots can then proceed as with other

methods.

NaY zeolites have also been used as supports for the synthesis of carbon dots.” lon-
exchange of the NaY zeolite with 2,4-diaminophenol dihydrochloride followed by
thermal oxidation in air at 300 °C decomposed the guest molecules associated with
the zeolite (the zeolite itself is left unchanged). The resulting carbon dots, after
etching away of the zeolite using HF, were spherical with a diameter of 4-6 nm.
Again, the nanoparticles displayed excitation dependent emission properties.

Carbohydrates offer an inexpensive carbon source and have been the most widely
used precursor. Yang first reported the microwave synthesis of carbon dots from
agqueous solutions of PEGag and glucose.*® Once again, the carbon dots produced
had wavelength dependent emission and had quantum yields of up to 6.1%. When
repeated without PEG,qo, the photoluminescence was drastically reduced, indicating

the importance of the one step carbonisation and passivation process.
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Carbonisation of glycerol with tiny amounts of phosphate in a domestic microwave
oven also generated carbon dots.'® The synthesised dots (2 nm) displayed
fluorescence across a broad range, 430-525 nm, depending on the excitation
wavelength, and were stable between pH 4.5-9.0. Although most reported
microwave methods produce carbon dots with the desired morphology and optical

properties, the use of domestic microwave heating reduces reproducibility.

1.4.3 Other Synthetic Routes

The templated synthesis of carbon dots has been reported.’®* Carbon dots (2-6 nm)
were formed by the reduction of CCl, inside tetraoctylammonium micelles at room
temperature. The micelles formed a ‘soft-template’ in which the carbon dots could
form. The size of the carbon dots was regulated by the hydride used for reduction;
stronger reducing agents (LiAlH,4) gave smaller carbon dots (1.8 nm) whereas using
L-Selectride or LiBH, gave carbon dots with diameters of 4.5 nm and 5.5 nm,
respectively. In another microwave-assisted method, Jiang used histidine in
phosphoric  acid.'® The resulting 2 nm carbon dots showed strong
photoluminescence (Aex 360 nm, Aem 440 nm) and high quantum yields (45 %). Other
hydrophilic amino acids, arginine, threonine and proline also resulted in
photoluminescent nanoparticles, however carbon dots from hydrophobic amino acids

(leucine, isoleucine and valine) displayed only weak fluorescence.
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1.4.4 Optical Properties

Carbon dots generally show strong absorption in the UV region and weaker
absorption in the visible region.!” Emission in the visible region makes them useful
optical tools. Due to their relatively recent discovery, the luminescence mechanism
of carbon dots is not fully understood. Of the potential explanations proffered, most
have focussed on the radiative recombination of excitons at surface energy traps
similar to quantum dots.?"1%31% The importance of sp2 hybridised carbon atoms as
promoters of radiative recombination has also been proposed. %1% The requirement
for passivation of certain carbon dots also remains unresolved but seems to rely on
the method of production.’” The original laser ablation method by Sun required
surface passivation of the carbon dots to render them emissive,®” whereas those
methods incorporating organic passivation agents into the carbonisation reaction
generally do not require further passivation, e.g. electrochemical oxidation of

graphite.'%®

The emission wavelength of carbon dots relies heavily on the excitation wavelength
used (Figure 17).® As excitation wavelength increases the emission maximum is
red shifted. This feature is common to carbon dots produced by most of the synthesis
routes described, however, Pang described carbon dots from electrochemical
oxidation of graphite which showed size dependent but excitation wavelength
independent emissions.’® The argument that size differences are the sole reason
behind the excitation dependent emission is greatly outweighed by the body of
evidence indicating the quantum effects or the environment of the surface energy

traps also have an effect on the photoluminescent properties.
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Figure 17: (a) Image of carbon dot fractions separated by gel electrophoresis from candle
soot, their fluorescence under UV light and their emission maxima when excited at 325 nm
showing the excitation dependent emission properties reported for the majority of carbon
dots. Reprinted with permission from Mao.* Copyright 2007 Wiley-VCH Verlag GmBH & Co.
(b) Data showing the excitation wavelength-independence of carbon dots produced from the
electrochemical oxidation of graphite. Reprinted with permission from Pang.™° Copyright

2008 The Royal Society of Chemistry.

TEM analysis of carbon dots formed from thermal combustion routes tends to

support the dehydration and subsequent carbonisation of carbon-based precursors to

form graphitic areas."*! Inspired by the breakup mechanism of graphene sheets and

carbon nanotubes, Chen prepared carbon nanoparticles by the thermal decomposition

of poly(styrene-co-glycidylmethacrylate) microspheres for 2 h at 200, 300 and 400

°C™2, The blue, orange and white fluorescent nanoparticles, respectively, had well

24



Chapter 1

resolved lattice spacing of 0.23, 0.27 and 0.34 nm which are close to the (100), (020)
and (002) diffraction facets of graphite (Figure 18). Theoretical calculations by
Kang confirmed the relationship between the size of the graphitic clusters and the

photoluminescence.?

As the size of the graphitic region increases, the band gap
between LUMO and HOMO decreases, reaching visible emission with clusters

between 1.4-2.2 nm.

Figure 18: High resolution TEM images of (A) and (D) carbon dots produced at 200 °C, (B)
and (E) carbon dots produced at 300 °C, (C) and (F) carbon dots produced at 400 °C.
Reprinted with permission from Chen.'*? Copyright 2012 The Royal Society of Chemistry.

1.4.5 Up-conversion?

It has been suggested that carbon dots can ‘up-convert’ lower wavelength incident
light by multi photon excitation (Figure 19)."**!® This phenomenon has been
reported in nanoparticles containing lanthanides or some d-block elements and relies
on the simultaneous absorbance of two longer wavelength photons.**"**® Excitation
in the visible region penetrates tissue poorly and the up-conversion properties of
carbon dots could have beneficial applications in vivo as longer wavelength photons

penetrate tissue more readily.™®
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Figure 19: (a) excitation of carbon nanoparticles from 290-500 nm; (b) excitation in the NIR
region (805—-1035 nm) showing suggested emission in the visible region between 500 — 650
nm. Reprinted with permission from Wang.''®> Copyright 2012 The Royal Society of
Chemistry.

Two-photon excitation of carbon dots produced from laser ablation was shown using
pulsed infrared laser excitation at 800 nm which showed a quadratic relationship
between the excitation laser power and the fluorescence intensity, consistent with
two NIR photon excitation.!?® The probability that a molecule will absorb two
photons simultaneously (i.e. the average two-photon absorption cross section), was
39,000 + 5000 GM (1GM = 1x10™° cm* s photon™), putting these particles
somewhere between CdSe quantum dots (780-10,300 GM)*** and CdSe/ZnS
quantum dots (~50,000 GM).**? It was suggested that immobilisation of the carbon
dots on the glass substrate could have contributed to or affected the optical properties
rather than phenomenon being attributed to the carbon dots alone. The emission peak
of the two photon excitation was much narrower than that of the one photon
excitation in solution suggesting that the immobilisation had an effect on the
emission properties. Nevertheless, when these carbon dots were incubated with
human breast cancer, MCF7, cells, imaging of the cells was possible using two-

photon microscopy.
The incorporation of heteroatoms into the structure of the carbon dot has also been
mooted to enhance the optical properties of those carbon dots.***% Nitrogen,

sulphur and phosphorus have all been suggested as possible additives to cause the
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phenomenon of excitation at longer wavelengths but emission in the visible region or
enhanced photoluminescent properties. Niu suggested that defects in the structure
created by nitrogen doping accounted for the emission at 675 nm on excitation with
near infrared light (980 nm).*?® Xu, in separate work on nitrogen-doped carbon dots,
proposed that the nitrogen atoms bonded to carbon distorted the aromatic carbon

structures and therefore induces the creation of emissive energy traps.**’

1.4.6 Quantum Yields

The quantum vyield of carbon dots is largely dependent on the synthesis method
employed, the nature of the precursors and the passivation method used. Laser
ablation carbon dots passivated with poly(propionylethylenimine-co-ethylenimine)
had lower quantum yields than those passivated with PEG.®” When coated with a
ZnS shell alone or a combination of zinc coatings with organic passivation agents
(e.g. PEG), the quantum yields increased considerably (up to 50%).'?® The
incorporation of metals (e.g. Cu, Pd or Ag) to the surface of candle soot carbon dots
via ion exchange or coordination to the carboxylic acid groups on the surface of the
dots resulted in carbon dot nanocomposites.**! These nanocomposites showed higher
quantum yields (C-Ag, 37%; C-Pd, 33%; C-Cu, 60%) compared to bare carbon dots
produced using the same method. Evidence suggests that when the fabrication
method used produces dots with carboxyl functionalised surfaces, the quantum yield
is generally low but is improved considerably on further passivation with organic
molecules such as PEG.2891% Although many carbon dots have acceptable quantum
yields (in general terms 10% is considered acceptable for a fluorophore), the
difficulty in controlling the size distribution within a sample broadens the emission

profile thereby limiting their use in multicolour analysis.
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1.4.7 Applications

Carbon dots added to glycol have been used to print directly on paper, furthermore, a

solution of carbon dots with sodium alginate was printed via silk-screen printing.*?

The fluorescence of carbon dots lends them to use in biological systems (Figure
20) 130

Figure 20: (a) commercially available fluorescent ink illuminated under green-blue light (b)
visualisation of three numbers printed with carbon dots visible on excitation with the specific
wavelength of the carbon dots (c) fluorescent bean sprouts grown in carbon dot solutions
with no apparent differences to bean sprouts grown without carbon dots. Reprinted with
permission from Wang."*® Copyright 2012 Wiley-VCH Verlag GmbH & Co.

Cellular uptake of carbon dots to the cytosol is generally good and evidence
highlights pinocytosis as the probable uptake method.** Uptake studies with carbon
dots in HeLa cells by confocal laser scanning microscopy showed localisation of the
nanoparticles in endosomes, multivesicular bodies and lysosomes indicating their
uptake via endocytosis. Time-related uptake studies of the same carbon dots showed
a rapid increase in carbon dot concentration inside the cell within the first hour of
incubation followed by slower uptake in the second hour.**? Carbon dots have been
shown to enter a variety of cell lines, e.g. MCF7, SMMC-7721, HEK293, LLC-PK1,
EAC and A549.5331%8 The apparent universality and speed of uptake make carbon

dots promising reagents for cell-based studies.
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Recently, carbon dots have been used in ratiometric sensing, a domain until now
dominated by small molecule fluorophores. Carbon dots were conjugated to the
superoxide-sensitive molecule hydroethidine (Figure 21).**® On excitation at 488
nm, the emission at 525 nm was ascribed solely to the carbon dots. After incubation
with superoxide, a peak at 610 nm, due to the fluorescence of the hydroethidine
appeared. This peak increased with increasing concentrations of superoxide, however
the fluorescence of the carbon dots stayed constant (control). Thus, comparing the
ratio between the two peaks gave information about the concentration of superoxide
present. The low cytotoxicity, stability towards pH, good cell permeability and long
term stability enabled the application of this sensor within cells. The ease of
conjugation via carboxyl or amine functionalities on the surface of the dots, non-
toxicity and characteristics make carbon dots ideal candidates for in vitro and in vivo
imaging. Additionally, due to their relative ease of fabrication and optical properties,
carbon dots have significant potential in vivo as a credible alternative to small

molecule fluorophores.”
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Figure 21: Principle of ratiometric hydroethidine sensing probe. The fluorescence of the
carbon dot remains constant with emission at 525 nm, however on addition of superoxide,
the fluorescence of the hydroethidine moiety is revealed at 610 nm. Reprinted with
permission from Tian.'* Copyright 2014 American Chemical Society.
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1.5 Aims of Thesis

The aim of this work was to synthesise robust, defined and fluorescent carbon
nanoparticles in an efficient and robust manner. The structural characteristics and
optical properties of these carbon dots were investigated through various
spectroscopic and analytical techniques. The possibility of carbon dots’ ability to
‘up-convert’ light of lower energy is discussed. A further aim of the research was to
assess the biocompatibility of the synthesised carbon dots and investigate their use as
optical imaging agents in vitro. The conjugation of the carbon dots with specific cell
targeting cargoes allowing direction to internal and external cell components and

visualisation via semi-confocal microscopy is also discussed.

Specifically, the objectives of the work contained in this thesis were:

1. To compare existing carbon dot syntheses based on microwave irradiation
and to evaluate whether these methods can be translated to a reproducible format on

a large scale.

2. To develop an efficient and reproducible synthesis method for carbon dots

from polymeric starting materials.

3. To assess the structural characteristics of the carbon dots using TEM,

absorption spectroscopy and XPS.

4. To investigate the optical properties of the synthesised carbon dots by

UV/Vis spectroscopy, fluorescence spectroscopy.
5. To investigate the up-conversion properties of the carbon dots.

6. To assess the biocompatibility of the carbon dots and to employ the carbon

dots in biological applications to target specific cell components.
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Chapter 2:

Thermal and Microwave Assisted
Carbon Dot Synthesis

2.1 Introduction and Chapter Aims

The synthesis of carbon dots from a variety of precursors and by a range of methods
has widened the scope of this emerging field considerably. Although earlier ‘top
down’ syntheses produced promising results, the bulk of current synthesis is carried
out by building up carbon dots from smaller carbon rich precursors (‘bottom up’
approach). This approach benefits from the enhanced scope of available carbon

sources and with equipment readily available in a standard laboratory.

The work in this chapter describes the synthesis of carbon dots from organic
precursors using ‘traditional’ thermal methods and microwave irradiation. Irradiation
conditions were investigated and the resulting carbon dots evaluated by dynamic
light scattering (DLS) and transmission electron microscopy (TEM). Since DLS is a
solution technique, the measurements give a hydrodynamic radius, with solvent
molecule associated with the particles, leading to a larger size than that determined

by transmission electron microscopy (TEM).

The initial aim of the work contained in this chapter was to fabricate carbon dots in a
scalable manner and to evaluate their optical properties. A second aim was to
investigate whether carbon dot synthesis methods that use domestic microwave
heating could be successfully translated to a monomodal synthesis microwave
system, promoting reproducible synthesis. In this work, ‘microwave’ refers to a
monomode microwave reactor unless stated otherwise. The challenges associated

with the synthesis and characterisation of carbon dots are discussed.
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2.2 Thermal Synthesis of Carbon Dots

2.2.1 Carbon dots from Glycerol, Citric acid and PEG1s00

In this method,*°

citric acid acts as the carbon source, and glycerol as the solvent
and an additional carbon source. The inclusion of PEG in the reaction mixture
provides direct passivation. Glycerol (3 mL) and PEGsg0 (0.2 g) were sealed in a
vial and heated to 270 °C in a heating block before the rapid addition of solid citric
acid (0.2 g) and stirring of the reaction continued for 3 h at 270 °C (Figure 22) to

produce a light brown solution.

Oy_OH
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Figure 22: Thermal carbon dot synthesis from glycerol, citric acid and PEG1500 (thermal
CD-CAPEG)

The reaction mixture was dialysed against water (Molecular Weight Cut Off =
14,000 Da) to remove excess starting material and the size of the particles analysed
by DLS (Figure 23). This gave a PDI of 0.59 and had an average diameter of 158
nm. This was high compared to carbon dots reported in the literature. However, an
aqueous solution of the particles showed green/blue fluorescence under UV light (Aex
365 nm). TEM analysis of the sample confirmed the presence of particles small
enough to be considered carbon dots (Figure 24b). Many clusters of carbon dots
were visible and were thought to be responsible for the larger particle diameters seen
by DLS. The emission spectra of thermal-CAPEG showed the excitation
wavelength dependence characteristic of carbon dots with a maximum fluorescence

intensity when excited at 380 nm (Figure 24a).
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Figure 23: DLS trace of an aqueous solution of carbon dots from the thermal reaction of
citric acid, glucose and PEG 5y at 270 °C for 3 h (sonicated for 5 min prior to measurement).
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Figure 24: (a) Fluorescence intensities of CD-CAPEG at various excitation wavelengths
(320 nm — 460 nm); (b) TEM image of CD-CAPEG with inset showing an individual carbon
dot of ~10 nm diameter.
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2.2.2 Carbon dots from P>,Os and Acetic Acid

Another literature method,**

using the heat from an exothermic reaction to form
carbon dots in a controlled manner, was attempted (Figure 25). In this method, the
heat produced from the reaction of P,Os and a small amount of water was sufficient
to raise the temperature above the boiling point of the acetic acid used as the carbon
precursor. Fang postulated that the acetic acid bubbles act as a template for carbon
dot formation and the reaction temperature is kept constant by the insulating effect of
the viscous polyphosphoric acid produced by the initial reaction of P,Os and water.
Carbonisation of the acetic acid leads to the production of carbon dots and water

generated by the reaction reacts with P,Os thus continuing the process until the P,Os

is consumed.
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Figure 25: Carbon dot synthesis from P,O5 and acetic acid

A mixture of water (80 pL) and acetic acid (1 mL) was added directly to P,Os (2.5
g). The white P,Os quickly changed colour to light brown and the reaction foamed
(Figure 26). After 10 minutes, the reaction mixture, now dark brown in colour, had
ceased foaming and was allowed to cool to room temperature. According to the
literature, no purification was required. The crude dark brown product displayed

green fluorescence under UV excitation (Aex 365 Nm).
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Figure 26: The progress of the reaction between P,0s, acetic acid and water at different
time points a) before the addition of acetic and water; b) 10 s; ¢) 20 s; d) and e) 1 min; ) 5
min.

DLS gave a PDI of 0.37 and an average diameter of 193 nm (Figure 27). The
expected size of the carbon dots was <10 nm (the literature quoted size by TEM as
~5 nm).**! Fang suggested that the carbon dots aggregate into larger particles thus
leading to the large diameter seen with DLS. The particles were thus sonicated for 5
minutes prior to DLS measurements and for 1 minute between each repeat. The
sonicated sample gave consistent measurements for average diameter whereas with
the unsonicated sample, the average diameter increased with each measurement.
TEM was therefore considered the most appropriate method way to size these

nanoparticles.
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Figure 27: DLS trace of carbon nanoparticles produced from P,0Os, acetic acid and water
sonicated for 5 min (and 1 min between each measurement)

TEM of the carbon dots from P,Os acetic acid and water show the particles to be <10
nm as expected but highly aggregated. In TEM, the carbon dots appeared spherical
although aggregation was apparent. Individual carbon dots could be seen on the

fringes of these aggregates and their size could be assessed (Figure 28).

Figure 28: (a) TEM of a cluster of carbon dots from P,Os, acetic acid and water ; (b)
expansion showing individual carbon dots with a size to be <10 nm.

Absorbance measurements (in water) showed peaks at 246 nm and 296 nm indicative
of = — n* and n — w* transitions respectively. Strong absorption in the UV range
tailed off in the visible region with almost no absorption above 500 nm (Figure 29).
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Figure 29: Absorbance of carbon dots from P,Os, acetic acid and water showing two peaks
at 246 nm and 296 nm and a tail off over 400 nm.

The optical properties of the carbon dots were analysed by fluorescence
spectroscopy. An aqueous sample of the carbon dots was excited from 350-400 nm
in 10 nm increments (Figure 30). The carbon dots showed excitation dependent
emission in the visible region which increased on increasing excitation wavelength
from 475 nm (Aex 350 nm) to 488 nm (hex 400 nm). The Stokes shift decreased as
excitation wavelength increased (i.e. red shifting) from 125 nm (kex 350 nm) to 88
nm (Aex 400 nm). The emission peak was broad denoting the range of sizes within the
sample and the aggregates. An aqueous solution of carbon dots was analysed by
fluorescence microscopy whereupon water droplets containing dots displayed red,

green and blue fluorescence (Figure 31). The range is consistent with their large
emission profile across the visible region.
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Figure 30: Emission spectra of an aqueous solution of fluorescent carbon dots synthesised
from P,Os, acetic acid and water excited from 350—400 nm in 10 nm increments.

Figure 31: Fluorescence microscopy images of droplets containing carbon dots showing
green, red and blue fluorescence (bandpass filters Ao, 447-494, 527-563 and 340—-395 nm
respectively). Scale bar = 50 um.
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2.3 Microwave Assisted Synthesis of Carbon Dots

2.3.1 Introduction

A widely used approach to carbon dot synthesis involves microwave irradiation
which has gained considerable interest in the carbon dot community.**>** The use
of microwaves in chemistry is a relatively modern idea, first being used in the
1950s™* but gaining wider acceptance in the mid-1980s and 1990s.24¢*4" Microwave
irradiation causes polar molecules to ‘try’ to rotate in “time” with the oscillating
electromagnetic field. This causes them to oscillate back and forth as they cannot
orientate themselves rapidly enough, thus generating heat due to ‘molecular friction’
(Figure 32). Compared to conventional heating, which heats the vessel with the heat
percolating into the sample by conduction, microwaves heat all regions of the sample

directly and hence more uniformly.**

A

3

Figure 32: Representation of a diatomic molecule in the presence of a microwave. The
electromagnetic field exerts a torque on molecules with an electric dipole moment causing
them to rotate.

Following the original microwave methods of making carbon dots by Yang, sugars
and other small molecule organic compounds, e.g. citric acid**® have been primarily
used as the carbon source. The use of domestic microwaves, however, reduces the
reproducibility of these syntheses due to differences in the way the radiation reaches
the sample. Domestic (kitchen) microwave ovens are multimode instruments with the
majority of the electromagnetic radiation that enters the reaction cavity being

reflected by the walls of the cavity (Figure 33a). In contrast, in the monomode
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systems currently used for chemical synthesis, the radiation is directed at the sample
from a fixed distance with the sample in a defined position in the standing wave
(Figure 33b).

./

\-/

Figure 33: (a) representation of a multimode microwave. The electromagnetic radiation
generated by the magnetron (X) is guided to a rotator (Y) which causes the waves to
disperse around the chamber before reaching the reaction vessel (or more normally food);
(b) representation of a monomode microwave where a wave-guide channels the
electromagnetic wave to the reaction vessel, thus keeping the distance travelled by the wave
constant.

Of the three experimental variables in microwave chemistry (irradiation time, power
and temperature), the time (user controlled) and power (defined by the apparatus and
unfocussed by nature) can be controlled when using a domestic microwave. In a
monomode microwave reactor, it is possible to control all three variables however
the safety features of these reactors can restrict very high temperature or pressure
reactions. The lack of reproducibility and potential safety hazards associated with
domestic microwave ovens has led to a decline in their use in chemical laboratories
and acceptance by the scientific community.*® Thus, the investigation of carbon dot
synthesis in monomode microwave reactors is an important extension of the work

already carried out in the field.
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2.3.2 Carbon dots from Glycerol, Citric acid and PEG1500

To investigate whether carbon dots successfully produced from traditional thermal
methods could be translated to a monomode microwave, the reaction of glycerol,
citric acid and PEGisoo (See Chapter 2.2.1) was used. PEG1sq0 (0.2 g) was dissolved
in glycerol (3 mL) in a microwave vial and solid citric acid (0.2 g) added. The
mixture was microwave irradiated at the maximum temperature allowed by the
apparatus (250 °C) for 1 h at a time for a total of 3 h. The resulting straw coloured
solution was similar to that obtained from the thermal version of the experiment. The
solution was dialysed extensively against water (MWCO = 14,000) to remove excess
starting material and the fluorescence intensity of the resulting clear solution was
obtained (Figure 34).
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Figure 34: Emission spectra of nanoparticles from the uW reaction of PEG5q, citric acid
and glycerol (Agx 320—460).

The fluorescence intensity of the product from the microwave reaction showed
similarities to CD-CAPEG (synthesised thermally), with a maximum fluorescence
intensity two fold lower than the thermal synthesis when excited at 380 nm. The

fluorescence intensities when excited at other wavelengths showed a similar pattern
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to the thermal synthesis with negligible fluorescence when excited at 320 nm. The
fluorescence intensities for the microwave synthesis were consistently lower than the
thermal method. The emission is excitation wavelength dependent (similar to the
thermal synthesis) with a maximum fluorescence intensity when excited at 380 nm.
The DLS measurements of the microwave method (Figure 35) was compared to the
thermal method. The average diameter (109 nm) was less than that of the thermal
method (158 nm) however the PDI (1.00) was higher than the thermal method (0.59).
Both samples were fluorescent on UV excitation (Aex 365 nm) and the similar
fluorescence intensities of both thermal and microwave methods suggested that in

this case, the method of heating did not affect the resulting nanoparticles.
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Figure 35: DLS trace of carbon nanoparticles produced from the microwave irradiation of
citric acid, PEG590 and glycerol sonicated for 5 min (and 1 min between each measurement)

2.3.3 Carbon dots from Glucose and PEG

Using Yang’s procedure,” glucose (2 g) was dissolved in water and PEGago (10 mL)
added and the clear liquid microwave irradiated for a total of 80 min at varying
temperatures (3 x 10 min at 120 °C then 2 x 15 min at 150 °C then 1 x 20 min at 150

°C) to give a dark brown solution (Figure 36).

HOH
Ho ®e0
"Po H T Ho © ®
%) oW 0ee
H OH 400 . .

Figure 36: Microwave reaction of polyethylene glycol (average molecular weight = 400) and
glucose to produce carbon dots (CD-GPEG).
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The time taken for the solution to attain the dark brown appearance suggested in the
experimental detail was eight times longer than the 10 minutes quoted for the
reaction in a 500 W domestic microwave. The resulting brown solution was dialysed
against deionised water for 36 h, then MeOH for 3 h, to remove unreacted starting
materials. Size separation of the carbon nanoparticles was attempted by
centrifugation in a mixture of solvents. Some carbon dots have been reported to be
‘soluble’ in water and EtOH but not in CHCI5"" therefore an aqueous solution of the
carbon dots was added to water/EtOH/CHCI; (1:3:1). The solution was centrifuged
for 10 minutes at 4,000, 5,000, 6,000, 8,000 and 16,000 rpm, sequentially, the brown
solid material which collected at the bottom being removed each time. At lower
speeds heavier particles are expected to leave the water/EtOH layer and fall to the
bottom of the CHCI; layer. After the filtrate was removed from this solid material it
was centrifuged again at successively higher speeds leading to a separation of the
sizes. There was no solid material after centrifugation at 16,000 rpm indicating that
any particles present in the solution were small enough to remain ‘solvated’. After
removal of the solvents, the dark brown solid material was redispersed in water and
analysed by DLS (1 ug mL™ solution of CD-GPEG) (Figure 37). The uniformity in
size (polydispersity) (0.92) and average diameter of the nanoparticles (121 nm and
156 nm) were larger than those quoted from the domestic microwave method (3.6
nm). Again, TEM showed them to be smaller than first anticipated by the DLS

measurements but the mixture was very heterogeneous (Figure 38).
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Figure 37: DLS trace of carbon nanomaterial from the microwave irradiation of glucose and
PEG 0 With two populations around 121 nm and 156 nm.
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Figure 38: (a) TEM image of carbon material from the microwave irradiation of PEG4q and
glucose for 80 min at 120 °C-150 °C (b) expansion of a cluster of nanoparticles showing one
to be 33 nm in diameter.

TEM analysis of the sample indicated that the nanoparticles were considerably
smaller than the DLS results suggested, due to aggregation. TEM images indicated a
range of sizes of the material of varying shapes. Clusters of particles were visible and
the material did not display noticeable fluorescence under UV light (Aex 365 nm).
Fluorescence spectroscopy of CD-GPEG confirmed the particles to be weakly

fluorescent over a range of excitation wavelengths (Aex 320—460 nm) (Figure 39).
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Figure 39: Graph showing the weak fluorescence properties of CD-GPEG in aqueous
solution (1 mg mL™) over a range of excitation wavelengths (Aex 320 Nm—460 nm)
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2.3.4 Carbon dots from Sucrose and Phosphoric Acid

Although the glucose/PEG method produced nanoparticles, none were of the desired
size, thus a different method based on another sugar was employed. A synthesis
method using sucrose as the carbon precursor was attempted to investigate the
impact of the irradiation time on the formation of carbon dots and their size. Sucrose,
an inexpensive disaccharide, was used as the carbon source and H3PO, used as the

solvent. In the reported synthesis by Chandra,™*

the carboxylate and hydroxyl
functionalised carbon dots also featured phosphate groups on the surface. However,
use of a domestic microwave oven limited the reproducibility of the synthesis and

thus a translation to a more reliable microwave method was attempted.

Sucrose (0.75 g) was dissolved in a minimum volume of water and H3PO, acid
added. The reaction mixture was sealed inside a microwave vial and microwave
irradiated at 100 W for 165 s (Figure 40). In this case, the power of the microwave
was adjusted to reflect that of the domestic microwave and the temperature was
uncontrolled, thus reflecting the conditions in the original experiment as closely as
possible. The temperature of the reaction increased as the reaction progressed (to

~150 °C) but did not reach the 250 °C limit allowed by the microwave reactor.

OH
Q
Hﬂm oH OH ®e
L, OH +  O=P-OH 0o
OH
OH oo
OH

Figure 40: Microwave reaction of sucrose and phosphoric acid to produce carbon dots.

The colour of the solution changed from clear to dark brown associated with the
formation of carbonaceous material. After dilution with water, the brown solid

material was removed after centrifugation (4,000 rpm, 10 min) and the supernatant
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dialysed against water to remove the phosphoric acid. The resulting brown solution

did not show any noticeable fluorescence under UV light (Aex 365 nm).

To investigate the effects of irradiation time on the synthesis of the carbon dots, the
same ratio of monomers was irradiated for various times at a constant temperature
(100 °C for 75's, 90 s, 105 s and 120 s). The colour of each solution changed from
clear to brown or dark brown. Any larger carbonaceous material was removed by
filtration and after addition of water, the supernatant was dialysed against water and
the size analysed by DLS (Table 1). The PDIs ranged from 0.85 (90 s) to 1.00 (75 s
and 120 s) with average diameters of 157 nm (75 s), 209 nm (90s), 196 nm (105 s)
and 153 nm (120 s). There was no noticeable trend with respect to the size or
polydispersity on increasing irradiation time.

TEM analysis of CD-SPA showed that particles produced were spherical and with
75 and 90 s heating ~250 nm in diameter (Figure 41a and b). Smaller particles were
visible from irradiation for 105 s although larger particles (not shown in Figure 41c)
were also present. Particles from irradiation for 120 s showed similar sizes to that of
75 and 90s (~200-400 nm) however they were less clustered. Similar results were
found when the irradiation time was kept constant (90 s) and the temperature was
varied from 75 °C to 150 °C in 25 °C increments. Irradiation at 100 °C, 125 °C and
150 °C produced carbon material that, although of a spherical morphology, was too
large for carbon dots. On TEM analysis, carbon material of the correct morphology
and size for carbon dots was visible although larger material was the predominant
feature of the samples. Irradiation at 75 °C showed particles of ~10 nm diameter,
however, a range of sizes was visible. In all samples, small crystalline fragments,
assumed to be unreacted sucrose, were visible in the TEM images indicating that not

all the starting material had been consumed in the reaction or removed via dialysis.
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Table 1: PDIs and diameters of carbon nanopatrticles produced from sucrose and Hz;PO,
with differing irradiation times (n = 3)
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[a] measure of the uniformity of size and shape of particles within a sample from 0 (monodisperse) to
1 (most polydisperse)
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Figure 41: TEM images of carbon nanomaterial from the microwave irradiation of sucrose
and HzPO, for (a) 75 s; (b) 90 s; (c) 105 s; (d) 120 s.

DLS measurements of CD-SPA irradiated at different temperatures showed
consistently large particles; 258 nm (100 °C), 232 nm (125 °C), 247 nm (150 °C) and
smaller particles at 75 °C (165 nm) (
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Table 2). Of the two microwave methods attempted, neither appeared to provide
results consistent with the reported domestic microwave experiments. The uneven
heating provided by a multimode microwave may have a beneficial effect on the
production of carbon nanoparticles through localised ‘hot-spots’. Additionally, the
temperature in a domestic microwave oven synthesis is not controlled which could

influence the rate of carbon dot synthesis.
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Table 2: PDIs and diameters of carbon nanoparticles produced from sucrose and HzPO,
with differing irradiation temperatures (n = 3)

Temp Diameter
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One further investigation of the translation of microwave methods was attempted
based on the previous method proposed by Yang. The original experiment was
performed in a domestic microwave oven and translation to a monomode reactor did
not produce carbon dots of the desired size, therefore, a thermal method based on the
starting materials (glucose and PEGyqp) was trialled. Glucose (2 g) was dissolved in
water and PEGaqo (10 mL) added. The clear liquid was heated on a hotplate at 200 °C
with stirring for 3 h to give a dark brown solution. The solution was dialysed
(MWCO = 14,000) against water, the emission spectra obtained (Figure 42).
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Figure 42: Emission spectra of carbon material from the microwave irradiated reaction of
PEGp and glucose (Aex 320-460 in 20 nm increments).

Although the emission spectra showed similar characteristics to those expected of
carbon dots (excitation wavelength dependent emission), the fluorescence was ~10
fold lower than when produced via microwave irradiation and was not visible when
viewed under a UV lamp (Aex 345 nm).
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2.4 Conclusions

The desired aim of translating the synthesis of carbon dots from a domestic to a
monomode microwave resulted in a new set of questions regarding the mode of
synthesis of carbon nanoparticles. The uneven heating of a domestic microwave may
enhance the formation of carbon dots whereas a constant temperature monomode
microwave does not appear to promote carbon dot formation in these methods.
Although carbon dots of the desired size could not be produced, the change in colour
of the reaction mixture suggested the formation of carbon material. Traditional
thermal routes, although not appearing to produce carbon dots of the desired size,
resulted in fluorescent material with interesting optical properties characteristic of
carbon dots. Interestingly, carbon material from PEGsgo, glyercol and citric acid
yielded fluorescent material from microwave and thermal methods (although thermal
methods gave higher fluorescence) but there was negligible fluorescence from
PEG400 and glucose via thermal methods (compared to weak fluorescence from
microwave methods). This anomaly indicates that the choice of carbon source is

important when choosing the method for carbon dot synthesis.

The reliance on DLS for size analysis gave inconsistent results due to aggregation of
the carbon dots over short periods of time, interference caused by the fluorescence of
the samples as well as the vast differences in size within a single sample. Purification
methods which remove larger particles as well as further dialysis to remove the lower
molecular weight starting materials would be necessary for future syntheses via
either microwave or thermal methods. The size analysis of carbon dots would benefit
from a ‘dry’ method, i.e. transmission electron microscopy (TEM) to verify the true
diameter of the particles. The need for robust, reproducible and larger-scale methods

for carbon dot fabrication still remains a key focus.
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Chapter 3:

Synthesis and Properties of Carbon
Dots from 1,4-Addition Polymers

Parts of this chapter were previously published as: Jiang, Z., Nolan, A., Walton, J. G.
A., Lilienkampf, A., Zhang, R., and Bradley, M., Photoluminescent Carbon Dots
from 1,4-Addition Polymers, Chemistry A European Journal 2014, 20, 10926
10931. The author of this thesis was joint first author.

3.1 Introduction

Since their discovery, the scope of precursors for carbon dot synthesis has widened
considerably, however, ambiguity in the nature of the starting materials has led to a
lack of reproducibility. Thus, there is a need for synthetic methods using chemically
defined starting materials to produce carbon dots in a robust and reproducible
manner. In this work, defined addition polymers were synthesised and investigated as
precursors for carbon dots. The heteroatom content of the precursors and their

relationship to the optical properties of the resulting carbon dots was investigated.

3.1.1 1,4-Addition Polymerisation

The 1,4-addition of a nucleophile to an activated alkene (usually an o,f-unsaturated
carbonyl compound) is a useful route for the formation of carbon-carbon bonds
(Figure 43). In a Michael addition, the nucleophile is typically derived from the
deprotonation of the a-carbon of aldehydes, ketones, nitriles and p-dicarbonyl
compounds.’®® The activated alkene can vary widely in structure with a variety of

electron withdrawing groups possible.
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Figure 43: The Michael addition of a malonate anion onto the double bond of ethyl
cinnamate

Research into a variety of 1,4-addition polymerisations was pioneered by Ferutti with
the synthesis of various poly(amidoamine)s from bisacrylamines and amines (Figure
443) at moderate temperatures (15-60 °C) in protic or aprotic solvents.”*>**® The
rate of polymerisation is higher in protic solvents such as water where the reaction
proceeds to higher molecular weight polymers. The rate of polymerisation is also
dependent on the nucleophilicity of the secondary diamine used and the steric
hindrance of the amine.™ An interesting example of a poly(amidoamine) polymer is
the copolymerisation of amino acids with bisacrylamides (Figure 44b)."’
Bisacrylamides can be replaced by divinylsulfones or diacrylates as monomers, thus

widening the range of polymers.

Poly(aminoester)s are synthesised using diamines and diacrylates instead of
bisacrylamides (Figure 45a). Their low cytotoxicity and the degradation into low
toxicity products has led to their use as gene transfection agents.**® Another example
of 1,4-addition polymers include those based on quinones, which have found use in
anti-corrosion coatings*® and water-resistant adhesives (Figure 45b).*®°® The wide
range of diamines and diacrylates make this class of 1,4-addition polymers versatile.
The use of secondary amines in polymerisation ensures linear step growth of the
polymer chain rather. If a primary amine is used, a double addition at the amine takes
place which can result in a branched like structure depending on the concentration of

the starting material.
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Figure 44: (a) poly(amidoamine) synthesis from methylene bisacrylamide and N,N’-
dimethylethylenediamine; (b) a poly(amidoamine) from methylene bisacrylamide and glycine.
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Figure 45: (a) structure of a poly(aminoester) synthesised from a diacrylate and secondary
diamine; (b) structure of a poly(aminoquinone)
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3.2 Choice of Monomers and Polymer Synthesis

In this work, 1,4-addition polymerisation was considered an attractive route to obtain
polymers for the synthesis of carbon dots. Diamines, dithiols and diacrylates are
readily available, inexpensive, starting materials. The 1,4-reaction of these
monomers can proceed in water, at relatively low temperatures, and the work up to

obtain the desired polymer is usually simple and efficient.

The monomers chosen for the addition polymer synthesis are shown in Table 3. The
use of diamine or dithiols as monomers removes the need to introduce a base to
catalyse the reaction. In a previous study, Ferruti showed base promoted
polymerisation rates increased in the order: DIPEA < N,N’-dimethylethylenediamine
< 2-methyl piperazine < piperazine, (pKa 10.5, 10.2, 9.6 and 9.7, respectively), i.e.
reaction rates increased with decreasing basicity and lower steric hindrance.'®* To
control the polymerisation, the use of a secondary amine ensured that chain growth
was linear (and not branched as with a primary amine). In order to investigate the
effects of heteroatoms on the properties of the carbon dots, dithiothreitol (DTT), was
also chosen as a monomer. One nitrogen-containing diacrylate, methylene
bisacrylamide (MBA) and one diacrylate without nitrogen, tetraethylene glycol
diacrylate (TEGDA), were chosen as the diacrylates. The combinations of these
monomers allowed a set of polymers with nitrogen and sulphur to be produced.
Additionally, bis-(2-hydroxyethyl) ethylenediamine (BHEDA), was used to probe
whether a polymer with free hydroxyl groups had an effect on the characteristics of
the resulting carbon dots, and give rise to self-passivation or the generation of a
chemical handle. The monomers were chosen to yield polymers with varying levels
of heteroatoms to investigate whether heteroatom content had an effect on the

photoluminescent properties of the resulting carbon dots.
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Table 3: Structures of monomers used for 1,4-addition polymerisation

Acrylates Diamines/Dithiols
(0] 0] —\
\)‘\”A”J\/ HN  NH
Methylene bisacrylamide (MBA) Piperazine
o} OH
~_SH
\)J\Ofé\/oz\ﬂ/\ HS/\i/\/
o OH

Tetraethylene glycol bisacrylamide

(TEGDA) Dithiothreitol (DTT)

H
HO A~ N~ on
H
Bis-(2-hydroxyethyl)ethylenediamine
(BHEDA)

Equimolar ratios of the diamines, dithiols and the diacrylates were used to give
addition polymers of varying molecular weights and polydispersities (Table 4).
Monomers for P1, P4 and P5 are solid at room temperature and were dissolved in
water before polymerisation, whereas TEGDA was used neat. All monomer mixtures

were degassed with N, for 30 min and polymerised overnight in an oven at 40 °C.
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Table 4: Monomers and the molar ratios used in the synthesis of the addition polymers and
the resulting polymer characterisation

Monomer A Monomer B Monomer C  Molar Ratio®  Mn®  mMw  pH

P1 MBA Piperazine BHEDA 2:1:1 8500 17300 2.0
OH
o o \
N NN ~UN
\) H H NH
N
n o OH m
P2 TEGDA DTT - 1:1 10300 21700 2.1
0 OH
o/(\/oz\”/ys\/\i/\s
o) OH N
P3 TEGDA Piperazine - 1:1 5000 8500 1.7
o) N
P4 MBA DTT - 1:1 5600 10400 1.9
O O (:)H
N/\NJ]\/\S/\;/\/S
H H OH n
P5 MBA Piperazine 11 12500 18000 14
O O

[a] Molar ratio of monomers used in synthesis of each polymer. Reaction carried out on 10mmol scale
[b] Number average molecular weight

[c] Weight average molecular weight

[d] B = M/M,
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The polymers were dissolved in chloroform, and precipitated by the addition of
hexane, collected by centrifugation, and dried overnight. On a 10 mmol scale, the
yield by mass of each polymer were broadly constant; P1 (2.58 g, 66%), P2 (2.12 g,
47%), P3 (3.17 g, 82%), P4 (2.83 g, 92%) and P5 (2.16 g, 90%). Polymers
containing MBA were obtained as off-white solids whereas P2 formed a sticky gel
and P3 a viscous oil. The polymers were dissolved in NMP and analysed by gel
permeation chromatography (GPC) (Table 4) showing Mn’s between 8500-21700
Da and polydispersities between 1.4 and 2.1. Synthetic addition polymers can have
PDIs >10 but the equimolar ratios of the monomers used for the 1,4-addition

polymers resulted in polymers with relatively narrow PDIs.

3.3 Carbon Dot Synthesis

Carbon dots were synthesised by thermopyrolysis of P1-P5. Each polymer (0.1 g)
was sealed inside a 5 mL glass microwave vial and purged with N, for 30 minutes.
The sealed tube was heated in a stainless steel heating block on a hotplate at 250 °C
for 2 hours. Over this time, the reactions changed from colourless to brown and then
to black. The crude products were suspended in water and centrifuged (14,000 rpm,
30 min) to remove the visible solid material. The light brown supernatant was
collected and filtered by ultrafiltration through a regenerated cellulose membrane
(MWCO 50,000, 14,000 rpm, 15 min). Dialysis of the filtrate through a cellulose
membrane (MWCO = 14,000) in large volumes of water ensured any unreacted
monomers were removed. The water was removed by evaporation overnight in an
oven at 125 °C to give the carbon dots as a dark brown solid in ~10% vyield. The
synthesis was scaled up by a factor of 10 with no noticeable differences in the
resulting carbon dots obtained, (1 g of P1 gave ~100 mg of carbon dots). The carbon
dots dispersed well in water or DMF, however they were found not to disperse in

acetone or hexane.
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3.4 Structural Properties

Confirmation of the successful synthesis of carbon dots was achieved by structural
analysis and comparison to carbon dots synthesised by other methods. Elemental
analysis of the carbon dots showed weight percentages of carbon consistent with the
literature of other carbon dots by thermal routes (Table 5).}% As expected, the
weight percentage of nitrogen in the carbon dots increased with increasing nitrogen
content in the monomer precursors reaching a maximum of 17% in CD-P1 and CD-
P5 in which all monomers contained nitrogen. CD-P3 and CD-P4, which possessed
only one nitrogen containing monomer, showed 7.3 and 10.1% of nitrogen,
respectively and CD-P2, which was not formed from nitrogen containing monomers,
contained no nitrogen. The oxygen content of the two TEGDA containing monomers
(CD-P2 31.7% and CD-P3 28.2%) was expectedly higher than those containing
MBA. The elemental analysis of the carbon dots correlated well with the feed ratio of
the monomers (Table 5). The size and shape of nanoparticles are important as they
influence the optical properties as well as their behaviour and uptake in biological

systems.

Table 5: Elemental analysis of CD-P1 to CD-P5. CD-PX denotes the carbon dots derived
from polymer X in Table 4 (n = 3)@.

Carbon dot Elemental Analysis (% weight) (feed ratio of starting polymer in brackets)
C H N 0 S
CD-P1 57.7 (53) 8.0 (9) 17.0 22) 18.3 (16) 0.0 (0)
CD-P2 53.2 (47) 7.4(7) 0.0 (0) 31.7 (32) 7.0 (14)
CD-P3 57.5 (56) 8.0 (8) 7.3(7) 28.2 (29) 0.0 (0)
CD-P4 58.6 (43) 5.2 (6) 10.1(9) 10.4 (21) 14.1 (21)
CD-PS 56.8 (55) 7.4(9) 17.1 (23) 16.4 (13) 0.0 (0)

[a] Average of 3 elemental analyses
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Table 6: PDIs and diameters of CD-P1 to CD-P5 measured by DLS in water after 5 min
sonication and 1 min sonication between each measurement

cD pp Dlameter DLS trace
(nm)
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o SRR SO | DN S SR
Saop SEIRESIEH A R e
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As discussed in Chapter 2, DLS measurements were found to give diameters much
larger than those expected for carbon dots and need be used in conjunction with other
Imaging techniques to give the true, rather than hydrodynamic, diameter of the
nanoparticles. By DLS, the measured diameters of CD-P1 to CD-P5 in aqueous
solution (1 pg mL™) were between 55-325 nm and all carbon dots had high PDIs;
0.83 (CD-P1), 0.67 (CD-P2), 0.93 (CD-P3), 0.78 (CD-P4) and 0.95 (CD-P5) (Table
6). In the case of CD-P1, the size by number of particles is shown, giving an average
diameter of 55 nm. For CD-P2 to CD-P5 the size by intensity is given as these did
not differ from the size by number. Each sample was sonicated prior to
measurements and between each of the three repeats, aggregates or clusters of the
nanoparticles in aqueous solution were assumed to contribute to the larger diameters.
The diameters of CD-P1-P5 were measured by DLS in albumin and a surfactant
(Tween) was used in order to disaggregate the nanoparticles. The DLS traces
produced for each sample gave a peak around 8-9 nm however the control solution
of Tween also gave an identical peak (Figure 46). The peak around 8-9 nm was
therefore attributed to the albumin.
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Figure 46: (a) DLS trace of albumin control solution (blue), CD-P1 (red) and CD-P2 (green),

(b) DLS trace of CD-P1 (red), CD-P2 (green),CD-P3 (blue),CD-P4 (black) and CD-P5 (pink)
with the peak at 8—9 nm remaining unchanged.
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Electron microscopy gives a clear image of the dry diameter of nanoparticles.
Scanning electron microscopy (SEM) is generally used for particles >200 nm,
whereas transmission electron microscopy is used for particles <200 nm. For TEM
analysis, samples of the nanoparticles were dispersed in acetone, deposited on to a
copper-coated formvar grid and dried in air. A 400 keV microscope was used to
image the carbon dots which showed the dots to be spherical and of the desired size,
I.e. <10 nm. High magnification TEM of CD-P1 showed the nanoparticles to be
broadly consistent in morphology, monodisperse and ~5 nm in diameter (Figure 47).
The lattice spacing within an individual carbon dot was determined to be 0.21 nm
(lattice spacing measurements give the distance between atomic planes with 0.21 nm

consistent with the (100) diffraction planes of nano-crystalline graphite).*®®

Figure 47: TEM images of CD-P1 at (a) x10,000, (b) x40,000 and (c) x200,000
maghnification (d) high-resolution TEM image of an individual carbon dot.

TEM was carried out on CD-P2 to CD-P5 using a 100 keV microscope. Although
aggregates of the carbon dots made identification of individual carbon dots difficult
under the lower resolution, images of CD-P2 to CD-P5 showed the carbon dots to be

spherical and ~5 nm in diameter (Figure 48).
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Figure 48: Low and high magnification TEM images of (a and b) CD-P2, (c and d) CD-
P3, (e and f) CD-P4, (g and h) CD-P5, respectively. Arrows indicate an individual carbon
dot in each sample.
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X-ray photoelectron spectroscopy (XPS) gives information about the nature of the
atoms on the surface of particles. After X-ray irradiation of a sample, the number and
energy of the electrons that escape from the top 10 nm can be analysed.®* Because
the sizes of carbon dots are <10 nm, XPS can give information about the
environments of the atoms within the sample and give an indication of the
relationship between the polymeric starting materials and the carbon dot products. A
full XPS survey was obtained for each of the five carbon dot samples and a higher
resolution scan carried out on the major peaks. The full XPS survey of CD-P1
(Figure 49) showed the presence of carbon, nitrogen and oxygen, corroborating the
presence of these elements in the polymer. CD-P1 C1s peaks at 284.6 eV, 285.4 eV
and 287.6 eV were attributed to sp2 hybridised carbon, amine (C-N or C-NH) bonds,
and ether or amide bonds, respectively. Common features of the precursor polymers
for CD-P2-CD-P5 were shown through similar peak positions in the XPS spectra of
CD- P2-CD-P5. The C1s spectra of CD-P2—-CD-P5 showed a C-C sp2 peak around
284.1 eV-284.8 eV (Figure 50 — Figure 53).

Carbon dots synthesised using TEGDA-containing polymers (CD-P2 and CD-P3)
gave peaks attributable to the Cls carboxylate peaks at the characteristic higher
binding energy of 288.7 eV-288.9 eV. The high degree of overlap between C1s
peaks indicative of amino, ether, hydroxy and thioether groups render absolute
identification difficult, however, peaks around 286.09 eV-286.18 eV in CD-P2, CD-
P3 and CD-P4 were assigned to C-S, hydroxyl or ether carbons.
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Figure 49: (a) XPS of CD-P1 showing characteristic C1s, N1s and O1s peaks at 292, 400
and 525 eV respectively; (b) analysis of the high resolution scan of the C1s region (282 —
289 eV) showing sp2 hybridised carbon (284.6 eV), amine bonds (285.4 eV) and ether or
amide functionalities (287.6 eV) (c) analysis of the high resolution scan of the N1s region
showing amine environments (d) analysis of the high resolution scan of the O1ls region
indicating the presence of C=0 double bonds present in esters or amides.
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Figure 50: (a) XPS of CD-P2 showing characteristic S2p, C1s and O1s peaks at 165/228,
292, and 525 eV respectively; (b) analysis of the high resolution scan of the C1s region
indicating C-S bonds, carboxylate groups (288.7 eV—-288.9 eV) (c) high resolution scan of
the N1s region showing no nitrogen functional groups present (d) high resolution scan of the
O1s region indicating the presence of C=0 double bonds present in esters or amides (e)
analysis of the high resolution scan of the S2p region showing the presence of sulphur (C-S

bonds).
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Figure 51: (a) XPS of CD-P3 showing characteristic C1s, N1s and O1s peaks at 292, 400
and 525 eV respectively; (b) analysis of the high resolution scan of the C1s region showing
sp2 hybridised carbon, carboxylate groups (288.7 eV-288.9 eV) (c) high resolution scan of

the N1s region showing amine functionality (d) high resolution scan of the O1s region
indicating the presence of esters

68



Chapter 3

a b
O1s C1s
C1s
2 2
c c
=) =
> >
g g
3 N 1s 3
< t <
M S2p
T T T T T T T 1 T T T T "y
900 800 700 600 500 400 300 200 100 O 296 292 288 284 280
Binding Energy (eV) Binding Energy (eV)
¢ d
N 1s O1s
2 ]
c c
= =2
g >
s e
3 3
< <
T T T T | T I T T
408 404 400 396 544 540 536 532 528
Binding Energy (eV) Binding Energy (eV)
€ S 2p
2
c
=2
ol
s
5
<
[ [ | |
172 168 164 160

Binding Energy (eV)

Figure 52: (a) XPS of CD-P4 showing characteristic S2p, C1s, N1s and O1s peaks at
165/228, 292, 400 and 525 eV respectively; (b) analysis of the high resolution scan of the
C1s region showing sp2 hybridised carbon, C-OH and amide groups (c) high resolution scan

of the N1s region showing amine functionality (d) high resolution scan of the O1s region

indicating the presence of amides and hydroxyl groups (e) high resolution scan of the S2p
region indicating C-S bonds

69



Chapter 3

a b
O1s Cis C1s
2 at
= =
=2 =2
2 2
o o
3 5
< <
N 1s si2p
\
N
| | | T T | | | [ | | [ | [
900 800 700 600 500 400 300 200 100 O 296 292 288 284 280
Binding Energy (eV) Binding Energy (eV)
@ d
N 1s O1s
2 » ]
5 5
> >
S s ]
< < ]
w P g,
[ [ | [ [ | | | |
408 404 400 396 544 540 536 532 528
Binding Energy (eV) Binding Energy (eV)

Figure 53: (a) XPS of CD-P5 showing characteristic C1s, N1s and O1s peaks at 292, 400
and 525 eV respectively; (b) analysis of the high resolution scan of the C1s region showing
sp2 hybridised carbon, amide groups (287-288 eV) (c) high resolution scan of the N1s region
showing amine/amide functionality (d) high resolution scan of the O1s region indicating the
presence of amides

The amide carbon present in MBA still gave a characteristic peak between 287.23 eV
-288.28 eV in CD-P1, CD-P4 and CD-P5 suggesting that the temperature used for
pyrolysis did not completely decompose the polymers. High resolution N1s scans
showed typical amine and/or amide peaks in CD-P1, CD-P3, CD-P4 and CD-P5.
The absence of an N1s peak in the scan for CD-P2 was consistent with the elemental
composition of the polymer used. O1s peaks confirmed the presence of oxygen in
every sample with energies attributable to the predominance of C=0 double bonds
(either ester or amide). The characteristic peaks of C-S S2s (~228 eV) and S2p (~164
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eV) were evident in CD-P2 and CD-P4 with a high resolution scan of the S2p peak
showing the asymmetry associated with spin-orbit splitting (S2p1, and S2pss)
particularly evident in CD-P2. Si2p peaks present in CD-P3, CD-P4 and CD-P5
were thought to be contaminants and not an integral part of the carbon dot surface.

3.5 Optical Properties

The optical properties of carbon dots are of interest, especially considering their use
as alternatives to CdSe-based quantum dots and small molecule fluorophores.
Encouragingly, aqueous solutions of the carbon dots displayed varying degrees of
blue fluorescence under UV irradiation (Aex 365 nm). On visible inspection, CD-P1
displayed the highest fluorescence whereas CD-P2 showed negligible fluorescence

(see Figure 54).

CD-P1 CD-P2 CD-P3 CD-P4 CD-P5

Figure 54: Aqueous solutions of carbon dots CD-P1-CD-P5 (0.1% wi/v) excited at 365 nm

Quantification of the optical properties of the carbon dots was carried out by
measurements of the absorbance, excitation and emission spectra, and quantum

yields and compared to other carbon dots produced by thermal routes.
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3.5.1 Absorption and Emission Spectra

To quantify the optical properties of the carbon dots produced, the absorption of each
of the samples was measured in water at a concentration of 0.1% (w/v) (Figure 55).

Absorption was seen in the 220-500 nm region which tailed-off beyond ~530 nm.
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Figure 55: Absorption profile of agueous solutions of CD-P1-CD-P5 (0.1% w/v) from 220 —
570 nm.

Elemental carbon, carbon-black (up to ~97% carbon by weight) and other
carbonaceous material with significant carbon content all absorb radiation strongly,
particularly in the UV region.'®® Soot and the organic compound containing “brown
carbon” comprise ~60% carbon with hydrogen, oxygen, nitrogen and sulphur making
up the remaining 40%. Brown carbon has strong absorption-wavelength dependence
and absorbs more strongly towards shorter wavelengths (near UV), generally due to
T - m* transitions in the organic elements.'*®*®® CD-P1 to CD-P5 are ~60% carbon
by weight with varying amounts of the accessory elements and due to the similar
levels of composition to brown carbon, it is likely that the UV absorption is similar.
It is generally accepted that light absorption by aromatic compounds shifts towards
longer wavelengths as the graphitic cluster size grows.'® The presence of a range of

different sized graphitic clusters within the carbon dots could contribute to the
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absorption properties, particularly in the UV region. The shape of the absorption
profile was consistent with carbon dots produced from thermal methods with a tail
off around 500 nm. A shoulder at ~300 nm can be attributed to n-n* transition of
carbon-oxygen double bonds within the carbon dots in agreement with the XPS data.
The broad nature of the absorption can be attributed to the complicated band
structure of the carbon dots due to their random composition and subsequently the

varying numbers and sizes of graphitic clusters.

For emission analysis, CD-P1 to CD-P5 in deionised water (0.1% w/v) (Figure 56),
emission of CD-P1 to CD-P5 showed excitation wavelength dependence consistent
with other reported carbon dots. The broad nature of the emission spectra, and
therefore multi-colour emission is attributable to the small differences in the size of
carbon dots within each sample and is a common feature of many carbon dot

containing samples.

The carbon dots displayed maximum emission between 419 nm (CD-P4) and 446
nm (CD-P2) when excited at 380 nm. Even though the excitation profile in CD-P3
and CD-P5 appeared at higher wavelengths, the maximum emissions occurred when
excited at 380 nm (443 nm and 433 nm, respectively). Maximum emission with 380
nm excitation was also seen with CD-P1 (437 nm). Analysis of CD-P2 showed poor
fluorescence visible under UV excitation, nevertheless these particles still showed
excitation dependent emission, reaching a maximum of 442 nm when excited at 360
nm. The excitation maxima of CD-P1, CD-P2, CD-P3 and CD-P5 were all within
10 nm of each other. A feature shared by some carbon dots is the blue-shifting of
their emission spectra at increasing excitation wavelengths, i.e. a decrease in Stokes
shift. The normalised emission spectra of CD-P1-CD-P5 show increased spacing as

higher excitation wavelengths are used (Figure 57).
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Figure 56: Emission spectra of (a) CD-P1, (b) CD-P2, (c) CD-P3, (d) CD-P4, (e) CD-P5
excited from 320 nm—460 nm in 20 nm increments (f) emission spectra of CD-P1-CD-P5
excited at 360 nm (n = 3)
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Figure 57: Normalised emission spectra of (a) CD-P1, (b) CD-P2, (c) CD-P3, (d) CD-P4, (e)
CD-P5 excited from 320 nm-460 nm in 20 nm increments (n = 3)
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The Stokes shift versus the excitation wavelength shows a good correlation for CD-
P1, CD-P2, CD-P3 and CD-P5 at wavelengths up and including 440 nm (Table 7
and Figure 58). At wavelengths >440 nm the trend is not so clear, however, this may

be attributed to the weakness of the fluorescence at higher wavelengths. CD-P4

showed a constant Stokes shift (Figure 58).

Table 7: Maximum emission wavelength of CD-P1 to CD-P5 on excitation between 320—460
nm and corresponding Stokes shift (nm).

Aex CD-P1 CD-P2 CD-P3 CD-P4 CD-P5

nm Aem Shift  Aem Shift  Jem Shift  Aem Shift  Jem Shift
320 417 97 421 101 393 73 380 60 85 85
340 420 80 432 92 420 80 381 41 75 75
360 429 69 442 82 425 65 398 38 65 65
380 437 57 446 66 443 63 419 39 53 53
400 445 45 457 57 448 48 442 42 43 43
420 463 43 465 45 450 30 465 45 42 42
440 494 54 514 74 474 34 485 45 52 52
460 510 50 512 52 511 51 514 54 47 47

76



Chapter 3

120 - *CD-P1
100 | mCD-P2
. n ACD-P3
£ 80 s ® CD-P4
= A 4 "
= g e CD-P5
w60 - -
0 4 ® !
X ‘ ¥
% 40 -
A
A
20 |
0 T T T 1
300 350 400 450 500

Excitation wavelegnth (nm)

Figure 58: The relationship between increasing excitation wavelength and decreasing
Stokes shift of CD-P1 to CD-P5

Interestingly, the emission intensity of the carbon dots increased with increasing
nitrogen content of the precursor polymers. CD-P2, which contained no nitrogen
showed negligible fluorescence, CD-P3 and CD-P4 (from polymers with one
nitrogen containing monomer) displayed increased fluorescence but CD-P1 and CD-
P5 (in which all the monomers contained nitrogen) showed the highest fluorescence.
When the elemental composition of the dots was compared with the fluorescence
intensities, no noticeable trend was seen with the levels of oxygen or sulphur.
Increasing nitrogen content did not appear to have any effect on the maximum

emission wavelength.

The fluorescence of aqueous solutions of the carbon dots (Aex 380 nm) remained
stable over a pH range of 4.0 to 9.0 with only very minor variations observed
(Figure 59).
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Figure 59: Fluorescence intensity of CD-P1 to CD-P5 in aqueous solutions (0.1 % w/v) at pH
4.0-9.0 (Aex 380 NmM)

3.5.2 Quantum Yields

In order to evaluate the carbon dots as tracking agents, the quantum yields of CD-P1
to CD-P5 were calculated. The quantum yield (@) of a fluorophore is an important
consideration and can be described as the ratio between the number of photons
emitted and the number of photons absorbed. The maximum quantum yield of 1.0
(100%), i.e. every photon absorbed is consequently emitted, is hardly ever achieved,
however, some small molecule fluorophores come close to this; fluorescein in
ethanol has a quantum yield of 0.91 + 0.05 (in 1 M NaOH)™® and sulforhodamine
101 in ethanol is 0.93 + 0.02.7° A molecule is still deemed as appreciably

fluorescent with a quantum yield of 0.1.

Initially, quantum vyields were calculated using the absorbance and fluorescence

readings taken from a platereader in parallel. The absorbance and fluorescence
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intensities of samples in a 0.001% w/v aqueous solution were measured with 4’,6-
diamidino-2-phenylindole (DAPI) in water used as a standard. The calculated
quantum yields, although within the expected range, did not correlate well with the
observed fluorescence intensities of the aqueous carbon dot solutions under UV light
(hex 385 nm). Similar quantum yields were obtained for CD-P2 and CD-P3, but did

not match with the marked differences in fluorescence on visual inspection.

In order to measure the quantum yields of the five carbon dot samples effectively, the
absorbance and fluorescence of a range of concentrations was measured individually
and compared against a standard. An aqueous solution of CD-P1 was excited at
different wavelengths with varying slit widths to verify that the specified excitation
wavelength produced a full peak, that the signal was not saturated, that the
absorption was adequate and that it was compatible with the DAPI standard in
DMSO. DAPI is more fluorescent in DMSO than water and the ability to correct for
the refractive index of the solvents allowed for a solvent other than water to be used.
Following this, five concentrations (1, 2.5, 5, 7.5 and 10 pg mL™) of each of the
carbon dot samples were made up in water using a 0.1 % (1 mg mL™) stock solution
and five concentrations of DAPI in DMSO were made up to be used as standards.
The fluorescence spectrum of each sample was measured between 350 nm and 650
nm (Aex 330 nm, slit widths 3.5 mm, n = 3). The area under the integrated curve of
the fully corrected spectrum was then recorded and plotted against the absorbance for

the same sample (Figure 60).
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Figure 60: Graph of the absorbance of five concentrations of CD-P1-CD-P5 (n = 3) versus
the integrated area of the fluorescence intensity of each sample (n = 3)

Using the gradient of each line and taking into account the dispersity index of the

solvents used and the quantum yield of the reference sample, the quantum yield was

calculated using the following formula®’™:

Grad 2
®X B q)ST[ X j(n_;(]
Gradgy \ 75r
Where the ST and X subscripts denote the standard and test, respectively, @ is the quantum

yield, Grad is the gradient from the straight line graph of integrated fluorescence vs
absorbance, and n the refractive index of the solvent.

The quantum vyields of the carbon dots matched the observed fluorescence intensities
(CD-P1 26%; CD-P2 2%; CD-P3 13%; CD-P4 16%; CD-P5 20%). The quantum
yields of CD-P1 and CD-P5 gave a better representation of the observed
fluorescence intensities and were comparable to previously published syntheses from
thermal methods. CD-P1, as the most fluorescent and possessing the highest

quantum yield (26%), was selected for further study and biological experiments.
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3.5.3 Up-conversion Studies

Up-conversion of near infrared light (lower energy) with emission in the visible
(higher energy) region via a two or multi-photon process is a suggested property of
carbon dots. The potential benefits offered by two-photon excitation of carbon dots
has led to claims of two-photon microscopy with carbon dots being possible,
however, there is growing doubt that the phenomenon exists in carbon dots'? (with
the exception of carbon dots incorporating f-block metals which are known to
promote two-photon excitation).™’ To investigate the ability of carbon dots from 1,4-
addition polymers to display up-converting properties, aqueous solutions of CD-P1
(0.1% w/v) were excited with light in the near infrared region (650-900 nm in 50 nm
increments). CD-P1 appeared to show excitation dependent emission in the visible
region on excitation with NIR light (Figure 61a).
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Figure 61: (a) emission spectra of CD-P1 excited between 650—-900 nm in 50 nm increments
without long pass filter (b) identical spectra of CD-P1 with 455 nm long pass filter.

The fluorescence intensity increased from negligible at 650 nm to a maximum of 476
nm (A& 850 nm) before decreasing at higher wavelengths. One comparison of the
probabilities of one and two-photon excitation suggests that in bright sunlight, a good
one- or two-photon absorber will absorb one-photon every second but only once per
ten million years in a two-photon process.!”® On continuous wave excitation, 100—

1000 times more average power than pulsed excitation is required to yield the same
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rate of two-photon excitation.!™ The fluorescence intensity of the carbon dots on
two-photon excitation is expected, therefore, to be only a fraction of that of one-
photon excitation. The maximum measured fluorescence intensity of CD-P1 is 1.8 x
10 CPS (hex 380 nm) whereas the maximum when excited at near-infrared
wavelengths is 1 x 107 CPS (hex 850 nm). This represents an 18-fold decrease in
fluorescence intensity whereas based on the maximum rate of two-photon absorption
at least a 100-fold decrease would be expected. In order to assess the likelihood that
CD-P1 undergoes two-photon excitation, the excitation spectra were re-measured
with a 455 nm long pass filter (optical setup described in Figure 62). A long-pass
filter prevents light below a certain wavelength from passing through the lens, in this

case <455 nm. Thus, the effects of second order diffraction could be assessed.
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Figure 62: Top view representation of experimental setup for fluorescence intensity
measurements (left) without long pass filter (right) with long pass filter. Full spectrum light is
generated by the light source (1) and light of the specified wavelength is diffracted by the
diffraction grating before exciting the sample (2). The fluorescence intensity measured at
each wavelength of the specified scan is measured (3). A long pass filter (4) is placed in
front of the sample chamber to prevent light below a certain wavelength for passing through
the sample.
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On NIR excitation (650-900 nm in 50 nm increments), no emission was observed in
the visible region, confirming that the emission in the absence of the filter arose not
from up-conversion but as a result of second order diffraction of light (i.e. light of
half the excitation wavelength) (Figure 61b). This study adds weight to the doubt

surrounding two-photon excitation although does not rule it out for all carbon dots.

3.6 Cellular Studies

The ability of certain carbon dots to be taken up by cells and their lack of

cytotoxicity is well documented'’>'"

and is crucial if using the carbon dots in
biological applications. It is presumed that carbon dots enter cells by pinocytosis due
to their small size. In order to assess the biocompatibility of the carbon dots from
1,4-addition polymers, the cytotoxicity of all the carbon dots was evaluated and the

uptake of CD-P1, the most fluorescent particles investigated.

3.6.1 Cytotoxicity

The cytotoxicity of carbon dots differs somewhat from the cytotoxicity of other
predominantly carbon-containing materials. The toxicity of carbon nanotubes can be

d*"" whereas there is a wealth of

attributed to their fibre like structure when aggregate
evidence showing carbon dots are not cytotoxic.'”® Of the more visual cytotoxicity
experiments, Wang showed the growth of beansprouts was not hindered by an
aqueous carbon dot solution of 1.5 mg mL™. The resulting sprouts exhibited
excitation dependent fluorescence emission. An aqueous carbon dot solution (0.7 mg
mL™) given orally to mice showed no adverse effect. Interestingly, while the urine of
the mice showed excitation dependent fluorescence, a blood sample did not. After
time, the fluorescence in the urine of the carbon dot fed mice disappeared suggesting

renal clearance.™°
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To evaluate the toxicity of the carbon dots to cells an MTT assay was applied. This
colorimetric assay indirectly provides a determination of the acute toxicity of a
material of interest to a particular cell line.'”® After incubation of a compound within
cells, a tetrazolium dye (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) is added. In healthy, metabolically active cells oxidoreductases reduce the
tetrazolium to an insoluble formazan, producing purple crystals on the cell surface.
The amount of formazan can be ‘quantified’ by solubilising the crystals and
measuring the absorbance at 540 nm (in comparison to a control sample of healthy

cells) thereby giving an indication of the number of viable cells.

Prostate cancer (PC3) cells were chosen as a robust cell line. These cells are easy to
handle and culture and are widely used for cell toxicity and cell uptake studies. CD-
P1 to CD-P5 were incubated with cells and the % viability of the cells after
incubation determined. The PC3 cells were incubated with three different carbon dot
solutions (2, 1 and 0.1 mg mL™) for 5 h after which, visualisation of the cells under a
microscope showed high levels of formazan crystals. The crystals were solubilised

and the absorbance of the solutions at 540 nm recorded.

CD-P1 did not show any cytotoxicity on PC3 cells up to 2 mg mL™ (Figure 63).
Similarly, CD-P2, CD-P3 and CD-P5 did not show notable cytotoxicity for all
concentrations (cell viability > 90% when incubated with 2 mg mL™). While CD-P4
did not show noticeable cytotoxicity at 0.1 and 1 mg mL™, there was minor
cytotoxicity (70% cell viability) at 2 mg mL™. CD-P4 did not disperse as well as the
other carbon dots in the stock solution which could have led to the slight cytotoxicity

observed at higher concentrations.
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Figure 63: Cell viabilities after incubation of PC3 cells with three different concentrations of
(a) CD-P1, (b) CD-P2, (c) CD-P3, (d) CD-P4 and (e) CD-P5; (n =5)
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3.6.2 Cellular Uptake

Cellular uptake studies of the carbon dots were carried on PC3, breast cancer cells
(MCF7) and macrophages (RAW). Cells were seeded at ~100,000 cells per well and
cultured overnight. The media was changed and CD-P1 was added at 1 mg mL™.
After incubation for 5 hours, the cells were washed with PBS and imaged using
fluorescent microscopy (Aex 340-395 nm, Aem 430-505 nm). (Figure 64).

Figure 64: Fluorescence microscopy images of a 0.1% aqueous solution of CD-P1
incubated with MCF7, PC3 and RAW cells (x 40 magnification) after 5 h incubation (a) bright
field image (b) band-pass filter Aex 340-395 nm
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Visualisation of the cells by semi-confocal microscopy clearly showed cellular
uptake of the particles into the three different cell lines. These results were verified
by flow cytometry. PC3 cells were incubated with CD-P1 at 2, 1 and 0.1 mg mL™,
and the cells cultured overnight. After washing and trypsination, uptake was
evaluated by flow cytometry (Aex 355 nm and a 450-490 nm filter) and analysed

using the FlowJo software (Figure 65).
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Figure 65: Flow cytometry analysis (Aex 355 nm) of PC3 cells incubated with CD-P1 at 0.1
mg mL™ (green), 1 mg mL™ (blue ) and 2 mg mL™ (red). Untreated cells were used as a
control (grey)

The cellular uptake of CD-P1 was identified by an increase in fluorescence intensity
following incubation with the carbon dots in a concentration dependent manner. On
incubation with 1 mg mL™ CD-P1, the whole population was CD-P1 positive

indicating take up of the carbon dots into 100% of the cells.
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3.7 Conclusions

Five 1,4-addition polymers with varying heteroatoms were synthesised and
characterised. These five polymers were pyrolysed directly to synthesise carbon dots
in a robust and reproducible manner. Investigation of the structural properties
showed them to be spherical and of the desired size (<10 nm). The optical properties
of the carbon dots were dependent on the amount of nitrogen incorporated. CD-P2
with no nitrogen containing monomers was poorly fluorescent whereas CD-P1 and
CD-P5, with the most nitrogen, displayed the highest fluorescent intensity. All
carbon dots produced showed excitation dependent emission and the optical
properties showed commonalities with carbon dots produced from other thermal
methods. The reported up-conversion property of the carbon dots was investigated
with CD-P1 but experiments showed the suggested up-conversion phenomenon were
in fact a result of second order light diffraction.

The herein synthesised carbon dots can be synthesised efficiently on an appreciable
scale. The initial monomers are commercially available and inexpensive and no
specialist equipment is required for the synthesis of the carbon dots. This method is
reproducible and the route to the carbon dots and is robust and efficient. These
particles are dispersible in water and stable over a physiological pH range, thus they
can be applied to fluorescence imaging in cells. Amines from the polymers may be

accessible on the surface of the carbon dot.
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Chapter 4.

Biological Applications of
Carbon Dots

4.1 Introduction and Aims

The non-cytotoxic nature, cell uptake properties and stability of carbon dots at a
range of pHs make them candidates for biological imaging. Carbon dots have
previously been conjugated to biomolecules, such as tumour targeting molecules and
dyes.® %2 The aim of the work in this chapter was to investigate conjugation of
biomolecules to the carbon dots that had been prepared and to apply them in a
number of cell targeting environments, namely to the nucleus and mitochondria. In

addition an innovative tool for a protease assay using IR was explored.

The nucleus contains genetic material and is responsible for DNA synthesis.'®® It is
separated from the other cell components by a nuclear envelope membrane.
Transport across this double lipid bilayer is tightly regulated and certain molecules
must pass through in order to maintain key cell processes.’®* % Small molecules
may enter the nucleus by diffusion through the nuclear pore complexes (NPCs)*®’
whereas larger molecules such as proteins gain entry to the nucleus usually via
recognition of a nuclear localisation sequence (NLS). The NLS is recognised by
importin-a (Impa) and subsequently importin-p (Impp) which together facilitate the
transport of the cargo across the double membrane. The Ran protein regulates the
direction of the transport by binding to GDP (within the cytoplasm) or GTP (within
the nucleus) (Figure 66). A seven amino acid sequence (PKKKRKYV) from the SV40
Large T-antigen was the first NLS discovered™®® and due to its widespread use in
nuclear localisation of proteins and ease of synthesis, it was chosen to conjugate to

carbon dots.
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Imaging of the nucleus can be used to localise cells within tissues and can provide a
way of following changes in the nucleus through processes such as mitosis. For live
cell applications, it is important that anything used to identify the nucleus does not
adversely affect cell function. Typically, the nucleus is stained with dyes or
molecules which intercalate DNA, potentially disrupting normal processes within the

nucleus.'®®
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Figure 66: Cargoes can be transported into the nucleus by use of a nuclear localisation
sequence (NLS) and its association with importin-a and importin-B. The complex is
transported through nuclear porins which span the double lipid bilayer of the nucleus. Ras-
related nuclear protein (Ran) dictates the directionality of the transport by binding with GDP
in the cytoplasm for import or GTP in the nucleus for export of cargoes. Reprinted from Rivas
and Genin, open access publication.*®® Copyright 2011 Rivas and Genin.

Mitochondria are the powerhouses of eukaryotic cells, producing energy through
oxidative phosphorylation and lipid oxidation. Mitochondria have an outer

membrane and highly folded inner membrane which increases the surface area on
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which adenosine triphosphate (ATP, a cell's main energy source) can be
synthesised.'®* The function of the mitochondria is not limited to energy production;
control of the cell metabolism by calcium storage and signalling™®? and regulation of

reactive oxygen species™

are also roles played by these subcellular organelles
(Figure 67). The number of mitochondria within a cell depends widely on the type of
tissue and the organism itself. Unicellular organisms often contain a single
mitochondrion'** whereas there can be 1000-2000 mitochondria per human liver

cell.*®
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Figure 67: Regulation of key cell processes are carried out by mitochondria; (A) calcium-
mediated signaling control the phosphorylation and dephosphorylation of enzymes; (B)
Energy metabolism within the mitochondria occurs on the highly folded inner membrane; (C)
Unknown signaling partners regulate electrochemical potential and expression of respiratory
complexes; (D) membrane fusion proteins facilitate the propagation of metabolites, e.g.
calcium, reactive oxygen species and mitochondrial DNA. Reprinted with permission from
McBride.*®® Copyright 2006 Elsevier Ltd.

Mitochondria possess their own independent genome, different from that of the
nucleus of the cell in which resides maternal mitochondrial DNA. Mutations in this
DNA or defects in enzymes which control mitochondrial DNA replication can lead
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to a number of mitochondrial-based diseases, e.g. mitochondrial myopathy, Leigh
syndrome.'®” The UK government legalised controversial treatment of mitochondrial
disease in 2015 whereby a healthy donor egg is used to host nuclear DNA from a
patient with a mitochondrial disease.'®® Currently, imaging of mitochondria is based
on small molecule fluorescent probes, e.g. Mitotracker® (Figure 68) and although

live cell staining is efficient, the probes are not well retained in fixed cells.**°

Cl

Figure 68: Mitotracker® Red Chloromethyl X Rosamine (Aex 578, Aem 598 in MeOH)

Currently, optical imaging of live cells relies heavily on the fluorescence output of
traditional small molecule fluorophores. Many of these organic molecules are
cytotoxic, have low solubility in water and may aggregate within cells thereby
causing self-quenching (attributable to the n-stacking of aromatic fluorophores which
significantly decreases their fluorescence output). Fluorophores may also interact
with the components within cells making them difficult to detect amid the
autofluorescence of cell components or the tissue. Photobleaching of fluorophores
also remains an issue for some fluorophores.?® Carbon dots, which overcome some
of these limitations provide an attractive alternative to small molecule fluorophores
and their use in vitro and in vivo has been reported.”®* The aim of the work in this
chapter was to ascertain whether CD-P1 was suitable for conjugation to nuclei and
mitochondrial targeting molecules. Another aim was to use CD-P1 in conjunction
with a peptide with the carbon dot quenching an 'IR-dye".
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4.2 Conjugation Studies

The XPS of CD-P1 indicated amino groups were present on the surface of the carbon
dots. This surface functionalisation allows easy conjugation to molecules with free
carboxylic acid groups via amide bond formation. The carboxylic acid group of
methyl red thus allows conjugation to CD-P1 through an amide bond. A large excess
of methyl red was dissolved in DMF and Oxyma/DIC used to activate the carboxylic
acid. The solution was then added to a suspension of CD-P1 and stirred for 1 h.
Excess methyl red and other reagents were removed by dialysis in MeOH and H,0
before the solvent was removed to give the methyl red-carbon dot conjugate. To
ascertain whether or not the coupling had been successful, the fluorescence spectra of
a 0.1 mg mL™" aqueous solution of conjugated and unconjugated CD-P1 were
measured (Figure 69). On excitation at 360 nm, CD-P1 conjugated to methyl red
showed a 45-fold reduction in fluorescence compared to the unconjugated carbon
dots. The fluorescence spectra of the conjugated carbon dots showed the same
excitation dependent emission as the unconjugated dots with the reduction in

fluorescence intensity showing effective quenching of the carbon dot.
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Figure 69: Fluorescence spectra of (a) unconjugated CD-P1 (b) CD-P1 conjugated with
methyl red, (inset) emission spectra of CD-P1 conjugated with methyl red shown on a
different scale (max = 3 x 10° CPS) showing excitation wavelength dependent emission;
excitation between 320-460 nm in 20 nm increments; concentration 0.1 mg mL™.
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4.3 Targeting the Cell Nucleus

To verify whether carbon dots could successfully be transported through the nuclear
membrane, a carbon dot-peptide conjugate probe based on the known NLS
(PKKKRKYV) was designed (Figure 70).
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Figure 70: Structure of CD-P1-NLS conjugate (Ac-PKKKRKV-CD-P1)

The NLS with a PEG spacer was synthesised on 2-chlorotrityl polystyrene resin (1.0
mmol g, 100-200 mesh with the PEG spacer (Fmoc-PEG-OH) attached as the first
residue. The linker was activated with SOCI;, and the Fmoc-PEG-OH spacer coupled
using DIPEA under dry conditions. Any remaining free sites were capped using
MeOH. The spacer increased the distance between the carbon dot and the NLS in
order to make the sequence more accessible. The amine group of 2-
(aminoethoxy)ethanol was protected with benzyl bromide followed by O-alkylation
with bromoacetic acid and excess NaH to introduce the acid moiety in moderate
yields. Debenzylation of the amine by hydrogenation using a Pd/C catalyst yielded
the free amine in high yield which was Fmoc protected to make the spacer

compatible with standard solid phase synthesis (Figure 71).
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1) Benzyl bromide, K;,CO3

(0]
HoN -~ ~_OH MeCN, 50 °C, 20 h, 54% 5
0O nzN\/\ /\/O
2) Bromoacetic acid, NaH o OH
THF, 80 °C, 16 h, 50%
H,, Pd/C

EtOH, 45 °C, 96%

(0] (0]
FmocOSu, K,CO3
FmOCHN\/\O/\/O\)J\OH H,0, 16 h, 46% HZN\/\O/\/O\)J\OH

Figure 71: PEG linker synthesis from 2-(aminoethoxy)ethanol

The Fmoc group was removed using 20% piperidine in DMF and confirmation of the
removal was given by the Ninhydrin test. Subsequent Fmoc protected amino acids
(with orthogonally protected side chains) were coupled using Oxyma and DIC with
confirmation of their coupling given by the Ninhydrin or Chloranil tests. The peptide
was cleaved from the resin using dilute acid (1% TFA in DCM) and precipitated
from water to give the protected peptide (Figure 72). The peptide was analysed by
MALDI-TOF mass spectrometry and the purity assessed by HPLC (>99% pure). The
chlorotrityl linker allows the peptide to be cleaved from the resin with side chain

protecting groups intact, thus leaving the free acid for future conjugation.
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3) DMF/Ac,0O/Pyridine (15:2:3), 2 x 15 min, rt
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Figure 72: Solid phase strategy for the synthesis of the protected NLS peptide on 2-
chlorotrityl chloride polystyrene resin.
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The stability of the carbon dots to acidic conditions was investigated. No noticeable
loss of fluorescence was seen when CD-P1 was dispersed in neat TFA. On excitation
at 360 nm, the carbon dots showed fluorescence intensities within the same order of
magnitude with the difference attributed to minor variations in the exact
concentrations of the solutions (Figure 73). The TFA was removed by evaporation
and the carbon dots suspended in water. The fluorescence spectrum showed that
there was no loss of fluorescence and confirmed that CD-P1 was compatible with the
acidic conditions that would be used in the cleavage of the side chain protecting
groups.
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Figure 73: Fluorescence spectra of CD-P1 (1 mg mL'l) in water (dotted line) and TFA
(dashed line) show no loss of fluorescence on addition of neat TFA. Further dispersal of CD-
P1 in water after evaporation of TFA (solid line) shows fluorescence in maintained (Aex 360
nm).

The protected NLS peptide was coupled to CD-P1 using Oxyma/DIC in DMF.
Although more volatile solvents such as DCM, THF or dioxane would have been
easier to remove after the coupling, CD-P1 does not easily disperse in these solvents

and are thus unsuitable for solution phase couplings. DMF was chosen, therefore, as
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both the carbon dots and the peptide are soluble in this solvent. CD-P1 and the
activated peptide were reacted for 1 h at room temperature after which the solvent
was removed in vacuo. The residue was treated with TFA-TIS-H,0 (95:2.5:2.5) for 3
h to remove the side chain protecting groups. After removal of the solution in vacuo,
the carbon dot conjugates were dispersed in water, dialysed against a large volume of
water and dried to give the carbon dot-NLS conjugate (CD-P1-NLS) (31 mg). Based
on the increase in mass after addition of the NLS sequence, the CD-P1 were

estimated to have an amine loading of 1.96 mmol g™.

To test the ability of CD-P1-NLS to target the nucleus, PC3 cells were treated with
the probe. PC3 cells were chosen as a robust cell line and it was previously shown
that these cells take up CD-P1. SYTO17, a red nucleic acid dye was chosen as a
counterstain for the blue fluorescent carbon dots. CD-P1-NLS (1 mg mL™) were
incubated with PC3 cells for 5 h before fixation and staining with SYTOL17 for a
further 2 h. The cells were washed and imaged by confocal microscopy (Figure 74).

b

a

Figure 74: Confocal microscopy images of (a) CD-P1-NLS in the nucleus of PC3 cells (b)
SYTOL17 counterstain inside the nucleus of PC3 cells, (c) merged image of CD-P1-NLS and
SYTO17. The structure of SYTO17 had not been disclosed at time of writing.

Confocal microscopy of CD-P1-NLS inside PC3 cells showed localisation in the
nucleus. The fluorescent area was consistent with the expected diameter of the cell
nucleus. Previous uptake experiments showed little uptake of CD-P1 within the
nucleus (see Chapter 3.6.2). The red fluorescent SYTO17 stain was shown to localise

in the nucleus and the merged image confirmed colocalisation with CD-P1-NLS.
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4.4 Mitochondrial Labelling

Lipophilic cations, such as triphenylphosphonium ions, have been widely used to
target mitochondria.?®>?® Their uptake across the mitochondrial membrane is
enhanced by the membrane potential with a predicted ~10 fold increase in uptake for
every ~60 mV increase in the potential.*®* Due to its extensive use and the relative
ease of conjugation, a triphenylphosphonium-based carbon dot conjugate was

designed (Figure 75).

® O
Ph3P\/\/\)J\
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CD-P1-MITO

Figure 75: Structure of the CD-P1-MITO conjugate

5-Carboxypentyltriphosphonium bromide was prepared from 6-bromohexanoic acid
and triphenylphosphine in quantitative yield and subsequently converted to an NHS-
ester by addition of a solution of N-hydroxysuccinimide and DIC in DCM. The
synthesis of the isolable active ester was followed by conjugation to CD-P1 without
the need for additional coupling reagents. Coupling of the cation to CD-P1 (11 mg)
was achieved in DMF with the use of DIPEA and stirring for 1 h at room
temperature to afford the mitochondria targeting conjugate (CD-P1-MITO) (22 mg)

(Figure 76). The theoretical loading based on the mass increase was 2.4 mmol/g.
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Figure 76: CD-P1-MITO synthesis from 6-bromohexanoic acid.

PC3 cells were treated with CD-P1-MITO at a concentration of 1 mg mL™ and
incubated for 5 hours. The cells were stained with Mitotracker Red to give a contrast
to the blue fluorescent carbon dots before fixation. The cells were washed and

imaged by confocal microscopy (Figure 77).

a b c
Figure 77: Confocal microscopy images of (a) CD-P1-MITO in PC3 cells (b) Mitotracker
counterstain inside PC3 cells, (¢) merged image of CD-P1-MITO and Mitotracker Red.

The diffuse staining of the Mitotracker counterstain made identification of the
mitochondria difficult, however there was no fluorescence signal from either CD-P1-
MITO or Mitotracker in the nucleus. The CD-P1-MITO signal was less intense
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around the cell membrane and images of CD-P1-MITO showed more punctate

staining often associated with mitochondrial localisation.

4.5 Peptide Conjugates

The ability to conjugate targeting moieties to the amine functionalised CD-P1 and
the uptake properties of the carbon dots presents a useful strategy for peptide based
probes. In an extension of the conjugation studies of methyl red to the carbon dots, a
short peptide sequence (AAPV) known to be cleaved by Human Neutrophil Elastase
(HNE) was introduced.?® HNE is a serine protease with broad specificity which is
released by neutrophils predominantly during immune defence responses. Methyl red
effectively quenches the fluorescence of CD-P1 when in close proximity. On
introduction of HNE it was expected that cleavage of the short peptide would result

in an increase in the fluorescence intensity of the carbon dots (Figure 78).

FRET hv hv
380 nm 435 nm 380 nm

[
\X\AAPV@/ _HNE AA Pv@/

Figure 78: Principle of the carbon dot (CD)/HNE sequence (AAPV)/Methyl Red (MR) FRET
system showing the quenching of the fluorescence of the carbon dot when excited at 380 nm
and emission at 435nm on cleavage of the peptide sequence by HNE.

The peptide was synthesised by solid phase synthesis using polystyrene resin
functionalised with a 2-chlorotrityl chloride linker, thus ensuring the peptide
sequence had a carboxylic acid group at the C-terminus. As before, after activation
and coupling of the spacer (DIPEA, dry DCM), coupling of each Fmoc protected
amino acid was achieved using Oxyma/DIC as the coupling reagents and a solution

of 20% piperidine in DMF was used for Fmoc deprotection. After coupling of the
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four amino acids, 2-(N,N-dimethyl-4-aminophenyl)azobenzenecarboxylic acid
(methyl red) was coupled using Oxyma/DIC. The peptide was cleaved from the resin
(1% TFA in DCM) and precipitated as a dark purple solid without the need for
further purification. The peptide was analysed by mass spectrometry and HPLC. The
peptide was conjugated to CD-P1 using Oxyma/DIC in DMF and stirring for 1 h at
room temperature before dialysis against water to yield the product MR-AAPV-CD-
P1 (Figure 79).

O
FmocHN\/\O/\/OQJ\O cl O )

repeat

1) 20% piperidine in DMF, 2 x 10 min, rt = J
2) Fmoc-Aaa.OH, Oxyma, DIC, DMF, 2 x 20 min, 60 °C

3) DMF/Ac,0O/Pyridine (15:2:3), 2 x 15 min, rt

\ 4) 1% TFA in DCM, 5 x 2 min, rt

N— 5) CD-P1, Oxyma, DIC, DMF, 1 x 1 h, rt

JJ\ X(N\/\O/\/OQJ\NA‘CZ??”

MR-AAPV-CD-P1

Figure 79: Solid phase strategy for synthesis of AAPV peptide on 2-chlorotrityl polystyrene
resin.
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The emission spectra of MR-AAPV-CD-P1 was recorded and the fluorescence
emission intensity when excited at 360 nm was significantly less than unconjugated
CD-P1 (~10 fold). On addition of HNE, however, the cleavage of the peptide
sequence resulted in an increase in fluorescence intensity from the carbon dot due to

removal of the quenching by methyl red (Figure 80).

= MR-AAPV-CD-P1 + HNE
MR-AAPV-CD-P1

o e o =
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Figure 80: Fluorescence spectra of MR-AAPV-PEG-CD-P1 (0.1 mg mL™) (dashed line) in
buffer and after the addition of HNE (solid line) shows an increase (~10 fold) in fluorescence
intensity (Aex 360 Nm).

The carbon dots were envisaged as being broad resorbers and so could be used to
quench IR signals. By coupling the alkyne, propiolic acid, instead of methyl red, the
probe would contain an IR signature and it was hoped that the IR signal associated
with the alkyne would be quenched and subsequently restored on addition of HNE.
The peptide was synthesised in the same manner as MR-AAPV-PEG-OH on
polystyrene resin with a 2-chlorotrityl chloride linker. After coupling of the PEG
spacer and four amino acids, the alkyne, propiolic acid was coupled using
Oxyma/DIC. The peptide was cleaved from the resin (1% TFA in DCM) and
precipitated as an off white solid without the need for further purification. The
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peptide was analysed by mass spectrometry and HPLC (>99% pure). The peptide
was conjugated to CD-P1 using Oxyma/DIC in DMF and stirring for 1 h at room
temperature before dialysis against water to yield the product Alkyne-AAPV-CD-P1

(Figure 81).

\(
O NH O
)\( Q H Q
. N
H H
O
Alkyne-AAPV-CD-P1

Figure 81: Structure of the AAPV-carbon dot conjugate with propiolic acid (alkyne) at the N-
terminus.

The successful coupling of the alkyne-functionalised peptide to CD-P1 was
confirmed by the increase in mass after dialysis. The peak attributed to the triple
bond stretch of the alkyne (2152 cm™, see Figure 82) did not appear in the IR
spectrum of the Alkyne-AAPV-CD-P1 (see Figure 83).
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Figure 82: IR spectrum of Alkyne-AAPV-PEG-OH showing a C=C stretch at 2152/2047 cm”
! and characteristic amine peak at 1657 cm™
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Figure 83: IR spectrum of Alkyne-AAPV-PEG-CD-P1 showing an absence of the C=C
stretch around 2100 cm™ and characteristic amine peak at 1634 cm™
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The close proximity of the IR absorbing carbon dot was able to quench the IR signal
from the alkyne. On subsequent addition of HNE, a weak signal attributed to the

alkyne was visible at 2128 cm™ (see Figure 84) confirming cleavage of the probe.
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Figure 84: IR spectrum of Alkyne-AAPV-PEG-CD-P1 after cleavage by HNE showing a

4.6 Conclusions

C=C stretch at 2128 cm™

The ability to use the amino groups of CD-P1 to conjugate these nanoparticles to

biologically relevant molecules presents a valuable starting point in the application of

these carbon dots to real biological situations. In addition to the amino functionality

which provides a convenient conjugation site, their stability in acidic conditions

allows conjugation to peptides before deprotection of the side chain protecting
groups. CD-P1 were investigated in FRET systems with methyl red used as the

quencher. The emission of CD-P1 was shown to be reduced on conjugation to

methyl red, demonstrating not only that conjugation to these nanoparticles was
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achievable, but also that their fluorescence could be quenched. Exploiting their cell
entry capabilities, CD-P1 were conjugated to an NLS and shown to localise inside
the nucleus of PC3 cells. Conjugation with a mitochondria targeting molecule also
showed carbon dots accumulated within cells.

Coupling of a small peptide known to be cleaved by human neutrophil elastase
(HNE) was confirmed by two approaches; IR and a conventional FRET system. CD-
P1 were investigated as broad resorbers coupling to the small peptide (Alkyne-
AAPV-PEG-OH). The absence of the expected alkyne peak in the IR spectrum of
the conjugate indicated that the IR signal of the alkyne was quenched by the carbon
dot. On cleavage with HNE the alkyne peak reappeared. A similar system using the
quencher, methyl red, showed an increase in fluorescence intensity of the carbon dots
on treatment of the methyl red conjugate, MR-AAPV-PEG-CD-P1 with HNE.
These systems show that these carbon dots are able to quench and be quenched and

hence may offer applications in the optical imaging arena.
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Chapter 5:

Conclusion and Future Work

The thermal synthesis of carbon dots from 1,4-addition polymers resulted in
fluorescent nanoparticles of the desired shape and size (<10 nm) by TEM which was
scalable (from 10 mg to 100 mg of carbon dots). The optical properties of these
carbon nanoparticles compared favourably with literature carbon dot syntheses with
a maximum emission of 450 nm when excited at 380 nm. The carbon dots showed
excitation wavelength dependence and increasing nitrogen content correlated well
with the fluorescence intensity of the carbon dots. The optimal carbon dots were non-
cytotoxic, while the quantum yield of the most fluorescent carbon dot sample (CD-
P1) was 26% and CD-P1 was chosen to be taken forward for cell experiments. They
were readily taken up by PC3, MCF7 and RAW cells with results verified by flow
cytometry with CD-P1 in PC3 cells — a 100% population shift was recorded.

The up-conversion properties of CD-P1 were tested. At first, the carbon dots
appeared to up-convert light of shorter wavelengths with emission in the visible
region. When a long-pass filter was used, however, there was no emission in the
visible region as would have been expected with two-photon excitation. The
coexistence of second order diffraction light was assumed to be responsible for the
emission. The scepticism around up-conversion of carbon nanoparticles requires

further research.

The biocompatibility of CD-P1 was also evaluated. It was shown that CD-P1 could
be conjugated to biologically relevant molecules via amide bonds with the amine
groups on the surface of the dots (calculated loading ~2 mmol g* based on the mass
increase of CD-P1-NLS and CD-P1-MITO). Methyl red was conjugated to the
carbon dots and shown to reduce the fluorescence intensity of CD-P1. Conjugates

based on a nuclear localisation sequence and a mitochondrial targeting molecule
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were synthesised and shown to target their respective cell organelles. Two further
probes based on the short peptide sequence, AAPV, known to be cleaved by Human
Neutrophil Elastase, were also synthesised. On cleavage of the probes by HNE, the
fluorescence intensity of a methyl red quenched probe increased and an alkyne signal
was visible in an IR based probe indicating that these carbon dots have use as both
quenchers and as fluorescent IR probes. The next logical step is to use these HNE
probes inside cells and to use the carbon dots as an indicator of the level of HNE
within activated neutrophils.

Although only in its infancy, the research into carbon dots has expanded rapidly over
the last ten years. The work contained in this thesis is a useful addition to the field,
particularly with respect to the area of carbon dots as alternatives to traditional small

molecules fluorophores.
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Chapter 6:

Experimental section

General information

Solvents and reagents were obtained from commercial suppliers and used as
received. Reactions involving moisture sensitive reagents were performed under a
positive pressure of nitrogen, and the glassware used was oven dried and cooled
under nitrogen prior to the experiment. Reactions involving light sensitive
compounds were kept under aluminium foil at all times. Evaporation of solvents was

performed at reduced pressure, using a Biichi rotary evaporator.

Microwave assisted heating reactions were performed in sealed heavy-walled
Pyrex tubes using a Biotage Initiatior Microwave. Microwave irradiation was

conducted at 2.45 Hz for a fixed temperature and pressure unless otherwise specified.

Thin layer chromatography was carried out on aluminium sheets precoated with
silica gel 60 F254 with visualisation at 254 nm/345 nm and/or stained with ninhydrin
(0.3% ninhydrin in n-butanol and 3% acetic acid). Column chromatography was

performed in glass columns using silica gel 60 (mesh 0.040-0.063).

Solid-phase synthesis was carried out using polypropylene Isolute filtration
reservoirs as the reaction vessel, equipped with polyethylene frits (Argonaut
Technologies Inc.). Amino acids were Fmoc protected at the N-terminus, with

suitable acid labile protecting groups on the side chains.

'H and C nuclear magnetic resonance spectra were recorded on automated
Bruker instruments: AV500 (500 and 125 MHz respectively). Chemical shifts (o4
and &) are quoted in parts per million (ppm) relative to the residual solvent signal
with all coupling constants (J) given in Hertz (Hz). Resonances were characterised as
singlet (s), doublet (d), triplet (t) or multiplet (m).
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Electrospray ionization mass spectrometry (ESI-MS) analyses were acquired on a

VG platform single Quadrupole MS-electrospray ionization (ES)* or (ES)” mode.

Analytical HPLC spectra were obtained using an Agilent 1100 series system
coupled to a Polymer Lab 100 ES Evaporative Scattering Detector (ELSD) and UV
detector with detection at 220, 254, 260, 282 and 495 nm. A Supelco Discovery ®

C18, 5 um, 5 cm column was used with two HPLC grade eluents:

Eluent A: MeCN + 0.1% formic acid, Eluent B: H,O + 0.1% formic acid
Method 1: 5% to 95% A over 3 min; isocratic 95% over 1 min
Method 2: 5% to 95% A over 6 min; isocratic 95% over 3 min

Matrix assisted laser desorption ionisation-time of flight (MALDI-TOF) mass
spectrometry was carried out using an Applied Biosystems VVoyager-DE™ STR and
analysed with the VVoyager Instrument Control Panel software. Sinapic acid was used
as a matrix (10 mg/mL) in 50% MeCN in water with 0.1% TFA.

Dynamic Light Scattering (DLS) was performed using a Malvern Instruments
Zetasizer, Nanoseries. 1 uL of carbon nanoparticles suspended in water was mixed
with 1 mL water (refractive index = 1.330; viscosity = 0.886), sonicated for 5 min
and transferred to a disposable 1 cm plastic sizing cuvette. Three repeat
measurements were taken at 25 °C with sonication of the sample for 1 min between

measurements.

X-ray photoelectron spectra (XPS) were obtained at the National EPSRC XPS
User's Service (NEXUS) at Newcastle University, an EPSRC Mid-Range Facility.

Cell experiments were carried out in a HERAsafe KS 18 class Il negative-flow
cabinet from Heraeus. Cell cultures were performed in a HERAcell 150 incubator
from Heraeus at 37 °C with 5% CO,. Cellular experiments were carried out with

cells passaged between 4- and 20-times.

Fourier transform infrared (IR) spectra were recorded on a Bruker Tensor 27

with a golden gate accessory for solid samples.
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Chapter 2 Synthesis

Carbon dots from glycerol, citric acid and PEG1sgo (thermal)**°

Glycerol (3 mL, 41 mmol) and PEGis0 (0.2 g, 0.13 mmol) were sealed in a 5 mL
glass microwave vial and heated to 270 °C on a hotplate with stirring. When the
solution reached 270 °C the vial was unsealed, citric acid (0.2 g, 1.0 mmol) was
added quickly and the vial resealed. The reaction continued for a further 3 h at 270
°C with stirring before cooling to room temperature. The light brown solution was
dialysed (Sigma-Aldrich cellulose membrane dialysis tube, MWCO = 14,000)
against deionised water (3 x 1 h), before evaporation of the solvent and redispersal in
water. The product was analysed by fluorescence spectroscopy (Edinburgh
Instruments), TEM (Philips / FEI CM120 Biotwin transmission electron microscope
operating at 100 kV) and DLS (Zetasizer Nanoseries).

Carbon dots from glycerol, citric acid and PEG;sqo (microwave)

PEGis00 (0.2 g, 0.13 mmol) was dissolved in glycerol (3 mL, 41 mmol) ina 5 mL
glass microwave vial and citric acid (0.2 g, 1.0 mmol) added. The mixture was
microwave irradiated at 250 °C for 3 x 1 h to afford a straw coloured viscous liquid.
The solution was dialysed (Sigma-Aldrich cellulose membrane dialysis tube, MWCO
= 14,000) against deionised water (3 x 1 h), before evaporation of the solvent and

redispersal in water. The product was analysed by fluorescence spectroscopy.

Carbon dots from P,0s and acetic acid**

In a 25 mL glass beaker, a solution of acetic acid (1.0 mL, 17.5 mmol) and water (80
uL, 0.56 pmol) was added to P,Os (2.5 g, 8.8 mmol) without stirring. After 5 min,
the mixture had ceased bubbling and was allowed to cool to room temperature before
addition of water (40 mL). The product was analysed by fluorescence spectroscopy,
fluorescence microscopy, UV-Vis absorbance (recorded on an Varian Cary 50 Scan

Spectrophotometer using 100% water as a blank), TEM and DLS.
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Carbon dots from glucose and PEGqo (microwave)®

Glucose (2 g, 11.1 mmol) was dissolved in H,O (3 mL) and PEGg4qo (10 mL, 28.2
mmol) was added and the mixture vortexed. The mixture was microwave irradiated
(Biotage Initiator) for a total time of 80 min (3 x 10 min, 120 °C; 2 x 15 min, 150
°C; 1 x 20 min, 150 °C) to give a dark brown solution. The carbon dots were purified
by attempted size separation or dialysis. In the case of size separation the carbon
nanoparticles were dispersed in a mixture of H,O/EtOH/CHCI; (1:3:1, 1 mL) and
centrifuged sequentially at 4,000, 5,000, 6,000, 8,000 and 16,000 rpm for 10 minutes.
The solid material was collected and disposed of after each centrifugation until no
solid remained. The solvent was evaporated in vacuo. In the case of dialysis, the
reaction mixture was dialysed against deionised water for 36 h (Sigma-Aldrich
cellulose membrane dialysis tube, MWCO = 14,000) then against MeOH for 3 h
(MWCO = 14,000). The solvent was evaporated overnight and the carbon dots
precipitated with the addition of acetone. The carbon dots were centrifuged (14,000
rpm, 10 min) and collected. The product was analysed by DLS, TEM fluorescence

spectroscopy.

Carbon dots from sucrose and phosphoric acid***

In a 5 mL glass microwave vessel, sucrose (0.2 g, 0.6 mmol) was dissolved in water
(0.8 mL) and H3PO4 (4.0 mL, 77 mmol) was added. The solution was microwave
irradiated (Biotage Initiator) for 75 s at 100 °C. After cooling to room temperature,
the sample was diluted with H,O (10 mL). The crude suspension was centrifuged
(4,000 rpm, 10 min) and the brown solid removed by gravity filtration. The light
brown solution was dialysed against deionised water for 3 h (Sigma-Aldrich
cellulose membrane dialysis tube, MWCO = 14,000). The procedure was repeated
with microwave irradiation for a) 90s at 100 °C, b) 105 s at 100 °C, c¢) 120 s at 100
°C, d) 90s at 75 °C, e) 90s at 125 °C and f) 90s at 150 °C. The products were
analysed by TEM and DLS.

113



Chapter 6

Carbon dots from glucose and PEG4qo (thermal)

Glucose (2 g, 11.1 mmol) was dissolved in H,O (3 mL) in a 5 mL glass vial and
PEG400 (10 mL, 28.2 mmol) was added before being sealed. The mixture was
heated for 3 h at 270 °C with stirring on a hotplate to give a dark brown solution.
After cooling to room temperature, the reaction mixture was dialysed against
deionised water for 36 h (Sigma-Aldrich cellulose membrane dialysis tube, MWCO
= 14,000). The solvent was evaporated overnight and the carbon dots re-dispersed in

water. The product was analysed by DLS and fluorescence spectroscopy.

Chapter 3 Synthesis

Polymer Synthesis

Synthesis of Polymer 1 (P1): A mixture of piperazine (0.45 g, 5 mmol), BHEEDA
(0.74 g, 5 mmol), MBA (1.54 g, 10 mmol) and water (3 mL) was purged with N, for
30 min and then heated at 40 °C for 12 h. The water was removed by lyophilisation,
and the residue dissolved in CHCI3 (8 mL). The product was precipitated by addition
of hexane (40 mL), collected by centrifugation, and dried in a vacuum oven at 50 °C

for 16 h to give 2.58 g of purified polymer.

Synthesis of Polymer 2 (P2): A mixture of TEGDA (0.45 g, 10 mmol) and DTT
(1.54 g, 10 mmol) was purged with N, for 30 min and then heated at 40 °C for 12 h.
The residue was dissolved in CHCI3 (8 mL) and the product was precipitated by
addition of hexane (40 mL), collected by centrifugation, and dried in a vacuum oven

at 50 °C for 16 h to give 2.12 g of purified polymer.

Synthesis of Polymer 3 (P3): A mixture of TEGDA (0.45 g, 10 mmol) and
piperazine (1.54 g, 10 mmol) was purged with N, for 30 min and then heated at 40
°C for 12 h. The residue was dissolved in CHCI; (8 mL) and the product was
precipitated by addition of hexane (40 mL), collected by centrifugation, and dried in
a vacuum oven at 50 °C for 16 h to give 3.17 g of purified polymer.
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Synthesis of Polymer 4 (P4): A mixture of MBA (0.74 g, 10 mmol), DTT (1.54 g, 10
mmol) and water (3 mL) was purged with N, for 30 min and then heated at 40 °C for
12 h. The water was removed by lyophilisation, and the residue dissolved in CHCI;
(8 mL). The product was precipitated by addition of hexane (40 mL), collected by
centrifugation, and dried in a vacuum oven at 50 °C for 16 h to give 2.83 g of

purified polymer.

Synthesis of Polymer 5 (P5): A mixture of MBA (0.74 g, 10 mmol), piperazine (1.54
g, 10 mmol) and water (3 mL) was purged with N for 30 min and then heated at 40
°C for 12 h. The water was removed by lyophilisation, and the residue dissolved in
CHCI3 (8 mL). The product was precipitated by addition of hexane (40 mL),
collected by centrifugation, and dried in a vacuum oven at 50 °C for 16 h to give
2.56 g of purified polymer.

Polymers P1-P5 were analysed by gel permeation chromatography (GPC) on an
Agilent 1100 with a PLgel MIXED-C column (300 x 7.5 mm ID, Polymer
Laboratories) and a refractive index detector using NMP as an eluent at a flow rate of
1.0 mLmin®. The molecular weights (M) and polydispersities (PDI) of

the polymers are reported relative to monodisperse polystyrene standards.

Carbon dot synthesis

Carbon dots were synthesised by thermopyrolysis of P1-P5. Neat polymer (0.1 g)
was placed in a reaction vessel and purged with N, for 30 min, and heated at 250 °C
in a sealed tube for 2 h. The crude product was suspended in water (5 mL) and
centrifuged at 14,000 rpm for 30 min. The supernatant was collected and filtered by
ultrafiltration (Amicon Ultra-0.5 centrifugal filters, regenerated cellulose membrane,
MWCO = 50,000) at 14,000 rpm for 15 min. The filtrates were collected and
concentrated to ~1 mL in vacuo, and dialysed against distilled water (Sigma-Aldrich,
cellulose membrane dialysis tube, MWCO = 14,000) to give ~10 mg of the purified
carbon dots CD-P1 to CD-P5 in 10% yield by weight. Transmission Electron
Microscopy (TEM) images of CD-P1 were taken on FEI Tecnai F20 transmission
electron microscope operating at 400 kV. TEM images of CD-P2-CD-P5 were taken
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using a Philips / FEI CM120 Biotwin transmission electron microscope operating at
100 kV. Samples were prepared by sonicating the carbon dot solutions (~1% w/v in
acetone) for 30 min and depositing on a formvar/carbon support film 200 mesh
copper grid and dried.

Fluorescence of the carbon dot samples was measured on an Edinburgh Instruments
Spectrometer using 100% solvent as a blank. Quantum yields were obtained on a
Fluoromax-P spectrofluorimeter (Horiba-Jobin-Yvon) and a Varian Cary 50 Scan
Spectrophotometer using 4',6-diamidino-2-phenylindole (DAPI) in DMSO as a

standard and calculated using the formula below:

Grad 2
(Dx = (DST X 77_?
Grads; \ 775y

Where the ST and X subscripts denote the standard and test respectively, @ is the

quantum yield (®pap; in DMSO = 0.58), Grad is the gradient from the straight line
graph of integrated fluorescence vs absorbance and m the refractive index of the

solvent (DMSO n = 1.48, H,O n = 1.33).

Cellular Uptake

Cells were cultured in Dulbecco’s Modified Essential Medium (DMEM)
supplemented with 10% FBS, penicillin (20 units mL™), streptomycin (20 ug mL™)
and L-glutamine (4 mM) at 37 °C in an atmosphere of 5% CO,. For uptake
experiments, 12-well plates of PC3, MCF7 or RAW cells were seeded at ~100,000
cell/well and grown overnight until ~80% confluent. The media was changed and
CD-P1 added at 1 mg mL™. After incubation for 5 h, the cells were washed three
times with PBS and imaged by fluorescent microscopy using a Zeiss semi-confocal
microscope (excitation 340-395 nm, emission 430-505 nm, band-pass filter). For
flow cytometry analysis, PC3 cells were grown in a 12-well plate as described above
and CD-P1 added at 2, 1 and 0.1 mg mL™ (n = 3), and cultured overnight. After
washing with PBS and trypsination, uptake was evaluated using a BD LSR Flow

Cytometer and data plotted using the FlowJo Version 7.6.3 software for analysis.
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Cytotoxicity Assay

Cells were cultured in complete DMEM (supplemented with 10% FBS, penicillin (20
units/mL), streptomycin (20 pg mL™Y) and L-glutamine (4 mM) at 37 °C in an
atmosphere of 5% CO,. 96-well plates of PC3 cells were seeded at ~10,000 cells per
well and cultured until ~80% confluent. A 10 mg mL™ carbon dot solution in
deionised water was sterilised and diluted with complete DMEM to give solutions of
CD-P1-CD-P5 in 2, 1 and 0.1 mg mL™. Media was removed from the cells and
replaced with the compound (100 pL) per well. The cells were incubated with the
carbon dot solution for 5 h before removal of the solution. The cells were washed (2
x media, 2 X PBS). MTT (5 mg) was dissolved in DMEM (10 mL) and was added to
each well (100 pL). The plate was incubated at 37 °C for a further 4 h before
solubilisation of the formazan crystals with 10% Triton X 100 plus 0.1 N HCI in
isopropanol. The absorbance of the solution at 540 nm was recorded using a
microplate reader Synergy HT Reader and the Gen 5 (1.11) software. For data
analysis, background corrected absorption values were averaged and expressed as ‘%

viability' compared to healthy untreated PC3 cells.

Chapter 4 Synthesis

Conjugation Studies

CD-P1-MR conjugate

To a solution of 2-(N,N-dimethyl-4-aminophenyl)azobenzenecarboxylic acid (methyl
red, 95 mg, 0.36 mmol) in DMF (1 mL), Oxyma (50 mg, 0.36 mmol) and DIC (55
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uL, 0.36 mmol) were added and the solution stirred for 5 min. CD-P1 (10 mg, 0.12
mmol based on 20% elemental composition of nitrogen, 1 eq) was added to the
coupling solution in a 1 mL plastic vial and the reaction stirred for 1 h at r.t. The
reaction mixture was transferred to a cellulose dialysis tubing (MWCO = 14,000) and
dialysed overnight against MeOH to remove excess methyl red. The light brown
solution was dialysed against deionised water and dried in a vacuum oven to give the
CD-P1-MR conjugate (~1 mg).

Acid stability of CD-P1

CD-P1 (1 mg) were dispersed in H,O (1 mL) or neat TFA (1 mL) at r.t. After 3 h the
fluorescence intensity was measured between 380 nm—700 nm (Aex 360 nm). The
TFA was fully removed by evaporation under a flow of nitrogen and the residue was
dispersed in H,O (1 mL). The fluorescence intensity was measured again between
380 nm—-700 nm (Aex 360 nm) and compared to the fluorescence intensity of an
aqueous solution of CD-P1 (1 mg mL™) recorded over the same wavelengths.

Synthesis of PEG spacer®®®
2-[(Dibenzylamino)ethoxy]ethanol

@\/N\/\O/\/OH

A mixture of 2-(aminoethoxy)ethanol (9.5 mL, 95.0 mmol), K,CO;3 (32.0 g, 237.5
mmol) and benzyl bromide (27.2 mL, 190.0 mmol) in MeCN (500 mL) was stirred at
50 °C overnight. The solid was removed by filtration and the solvent removed in
vacuo. The residue was dissolved in aqueous HCI (0.1 M, 50 mL) and washed with
EtOAc (2 x 50 mL). The aqueous layer was made basic with aqueous NaOH (1 M)
and extracted with DCM (4 x 50 mL). The organic phase was dried over MgSO, and
removed under vacuum to yield 2-[(dibenzylamino)ethoxy]ethanol (14.8 g, 54%)

which was used without further purification.
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'H NMR (500 MHz, CDCls): 6y 7.37-7.24 (m, 10H, ar), 3.71-3.69 (m, 2H, CH,-O-
CHy), 3.68 (s, 4H, N-CH,-ar), 3.58 (t, 2H, J = 5.9 Hz, -CH-OH), 3.50-3.47 (m, 2H,
CH,-0O-CH,), 2.70 (t, 2H, J = 5.9 Hz, N-CH,-CH))

3C NMR (125 MHz, CDCls): dc 139.4, 128.9, 127.0, 72.0, 69.7, 61.9, 59.0, 53.0
MS (ES)*: 286.0 ([M+H]", 100%)

Data in agreement with literature.?®

2-[(Dibenzylaminoethoxy)ethoxy]acetic acid

o
©\/N\/\o/\/ O\)J\OH

2-[(Dibenzylamino)ethoxy]ethanol (14.7 g, 51.5 mmol) was dissolved in dry THF
(120 mL) and cooled in an ice bath to 0 °C. NaH (6.9 g, 206.0 mmol; 60% dispersion
in oil) was added in portions followed by a-bromoacetic acid (10.7 g, 77.3 mmol).
The suspension was heated at reflux under nitrogen overnight. H,O (5 mL) was
added carefully and the reaction stirred for 5 min before addition of H,O (120 mL).
The aqueous layer was washed with a mixture of hexane/Et,O 1:1 (2 x 75 mL). The
aqueous solution was acidified to pH 2 with aqueous HCI (1 M) and washed with
Et,O (3 x 75 mL). The aqueous solution was then neutralised to pH 6—7 with
aqueous NaOH (1 M), solid NaCl was added and the mixture extracted with DCM (5
x 100 mL). The organic layer was dried over MgSO, and the solvent removed in

vacuo to give the product which was used without further purification (8.9 g, 50%).

'H NMR (500 MHz, CDCls): 6y 7.45-7.26 (m, 10H, ar), 4.09 (s, 2H, -O-CH,-
COOH), 3.87 (s, 4H, N-CH,-ar), 3.70-3.63 (m, 4H, -O-CH,-CH,-0-), 3.57-3.53 (m,
2H, -N-CH,-CH,-0), 2.85-2.80 (m, 2H, N-CH,-CHy)

3C NMR (125 MHz, CDCls): ¢ 136.8, 129.6, 128.5, 127.7, 70.6, 70.0, 68.7, 58.5,
53.5, 51.9

MS (ES)*: 344.4 ([M+H]*, 100%)

Data in agreement with literature.?*
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[2-(2-aminoethoxy)ethoxy]acetic acid

O

[2-(Dibenzylaminoethoxy)ethoxy]acetic acid (8.9 g, 25.8 mmol) was dissolved in
EtOH (150 mL), Pd/C (0.89 g, 10%) was added and the mixture was stirred under a
hydrogen atmosphere at 45 °C for 48 h. The catalyst was removed by filtration
through a celite pad and the solvent removed in vacuo. The residue was triturated
with Et,0 (100 mL) and collected by vacuum filtration to give the product (3.9 g,
96%).

'H NMR (500 MHz, CDCls): 6y 3.90 (s, 2H, -O-CH»-COOH), 3.75-3.58 (m, 6H, -
CH,-O-CH,-CH,-0-), 3.11-3.07 (m, 2H, HoN-CHy-)

3C NMR (125 MHz, CDCls): dc 68.6, 68.3, 68.1, 65.0, 37.5

MS (ES)": 164.2 ([M+H]", 100%)

Data in agreement with literature.?*

{2-[3-(9H-fluoren-9-yImethoxy)-3-oxopropoxy]ethoxy} acetic acid

&

‘ 0.__0O o
O F'\'\T\/\O/\/OQKOH

[2-(2-Aminoethoxy)ethoxy]acetic acid (3.8 g, 23.3 mmol) was suspended in H,O (50
mL) and K,CO3(6.4 g, 46.6 mmol) added and the resulting mixture stirred at room
temperature for 10 min. To the mixture, N-(9-fluorenylmethoxycarbonyl)
succinimide (7.9 g, 23.3 mmol) was added and the reaction stirred for 16 h. The
mixture was washed with Et,O (2 x 15 mL) and the aqueous solution acidified to pH
1 with neat HCI and then extracted with DCM (5 x 50 mL). The solvent was dried

over MgSQO,, removed under vacuum and the crude product purified by column
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chromatography eluting with DCM/MeOH 9:1 + 0.1% acetic acid to afford the
product as a white powder (4.3 g, 48%).

'H NMR (500 MHz, CDCl3): 6 7.76 (d, 2H, J = 7.5 Hz, ar), 7.61 (d, 2H, J = 7.4 Hz,
ar), 7.40 (t, 2H, J = 7.4 Hz, ar), 7.32 (dt, 2H, J = 1.1 Hz, J = 7.4 Hz, ar), 4.41 (d, 2H,
J = 7.0 Hz, -NH(CO)-0-CHy), 4.23 (t, 1H, J = 7.0 Hz, -NH(CO)-O-CH,-CH), 4.16
(s, 2H, O-CH,-COOH), 3.80-3.60 (m 6H, -CH»-O-CH,-CH,-0O-), 3.43-3.40 (m, 2H,
-NH-CH,-)

B3C NMR (125 MHz, CDCly): éc 156.5, 143.9, 141.3, 127.7, 127.1, 125.1, 120.0,
71.5,70.4, 69.9, 68.8, 66.8, 47.2, 40.7

MS (ES)": 385.9 ([M]", 10%); ([IM+Na]", 100%)

HPLC tgr: 4.281 min, purity >99% by ELSD (Method 2)

Data in agreement with literature.?*
Nucleus targeting

Protected NLS peptide
[Ac-Pro-Lys(Boc)-Lys(Boc)-Lys(Boc)-Arg(Pbf)-Lys(Boc)-Val-PEG-H]

121



Chapter 6

Pre-treatment of Resin

2-Chlorotrityl chloride polystyrene resin (CLTR-PS; 200 mg, 0.2 mmol, 1.0 mmol g-
1, 100-200 mesh) was placed in a 6 mL Isolute filtration reservoir fitted with a
polyethylene porous frit (20 pm). The resin was swollen in dry DCM, filtered and a
solution of thionyl chloride in DCM (1:2 v/v, 2 mL) was added and the reaction
stirred for 30 min. The resin was then washed with dry DCM (2 x 5 mL).

Attachment of Spacer
A solution of Fmoc-PEG-OH (3 eq) and DIPEA (3 eq) in dry DCM (0.1 M) was
added to CLTR (200 mg, 1 eq) and the mixture stirred for 30 min. The mixture was
filtered and washed with dry DMF (2 x 2 min). To the resin, DCM/MeOH/DIPEA
((80:15:5), 3 mL) was added and the mixture shaken for 5 min, filtered and washed
with DMF (3 x 5 mL).

Amino acid coupling procedure

The resin was swollen in DCM (3 mL) for 5 min in a 6 mL reaction vessel and
filtered. A solution of 20% piperidine in DMF (v/v, 3 mL) was added and the
reaction stirred at r.t. (2 x 10 min). The resin was isolated by filtration and washed
with DMF (3 x 3 mL), DCM (3 x 3 mL) and MeOH (3 x 3 mL). The resin was dried
under vacuum and deprotection was confirmed by a Ninhydrin solid phase test
(positive). To a solution of the appropriate Fmoc protected amino acid (3 eq) in DMF
(0.1 M), Oxyma (3 eq) was added and the solution stirred for 2 min. DIC (3 eq) was
added and the solution stirred for a further 5 min. The coupling solution as then
added to the CLTR-PS resin (1 eq) pre-swollen in DCM and stirred at 60 °C for 20
min. The coupling solution was removed by filtration, a fresh coupling solution
added and the mixture stirred at 60 °C for 20 min. The resin was isolated by
filtration, washed with DMF (3 x 3 mL), DCM (3 x 3 mL) and MeOH (3 x 3 mL).
The resin was dried under vacuum and the coupling was confirmed by a Ninhydrin

solid phase test (negative).

Qualitative ninhydrin test:
3 drops of reagent A and 1 drop of reagent B were added to a small quantity of the
resin of interest and heated at 110 °C for 3 min. Solution A (1.3 mg KCN in water (2
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mL), phenol : EtOH (8 : 2: 50 mL), freshly distilled pyridine (100 mL)) and Solution
B (2.5 g ninhydrin in EtOH (50 mL)).

Procedure for Coupling to Proline

The resin was swollen in DCM (3 mL) for 5 min in a 6 mL reaction vessel and
filtered. A solution of 20% piperidine in DMF (v/v, 3 mL) was added and the
reaction stirred at r.t. (2 x 10 min). The resin was isolated by filtration and washed
with DMF (3 x 3 mL), DCM (3 x 3 mL) and MeOH (3 x 3 mL). The resin was dried
under vacuum and deprotection was confirmed by a Chloranil solid phase test
(positive). To a solution of Fmoc-Pro-OH (3 eq) in DMF (0.1 M), Oxyma (3 eq) was
added and the solution stirred for 2 min. DIC (3 eq) was added and the solution
stirred for a further 5 min. The coupling solution as then added to the CLTR-PS resin
(1 eq) pre-swollen in DCM and stirred at 60 °C for 20 min. The coupling solution
was removed by filtration, a fresh coupling solution added and the mixture stirred at
60 °C for 20 min. The resin was isolated by filtration, washed with DMF (3 x 3 mL),
DCM (3 x 3 mL) and MeOH (3 x 3 mL). The resin was dried under vacuum and the
coupling was confirmed by a Chloranil solid phase test (negative).

Qualitative chloranil test

3 drops of reagent A and 3 drops of B are added to a small quantity of the resin of
interest and left at room temperature for 5 min. Solution A (2% acetaldyhyde in
DMF) and Solution B (2% chloranil in DMF).

Acetylation Procedure

A solution of DMF/acetic acid/pyridine ((15:2:3), 10 mL g') was added to
preswollen CLTR-PS resin (1 eq) and stirred (2 x 15 min) at r.t. The resin was
isolated by filtration and washed with DMF (3 x 3 mL), DCM (3 x 3 mL) and MeOH

(3 x 3 mL). Confirmation of acetylation was confirmed by the Chloranil test.

Cleavage of Protected Peptide
A solution of 1% TFA in dry DCM (10 mL g™) was added to pre-swollen CLTR-PS
resin and the mixture shaken to 2 min. The solution was filtered into a flask

containing 10% pyridine in MeOH (2 mL g™?). The cleavage solution was added,
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shaken for 2 min and filtered a further 4 times and the resin washed with DCM (3 x 1
mL ), MeOH (3 x 1 mL), DCM (2 x 1 mL) and MeOH (3 x 1 mL). The filtrates were
evaporated under vacuum and H,O was added to the residue. The mixture was

cooled on ice to aid precipitation of the product as a white solid (67 mg).

'H NMR: Unable to identify peaks due to presence of pyridine

MS (ES)": 1723.7 (IM+H]", 100%)

MALDI-TOF: Cg;H139N150,35:K; calculated [M+K]" 1760.952; found 1761.378
HPLC tg: 6.69 min, purity >99% by ELSD (Method 2)

CD-P1-NLS

HN

NH, Y
N
o)

NH

2
H
Ho Q H Ho ® H 0
SN N PN N_¢LNITNwONo¢LN,
: H z H = H H

A o = o o o
H, NH, NH;

To a solution of protected NLS peptide (40 mg, 23 umol) in DMF (400 pL), Oxyma
(10 mg, 70 pmol) and DIC (10 pL, 70 pmol) were added and the solution stirred for
5 min. CD-P1 (10 mg) was added to the coupling solution and the reaction shaken
for 1 h at r.t. The solvent was removed in vacuo and the product suspended in
TFA/TIS/H,0 (95:2.5:2.5, 500 uL) and shaken for 3 h. After removal of the cleavage
cocktail under a flow of nitrogen, the carbon dot conjugates were suspended in water
and dialysed against deionised water (1 x 1 h), MeOH (1 x 1 h) and water (1 x 1 h).
The solvent was removed in a vacuum oven overnight (125 °C) to give the CD-P1-

NLS conjugate (31 mg).
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Confocal microscopy

In 6-well plates, coverslips were coated with poly-lysine (0.01% solution in water)
for 10 min at r.t. The coverslips were washed (2 x media, 2 x PBS) and PBS added.
The coverslips were sterilised under UV irradiation for 15 min and washed with
PBS. Prostate cancer (PC3) cells were cultured on the poly-lysine coated coverslips
in 6-well plates in complete DMEM (10% fetal bovine serum, 1% L-glutamine, 100
units L™, penicillin, 100 pg mL™ streptomycin) incubated at 37 °C and 5% CO until
~60% confluent. CD-P1-NLS (1 mg mL™) in DMEM media was added to the cells
and incubated for 5 h at 37 °C and 5% CO,. The media was removed and the cells
fixed with 4% paraformaldehyde for 20 min at r.t. After washing with PBS, SYTO
17 red fluorescent nucleic acid stain was then added to the cells at 5 uM for 2 h. The
cells were then washed (2 x media, 2 x PBS) and PBS added. The cells were imaged
using a Zeiss 1sm 510 meta confocal microscope, 405 nm (DAPI) and 543 nm
(rhodamine), Zeiss Meta software was used for digital acquisition and Image J for

data analysis.

Mitochondria Targeting

5-Carboxypentyl triphenylphosphonium bromide?®’

Q ®
/M\V/A\V/A\V/PPh3
HO )
Br
A solution of 6-bromohexanoic acid (1.5 g, 7.7 mmol) and triphenylphosphine (2.1 g,
8.1 mmol) was heated at reflux under a nitrogen atmosphere for 4 h. On cooling to
room temperature, the product crystallised. The product was collected by vacuum

filtration, washed with Et,O (2 x 5 mL) and dried to give a white crystalline powder
(3.49 g, >99%).

'H NMR (500 MHz, CDCls): dy 7.84-7.77 (m, 9H, ar), 7.75-7.69 (m, 6H, ar), 3.69—
3.60 (M, 2H, -CH,-PPhy), 2.44-2.38 (m, 2H, -O(CO)-CH,- ), 1.72-1.63 (m, 6H,
CHa-(CHy)s-CH,-P).
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3C NMR (125 MHz, CDCls): dc 175.9, 135.4, 133.9, 130.9, 118.8, 34.5, 29.8, 24.2,
23.0,22.1

MS (ES)*: 377.1 ([M]", 100%)

HPLC tgr: 4.89 min, purity >99% by ELSD (Method 2)

Data in agreement with literature.?”’

5-carboxypentyl triphenylphosphonium bromide

@]
O ®
N, I~ ~_PPh
0 o°
0 Br

To a solution of 5-carboxypentyl triphenylphosphonium bromide (100 mg, 0.21
mmol) and N-hydroxysuccinimide (31 mg, 0.27 mmol) in DCM (5 mL) was added
DIC (43 pL, 0.27 mmol) and the reaction stirred for 1 h at room temperature. The
solvent was removed in vacuo and the residue washed extensively with EtOAc and
dried to give the product as a white powder (112 mg, 92%) which was used without

further purification.

'H NMR (500 MHz, CDCls): 814 7.90-7.84 (m, 6H, ar), 7.82-7.78 (m, 3H, ar), 7.74—
7.68 (m, 6H, ar), 3.94-3.87 (m, 2H, -CH»-PPh3), 2.82 (s, 4H, -(CO)-CH,-CH,-(CO)-
) 2.59 (t, 2H, J = 7.1 Hz, -O(CO)-CH,-), 1.71-1.64 (m, 6H, CH,-(CH,)3-CH,-P).

3C NMR (125 MHz, CDCls): 6c 169.3, 168.8, 135.2, 133.9, 130.7, 188.9, 42.4,
30.8, 25.8, 24.4, 23.7, 22.5

MS (ES)*: 474.1 ([M]", 100%)

HPLC tgr: 4.98 min, purity >99% by ELSD (Method 2)

CD-P1-MITO
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To a solution of CD-P1 (11 mg) in DMF (500 uL) was added DIPEA (10 uL) and
the solution stirred for 5 min. 5-Carboxypentyl triphenylphosphonium bromide NHS
ester (40 mg, 0.07 mmol) in DMF (500 pL) was added and the reaction shaken for 1
h at r.t. The crude product was dialysed against deionised water (3 x 1 h) and the
solvent was removed in a vacuum oven overnight (125 °C) to give the CD-P1-
MITO conjugate (22 mg).

Confocal studies

Prostate cancer (PC3) cells were cultured on poly-lysine coated coverslips in 6-well
plates as previously described until ~80% confluent. CD-P1-MITO (1 mg mL™?) in
DMEM media was added to the cells and incubated for 5 h at 37 °C and 5% CO,.
After washing with PBS, Mitotracker Red was then added to the cells at a
concentration of 5 uM and incubated at 37 °C and 5% CO; for 30 min. The media
was removed and the cells fixed with 4% paraformaldehyde. The cells were washed
(2 x media, 2 x PBS) and PBS added. The cells were imaged using a Zeiss 1sm 510
meta confocal microscope under 405 nm (DAPI) and 543 (rhodamine), Zeiss Meta

software was used for digital acquisition and Image J for data analysis.

Human Neutrophil Elastase (HNE) probes
MR-AAPV-PEG-OH

HN}
)\(

NH
O
(0] H (0]
MH N\/\O/\/O\)J\OH
(0]

MR-AAPV-PEG-OH
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2-Chlorotrityl chloride polystyrene resin (CLTR-PS; 150 mg, 0.2 mmol, 1.0 mmolg’
1) was pre-treated with thionyl chloride (2 mL). Fmoc-PEG-OH (3 eq) was activated
with DIPEA (3 eq) in dry DCM, added to the resin and stirred for 30 min. The resin
was washed and capped as previously described. The Fmoc group was deprotected
with 20% piperidine in DMF (v/v) and subsequent amino acids and methyl red (3 eq)
coupled with Oxyma/DIC (3 eq) in DMF as previously described with confirmation
using the Ninhydrin or Chloranil tests as appropriate. The peptide was cleaved with a
solution of 1% TFA in dry DCM (10 mL g™) as previously described and the

solution was lyophilised to afford the product as a purple solid (22 mg).

'H NMR: Unable to identify peaks due to presence of pyridine
MS (ES)*: 753.2 ([M+H]*, 60%); 275.1 ([M+3Na]**, 100%
HPLC tgr: 5.45 min, purity >99% by ELSD

MR-AAPV-CD-P1

© )\(

NH o
2L i
y N @)
S Ry

MR-AAPV-CD-P1

To a solution of MR-AAPV-PEG-OH (40 mg, 27 umol) in DMF (300 pL), Oxyma
(4 mg, 27 pmol) and DIC (4 pL, 27 umol) were added and the solution stirred for 5
min. CD-P1 (5 mg) was added to the coupling solution and the reaction shaken for 1

h at r.t. The solvent was removed in vacuo and the product was suspended in water

128



Chapter 6

and dialysed against deionised water (3 x 1 h). The solvent was removed in a
vacuum oven overnight (125 °C) to give the MR-AAPV-CD-P1 conjugate (7 mg).

Fluorescence spectroscopy of MR-AAPV-CD-P1 was recorded in HNE buffer (50
mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) + 0.75 M NaCl +
0.05% IGEPAL (not denaturing detergent) at 1 mg mL™. HNE (10 uL, 10 pg/mL)
was added to the methyl red conjugate and incubated for 10 min at 37 °C and the

fluorescence spectrum was recorded.

Alkyne-AAPV-PEG-OH

o)

/I

S

HN}
)\(

NH
@]
O H (0]
O

Alkyne-AAPV-PEG-OH

2-Chlorotrityl chloride polystyrene resin (CLTR-PS; 150 mg, 0.2 mmol, 1.0 mmol/g)
was pre-treated with thionyl chloride (2 mL). Fmoc-PEG-OH (4, 3 eq) was activated
with DIPEA (3 eq) in dry DCM and added to the resin and stirred for 30 min. The
resin was washed and capped as previously described. The Fmoc group was
deprotected with 20% piperidine in DMF (v/v) and subsequent amino acids and
propiolic acid (3 eq) coupled with Oxyma/DIC (3 eq) in DMF as previously
described with confirmation using the Ninhydrin or Chloranil tests as appropriate.
The peptide was cleaved with a solution of 1% TFA in dry DCM (10 mL g™) as
previously described and the solution was lyophilised to afford the product as an off-
white solid (18 mg).

MS (ES)": 554.2 ([M+H]", 60%)
HPLC tg: 3.99 min, purity >99% by ELSD
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Alkyne-AAPV-CD-P1
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Alkyne-AAPV-CD-P1

To a solution of Alkyne-AAPV-PEG-OH (20 mg, 36 pumol) in DMF (300 pL),
Oxyma (5 mg, 36 pumol) and DIC (5 pL, 36 umol) were added and the solution
stirred for 5 min. CD-P1 (5 mg) was added to the coupling solution and the reaction
shaken for 1 h at r.t. The solvent was removed in vacuo and the product was
suspended in water and dialysed against deionised water (3 x 1 h). The solvent was
removed in a vacuum oven overnight (125 °C) to give the Alkyne-AAPV-CD-P1
conjugate (6 mg). The IR spectrum of solid Alkyne-AAPV-CD-P1 was recorded and
HNE (10 pL, 10 pg mL™") in buffer (50 mM HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) + 0.75 M NaCl + 0.05% IGEPAL (not denaturing
detergent) was added and the vial incubated for 10 min at 37 °C before removal of
the buffer in a vacuum oven. The IR spectrum was recorded again to confirm

cleavage.
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Abstract: Photoluminescent carbon dots were synthesised
directly by thermopyrolysis of 1,4-addition polymers, allow-
ing precise control of their properties. The effect of polymer
composition on the properties of the carbon dots was inves-
tigated by TEM, IR, XPS, elemental analysis and fluorescence
analysis, with carbon dots synthesised from nitrogen-con-

taining polymers showing the highest fluorescence. The
carbon dots with high nitrogen content were observed to
have strong fluorescence in the visible region, and culture
with cells showed that the carbon dots were non-cytotoxic
and readily taken up by three different cell lines.

Introduction

Photoluminescent nanoparticles have a multitude of uses as
sensors,” % in bioimaging,>® and in a number of cell-based ap-
plications such as tagging/tracking and flow cytometry.” The
most widely studied photoluminescent nanoparticles are quan-
tum dots, based on cadmium selenide, which have been inten-
sively studied as alternatives to traditional small-molecule fluo-
rophores. However, quantum dots derived from heavy metals
raise concerns about potential toxicities.®® Photoluminescent
carbon dots, which are predominantly composed of carbon,
are thus an attractive alternative, offering biocompatibility and
non-blinking emission."®"'? In addition, it has been suggested
that carbon dots have “up-converting” properties,”* which
would make them ideal for in vivo and light-harvesting-based
applications."

Carbon dots have been synthesised by a number of ap-
proaches including laser ablation of graphite,”" electrochemi-
cal exfoliation from carbon paste electrodes,"® nitric acid oxi-
dation of candle soot,"” thermal carbonisation of organic com-
pounds,'®'? microwave pyrolysis of glucose,” glycerol®" or
egg-shell membranes,”? ultrasonic treatment of glucose,’*”
and plasma treatment of egg proteins.”” Carbon-based dots,
produced by templated synthesis of polymeric structures, have
also been offered as an alternative to quantum dots.?” The
mode of formation and the mechanism of photoluminescence
of carbon dots is not clear, and although several mechanisms
have been proposed to explain their optical characteris-
tics,"”'**! the rationale behind their fluorescence remains
open to debate. Undoubtedly, the nature of the precursor
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plays a vital role in the formation and properties of the carbon
dots. Egg-white- and yolk-derived carbon dots have similar
quantum yields (8 and 6%, respectively),? whereas the quan-
tum yields of citric acid derived carbon dots generated by py-
rolysis with either urea or 1-hexadecylamine were 537 and
14%,?® respectively. It has been reported that the incorpora-
tion of heteroatoms, such as phosphorus, nitrogen or sulfur
into the carbon dots may alter their structure, photolumines-
cence and potential up-conversion properties.?>>%

Here, we report the generation and characterisation of
a series of fluorescent carbon dots derived directly from 1,4-ad-
dition polymers, which were synthesised using monomers in-
cluding piperazine, dithiothreitol (DTT), N,N"-bis(2-hydroxyethyl)-
ethylenediamine  (BHEEDA),  N,N-methylenebisacrylamide
(MBA) and tetra(ethylene glycol)diacrylate (TEGDA). Nitrogen-
containing carbon dots (up to 17% by weight) showed higher
fluorescence than those not containing nitrogen. 1,4-Addition
polymers conceptually offer a scaffold that defines the size and
properties of the “carbon dots”. The controlled and rapid syn-
thesis of defined carbon dots from inexpensive starting materi-
als offers an advantage over previously reported methods, and
enables their use in various applications.

Results and Discussion

Polymers P1-P5 (Supporting Information, Figure S1) were syn-
thesised by a 1,4-addition polymerisation using the monomers
shown in Table 1. Equimolar ratios of diacrylates with dithiols
or diamines were used to give addition polymers with molecu-
lar weights up to 22 kDa and polydispersity indices (PDIs) be-
tween 1.4 and 2.1. Polymers containing MBA (P1, P4 and P5)
were obtained as off-white solids, whereas P2 formed a sticky
gel-like polymer and P3 a viscous oil.

The carbon dots were synthesised by a thermopyrolysis of
the polymers P1-P5 at 250°C. Over time, the neat polymers
changed from colourless to brown and then black; indicating
the formation of carbon dots. Isolation and purification of the
carbon dots was achieved by size exclusion and dialysis. First,
the crude carbon dots were centrifuged to remove visible solid
material generated during pyrolysis, and then further refined
by ultracentrifugation to remove particles larger than 50 kDa.
Dialysis (M, cut-off 14 kDa) ensured removal of unreacted
monomers, before drying overnight at 125°C to yield the
carbon dots as a dark-brown solids.

Aqueous solutions of the carbon dots displayed varying de-
grees of blue fluorescence under UV irradiation (Zg 365 nm)
(Figure 1). More detailed fluorescence analysis showed CD-P1

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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CD-P1 CD-P2 CD-P3 CD-P4 CD-P5

Figure 1. Aqueous solutions of carbon dots CD-P1 to CD-P5 (0.1% w/v) ex-
cited at 365 nm.

had the highest fluorescence intensity, closely followed by CD-
P5 with quantum yields (Zg 380 nm) of 26 and 20%, respec-
tively. CD-P3 and CD-P4 also exhibited fluorescence, but CD-
P2 had negligible fluorescence (Table 2). Elemental analysis
showed that all carbon dots contained similar weight percen-
tages of carbon and hydrogen but varying amounts of nitro-

Table 2. Q
the carbon dots.

yield (in aq Kition) and el {ralEE O

Size [nm] Quantum Yield® [%] Elemental Analysis [%]

C H N (o) S

CD-P1® 47:06 26 577 80 170 183 00
CD-P2 53£08 2 532 74 00 317 70
CD-P3 4205 13 575 80 73 282 00
CD-P4 37109 16 586 52 101 104 141
CD-P5 39+07 20 568 74 171 164 00

[a] Quantum yields were calculated using excitation wavelength of
330 nm and standardised against DAPI in DMSO. [b] CD-PX denote the
carbon dots derived from polymer X in Table 1 (n=3).
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Table 1. Monomers and the molar ratios [mmol] used in the synthesis of the 1,4-addition polymers, and poly- gen, axygen and sullus, with the
. r 1 -
Ao, weight percentages of these het-
eroatoms in the carbon dots cor-
Monomer A Monomer B Monomer C Molar Ratio M, M, PDI relating reasonably well with the
o o — H heteroatom content in the corre-
A . HO N :
Pl NN W, \/\ﬁ/\/ ~"oH 2111 8500 17300 20 sponding precursor monomers.
AL When the elemental composi-
o OH .
tion of the dots was compared
sA b0 A SH : e
F2 ot~ )«“ro(\ HS 3 L 10300 21700 21 | 15 the fluorescence intensities,
no noticeable trend was seen
o "
7\ with the levels of oxygen and
~A o HN  NH
k2 o‘é\/ ZL(\ s 12 2000 800 17 sulfur. However, a greater per-
o centage of nitrogen led to an in-
o o ° ; 5
I crease in the fluorescence inten-
pa SHA A~ AZ ps S 11 5600 10400 1.9 ;
B H oH sity of the carbon dots, as seen
% s with CD-P1 and CD-P5 (Table 2).
/\ 3
P5 \)LNAN = HN NH 111 12500 18000 1.4 CD-P2 (no noticeable fluores-
H H — cence) was the only carbon dot
not to contain nitrogen, suggest-
ing that the polymer precursors
play a role in the properties of
the particles.

Carbon dots formed from MBA-containing polymers (CD-P1,
CD-P4 and CD-P5) showed greater fluorescence and quantum
yields compared to those containing TEGDA (CD-P2 and CD-
P3). An increase in fluorescence was also seen when piperazine
was used instead of DTT (CD-P4 vs. CD-P5 and CD-P2 vs. CD-
P3). Incorporation of BHEEDA (P1) seemed particularly benefi-
cial, yielding CD-P1, the most fluorescent particles. These re-
sults suggest that the fluorescence of the carbon dots can be
tuned by altering the nature of the polymer precursors. CD-P1
was identified as the most promising particles and examined
in greater depth.

Based on TEM analysis, CD-P1 were spherical with a diameter
of ~5nm and a lattice spacing of 0.21 nm, which was consis-
tent with (100) diffraction planes of nano-crystalline graphite®*"
(Figure 2). Similarly, TEM analysis of CD-P2-CD-P5 showed the

Figure 2. TEM images of CD-P1 at A) x 10000, B) x40000 and C) x 200000
magnification; D) high-resolution TEM image of an individual carbon dot.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. A) Overlapping fluorescence spectra of CD-P1-CD-P5 (i, 400 nm). B) Fluorescence spectrum of aqueous solution of CD-P1 (excitation wavelength
from 320 nm to 460 nm in 20 nm increments) and corresponding excitation spectrum (black line). C) Normalised emission spectral intensities of CD-P1 show-
ing the change in emission at increasing excitation wavelengths. The legends show the corresponding excitation wavelengths.

carbon nanoparticles to be spherical and of the desired size
(Supporting Information, Figure S2).

For all carbon dots, the fluorescence emission was highly de-
pendent on the excitation energy. The emission of CD-P1, CD-
P3 and CD-P5 reached maxima at 437, 443 and 433 nm, re-
spectively, when excited at 380 nm. However, the sulfur-con-
taining CD-P2 and CD-P4 reached maxima at 442 and 381 nm
when excited at lower wavelengths (360 and 340 nm, respec-
tively). The maximum emission wavelength for the carbon dots
ranged from 419 (CD-P4) to 443 nm (CD-P3), when excited at
380 nm. Increasing nitrogen content did not appear to affect
the maximum emission (Figure 3a). When CD-P1 was excited
at different wavelengths, multi-colour emissions were observed
(Figure 3b and ¢), with the 4, of emission shifting from 417
to 510 nm when changing the excitation wavelength from 320
to 460 nm. The fluorescence of aqueous solutions of carbon
dots (/g =380 nm) remained stable over a pH range of 4 to 9
with only very minor variations observed (Supporting Informa-
tion, Figure S3).

To investigate the ability of the polymer derived carbon dots
to up-convert low energy radiation and emit light in the visible
region, a suggested property of carbon dots,”* aqueous solu-
tions of CD-P1 were excited with light in the near-infrared
region. On excitation at wavelengths between 650-900 nm,
the maximum emitted intensity appeared at 480 nm (i, =
850 nm) (Supporting Information, Figure S5). However, when
the experiment was repeated with a 455 nm long-pass filter,
no emission was observed in the visible region (Figure 4), sug-
gesting that the emission in the absence of the filter arose not
from up-conversion but as a result of co-existence of second-
order diffraction light.

Cellular uptake studies of the carbon dots were carried out
on prostate cancer cells (PC3), breast cancer cells (MCF7) and
macrophages (RAW). CD-P1 did not show any cytotoxicity on
PC3 cells in an MTT assay up to 2 mgmL™' concentration (Fig-
ure 5a). Similarly, CD-P2, CD-P3 and CD-P5 did not show nota-
ble cytotoxicity up to 2mgmL~', and CD-P4 only showed
minor cytotoxicity (70% cell viability at 2 mgmL™") (Supporting
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Figure 4. Fluorescence spectra of aqueous solution of CD-P1 (0.1% w/v) ex-
cited in the near infrared region (850 nm) with and without a 455 nm long-
pass filter.

Information, Figure S4). Visualisation of MCF7, PC3 and RAW
cells by semi-confocal microscopy after incubation with CD-P1
for 5h clearly showed cellular uptake of the particles (Fig-
ure 5b), which was verified by flow cytometry analysis of PC3
(Figure 5¢). The good cellular uptake of these non-toxic
carbon dots suggests their compatibility with cell-based appli-
cations.

Conclusion

Photoluminescent carbon dots were directly synthesised by
thermopyrolysis of a series of 1,4-addition polymers without
the need for surface activation/passivation. Fluorescence inten-
sity and quantum yields of the carbon dots were dependent
on the chemical composition of the starting polymer precur-
sors, with incorporation of nitrogen-containing precursors
giving materials with good quantum yields. This approach may
provide a basis for fine tuning the luminescence of carbon
dots based on inclusion of different heteroatoms.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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PC3

Figure 5. A) Cell viability of PC3 cells with increasing amounts of CD-P1 (MTT assay, n =8). B) Bright field and fluorescence (i, 340-395 nm, 430-505 nm
band-pass filter) images (x40) of MCF7, PC3 and RAW cells incubated with CD-P1 (1 mgmL™") for 5 h. C) Flow cytometry analysis of PC3 cells incubated with

CD-P1 at 0.1 mgmL "' (green), 1 mgmL~" (blue), and 2 mgmL"' (red).

CD-P1 showed the highest quantum yield (26%) and was
taken forward for further studies. The carbon dots dispersed
well in aqueous solutions and displayed stable fluorescence
properties. TEM analysis showed CD-P1 were spherical and
uniform in shape, and showed lattice spacing consistent with
that of nanocrystalline graphite. The photoluminescence prop-
erties of CD-P1 showed a maximum emission at 450 nm when
excited at 380 nm; however, the broad emission peak could in-
dicate size variation in the nano-sized material.”" CD-P1 were
readily taken up by three different cell lines without apparent
cytotoxicity. These carbon dots constitute promising materials
with possible bioimaging applications due to their good water
dispersity, good cell permeability, low cytotoxicity, and strong
fluorescent properties.

Experimental Section
Materials

Piperazine, dithiothreitol (DTT), N,N-methylenebisacrylamide
(MBA), N,N-bis(2-hydroxyethyl)ethylenediamine (BHEEDA) and tet-
ra(ethyleneglycol) diacrylate (TEGDA) were purchased from Sigma-
Aldrich and used without further purification.

Polymer synthesis

Synthesis of polymer-1 (P1): A mixture of piperazine (0.45g,
5 mmol), BHEEDA (0.74 g, 5 mmol), MBA (1.54g, 10 mmol) and
water (3 mL) was purged with N, for 30 min and then heated at
40°C for 12 h. The water was removed by lyophilisation, and the
residue dissolved in CHCl; (8 mL). The product was precipitated by
addition of hexane (40 mL), collected by centrifugation, and dried
in a vacuum oven at 50°C for 16 h to give 2.58 g of purified poly-
mer. P4 (yield 2.83 g) and P5 (yield 2.56 g) were synthesised in
a similar manner. The syntheses of P2 (yield 2.12 g) and P3 (yield
3.17 g) were carried out with a similar method but without the ad-
dition of water. See Table 1 for the polymers synthesised and char-
acterisation.
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Carbon dot synthesis

Carbon dots were synthesised by thermopyrolysis of P1-P5. Neat
polymer (0.1 g) was placed in a reaction vessel and purged with N,
for 30 min, and heated at 250°C in a sealed tube for 2 h. The
crude product was suspended in water (5 mL) and centrifuged at
14000xg for 30 min. The supernatant was collected and filtered
by ultrafiltration (Amicon Ultra-0.5 centrifugal filters, regenerated
cellulose membrane, MWCO =50000) at 14000x g for 15 min. The
filtrates were collected and concentrated to ~1 mL in vacuo, and
dialysed against distilled water (Sigma-Aldrich, cellulose mem-
brane dialysis tube, MWCO = 14000) to give ~ 10 mg of the puri-
fied carbon dots CD-P1 to CD-P5 in 10% yield.

Cellular uptake

Cells were cultured in Dulbecco’s modified essential medium
(DMEM) supplemented with 10% FBS, penicillin (20 units/mL),
streptomycin (20 ugmL™") and L-glutamine (4 mm) at 37°C in an
atmosphere of 5% CO,. For uptake experiments, 12-well plates of
PC3, MCF7 or RAW cells were seeded at ~100000 cells per well
and grown overnight until ~80% confluent. The media was
changed and CD-P1 added at 1 mgmL . After incubation for 5 h,
the cells were washed three times with PBS and imaged by fluores-
cent microscopy using a Zeiss semi-confocal microscope (excitation
340-395 nm, emission 430-505 nm, band-pass filter). For flow cy-
tometry analysis, PC3 cells were grown in a 12-well plate as de-
scribed above and CD-P1 added at 2, 1 and 0.1 mgmL™" (n=3)
and cultured ovemnight. After washing with PBS and trypsination,
uptake was evaluated using a BD LSR flow cytometer and data
plotted using the software FlowJo.
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