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Abstract

By virtue of their non-toxic nature and their attractive photoluminescence (PL)
properties, Carbon-dots (or C-dots) represent an emerging class of environmentally
benign multifunctional materials. They exhibit excitation-dependent emission and
demonstrate colloidal and structural stability. As a result, C-dots are promising
candidates for a wide spectrum of applications.

In this work, C-dots were produced from thermal treatment of citric acid in the presence
of ethanolamine, and, in another approach, from crude biomass pyrolysis based on
previously published methods. The former produced self-passivated C-dots, with high
guantum vyield and colloidal stability, whilst the latter produced considerably lower
guantum yield, although both materials displayed self-quenching effects in the solid-
state. In contrast, hybrid nanopowders based SiO2, TiO2 and Laponite, in a weight
ratio of 1:150, were able to suppress these self-quenching effects. The powders were
tested under a fluorescence microscope and it was found that not only the entire
material became illuminated, but also displayed colour-tuneability, or excitation
dependent emission, as the powders assumed distinct colours when exposed to

different wavelength excitation sources.

The hybrid powders were tested as fingerprint developers. To this end, fingerprints
were deposited on a variety surfaces - glass slide, large metal spatula and a plastic
foil from a soda bottle. The drink foil was selected due its strongly coloured background
and to simulate a more casual scenario. It was concluded that the as-prepared
powders had the necessary flowability to be used as fingerprint recovery powders, and
their ability to produce well-resolved fingerprints was confirmed by Automated
Fingerprint Identification System (AFIS, identifies fingerprints minutiae) results when

compared to a commercial forensic powder.

Carbogenically coated silica nanohybrids (C-SiO2), prepared by pyrolysis of polymer
coated SiO2, were also shown to exhibit advantages in recovering latent fingerprints.
Owing to their core/shell nature, they were able to inhibit C-dots quenching

predisposition, while maintaining their colour-tuneability.



The use of these nanohybrid systems would assist with contrast, for instance, when
surfaces are multi-coloured. Their colour-tuneabiity would allow forensic experts to
apply one type of powder, and then adjust it to achieve optimum contrast between the
fingerprint and the surface, regardless of how strongly coloured or even fluorescent it
is. This would allow forensic experts not to have to carry several powders to crime
scenes and even minimize the amount of fingerprint evidence lost due to an inefficient

development procedure.

An alternative application suggested for the C-SiO2 nanohybrids is as anti-counterfeit
tools. Colour-tuneable nano-assemblies, were obtained when suspensions with pH
lower than 7 were precipitated (tagged) in different surfaces. The way these nanotags
assemble has been demonstrated to happen randomly, and their patterns can be
highly influenceable by changing the pH, concentration of the initial solution and even
the surface used for the deposition. These colour-tuneable nanotags are cost-efficient,
easy to prepare and less toxic alternatives to the quantum dots and rare-earth

nanocrystals which have been suggested thus far.

In addition, it has been demonstrated that C-dots can be prepared in situ in polymers
matrices. Fluorescent polymers are of particular interest for a variety of fields like
sensoring, biomedical applications and optoelectronics. However, methodology to
produce these materials are still in general complex, expensive and frequently involve
the use of toxic materials. The in situ preparation here established shows that C-dots
can be synthesized inside polymers matrix by melt-mixing with a carbon-rich
precursor, without producing any significant effect on polymers’ crystallinity. Moreover,
by using a N-rich carbon precursor, the C-dots’ prepared showed high fluorescence
intensity in the solid-state. Due to the distinct characteristics of the polymers used
(polyethylene — highly water insoluble, and high MW, and polyethylene glycol — high
water solubility, and low MW), the method here presented suggests that this protocol
can be followed to obtain different types fluorescent polymers.

Briefly, new applications for C-dots nanoparticles are demonstrated. By following
various bottom-up approaches and using various carbon-rich precursors, C-dots-
based materials with distinct properties have been prepared and their applications
have been evidenced in fingerprint recovery, anticounterfeit purposes, and as

fluorescence sources to be formed in situ in polymeric matrices.
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1 Introduction

1.1 Aims and objectives

e To synthesize different types of carbogenic nanoparticles with unique
fluorescent properties, by following distinct experimental procedures;

e To apply the prepared fluorescent nanopowders to the recovery of latent
fingerprints;

e To develop Silica/C-dots core-shell systems for the development of
fluorescent nanotags for anti-counterfeit purposes;

e To develop a simple protocol for inducing fluorescent properties to readily

available polymers.

1.2 Fluorescent materials overview

Fluorescent materials are nowadays considered vital for optoelectronics, sensoring,
bioimaging, among many other fields®. Fluorescence occurs when an electron is
excited, and upon its return to the ground state, a photon is emitted, most typically,
within the UV and NIR wavelength region. Materials’ fluorescence properties are thus
defined by a range of parameters that are intrinsic to them, such as: emission intensity,
excitation and emission wavelengths, emission anisotropy (where light is emitted by a
fluorophore with varying intensities over different axes of polarization), and
photoluminescence lifetime (a measure of the averaged time excited electrons take to
return to the ground state). The different values these parameters may assume are

what affords them such a versatility within science and society.!

The list of available fluorescent materials is immense, but the most typically
investigated can be classified as: organic fluorophores (or dyes)? lanthanide
chelates?, fluorescent nanoparticles® and fluorescent macromolecular systems (e.g.
fluorescent polymers* and proteins?). Through organic synthesis, a number of organic
dyes have been synthesized, and they benefit from high quantum vyields (fraction of
the excited electrons that return to the ground state and emit light, QY) ® in the UV-Vis
range, highly tuneable chemical design, and thus have found use in several fields

(pictures on the right of Figure 1-1)°.
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Figure 1-1 - Examples of some of the most common organic dyes, their emission spectra and
representative applications: a) cyanine, used by some brands to make fluorescent shoes, b) fluorescein,
employed by opticians for better illumination during eye tests, and ¢) Rhodamine 6G, for cell imaging.
Adapted from Ref. 7-9.

Fluorescein, for instance, is currently one of the most used organic dyes (Figure 1-1
b). Its fluorescence properties are highly pH-dependent - it occurs as a cation, anion
and neutral forms in agueous solution. As demonstrated in Figure 1-2 a, fluorescein
shows two main absorption peaks in acidic (pH = 2) and basic solutions (pH = 10), at

437 nm and 490 nm, respectively. As the pH decreases, the absorption is

21



progressively shifted from one to the other, and the emission intensity is reduced
(Figure 1-2 b). Fluorescein’s highest QY recorded, measured against a standard
glycogen solution, has been calculated to be 93%°210 for its anionic species (in basic
solution). The reason for this higher QY has been attributed to the more rigid form of
the anionic species (Figure 1-2 c), which reduces the amount of relaxation through
bonding vibrations (lower energy and typically non-emissive transitions)®.
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Figure 1-2 — a) UV-Vis absorption spectra and b) emission spectra of fluorescein in aqueous solutions at
different pH, and c) evolution of fluorescein from the cationic form (left) to anionic (middle) and dianionic
(right) form, with increasing pH. Adapted from Ref. 8.

There are, however, certain limitations that organic dyes tend to display, most
significantly: low photostability — making them susceptible to hostile environments,
narrow excitation bands, small Stokes shifts (plots on the left of Figure 1-1), and short
fluorescence lifetimes®. Furthermore, they have very low QYs in the Infra-red region,
which is a particularly disadvantage for in vivo studies, since the human body is

invisible to this type of radiation.*
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Quantum-dots (QDs), semiconductor nanocrystals (typically ranging from ~ 2 — 10 nm)
composed of elements from groups 1I/VI and lllI/V, are a class of fluorescent
nanomaterials that has gained momentum in the field. QDs display heavily size-
dependent optical properties - smaller particles emit at lower wavelengths, with higher
energy levels, and larger particles emit at higher wavelengths with lower energies
associated (Figure 1-3 a). This effect is known as Quantum Confinement, and only
takes place in the nanoscale 11112, As the crystal radius of the QDs (or in other words,
the size of the nanoparticles) decreases and the Bohr-exciton radius remains constant
(e.g. 5.6 nm for CdSe nanoparticles®®), the band gap increases. This results on more
energetic transitions and thus, a shift in visible emission, from near-IR to near UV 4,
Figure 1-3 b. Furthermore, these nanoparticles display high photostability in a range
of solvents, broad excitation bands, high molar extinction coefficients (¢), and have
been prepared with a variety of surface chemistry designs'. Some examples of QDs
include cadmium selenide (CdSe), cadmium telluride (CdTe), lead selenide (PbSe),
zinc sulphide (ZnS), gallium nitride (GaN), indium arsenide (InAs), among many
others, and each has a specific size-dependent range of emission wavelengths, as

demonstrated in Figure 1-3 c.
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Figure 1-3 — a) Solutions of Cadmium-based quantum dots exposed to UV radiation, showing different
emission colours depending on the nanoparticles size, b) schematic illustration of the Quantum
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confinement effects of QDs and consequent change in the emitted colour and c) scale representation of
the range of wavelength covered by the emission of different types of QDs. Adapted from Ref. 15-18.

More recently, quantum dots experienced a rise in their popularity owing to a series of
international brands using them for improved display technologies. The greatest asset
they bring to Light-Emitting Diodes displays (LED) are their tuneable band gap which
affords more vibrant and wider range of colours. In these systems, a charge injection
occurs, an electron and a hole are formed and migrate along a charge transport layer
creating an exciton on the QDs layer. The exciton is then recombined and releases

the photon which emits light in the form of the desired colour!3,

Due to QDs fluorescence properties, it is possible to better study their cytotoxicity.
Considering the wider range of emission wavelengths of the Cadmium-based quantum
dots, it comes as no surprise that these have become of primary importance to
researchers all over the world®. In Figure 1-4 a, the effect in the metabolic activity
(which directly relates to cell survival rate), of Cd-based QDs with various surface
chemistry, is demonstrated. In this experiment, a negative control (CTRL), where cell’s
metabolic activity was studied with no interferents, and two positive controls,
consisting of cells injected with different amounts of Cd?* (0.5 uM and 1 uM), were
used. This allowed, initially, a correlation between the decrease in the metabolic
activity and the presence of certain types of quantum dots (Figure 1-4 a), which was
then attributed to an increase in the cellular uptake (both intra- and extracellularly) of
Cd?* (Figure 1-4 b).
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Figure 1-4 — a) Impact of different QDs in the metabolic activity of human cells, and b) the extracellular and
intracellular concentration of Cd2+ after exposure to the different types of QDs and functional groups (Ctrl
—control; Functional groups: Cys- cysteine; MPA — 3-mercaptopropionic acid; NAC — N-acetyl-L-cysteine).
Adapted from Ref. 19.
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This effect is attributed to the fact that QDs are known to be susceptible to
photooxidation in cells, under aerobic conditions. Potentially, this may lead to the
formation of superoxides (O%), through electron transfer from the free Cd?* (in the case
of Cd-based QDs) or excited quantum dots, to the Oz molecules, and other reactive
oxygen species (ROS), since the excited QDs can form the higher energy and reactive
form of singlet oxygen?®®. Furthermore, the unpaired hole can induce cleavage
decomposition of the nanoparticles’ outer surface!®, which may result in the
intracellular release of heavy metals. Strategies to overcome this have mostly focused
on the attachment of biocompatible functional groups or polymer chains to the
guantum dots surface. By analysing Figure 1-4, it is clear that the unprotected CdTe
QDs, independently of the functional groups attached, tend generate higher quantities
of Cd?* and have greater impact in the cells’ metabolic activity. However, the ZnS-
covered CdSe QDs, potentially due to the protection of the outer shell, seem to
generate minor amounts of Cd?* and have therefore, negligible impact on the
metabolic activity!®. Similarly, Acufia et al.?°, demonstrated that by Ni-surface-
passivating ZnSe/ZnS core/shell QDs, the cell viability could be maintained at 100%
up to concentrations as high as 500 pg/mL, whilst undoped QDs showed a loss in cell
viability of ~ 20% at concentrations of 200 pug/mL (Figure 1-5).

Cell viability (%)

0 10 50 200 500
Concentration of QDs (pg/mL)

Figure 1-5 — Cell viability (%) after exposure of undoped (grey bars) and Ni-doped (black bars) ZnSe/ZnS
core/shell QDs at different concentrations. Adapted from 20.
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Dubertret et al.?!, suggested the use of incapsulated ZnS-over-coated CdSe quantum
dots in poly(ethylene glycol) (PEG)-based micelles, with the nanohybrids sizes ranging
from 10-15 nm (Figure 1-6 a), and the quantum yield was measured at 24%. These
nanoparticles were found to be able to penetrate the nuclei of frogs’ embryos and it

was possible to monitor their growth, as seen in Figure 1-6 b, c and d.

Other types of QDs have been suggested which display significantly less toxicity, for
instance, Si-based QDs. Even though bulk Si displays optimum electron conductivity
it shows no photoluminescence (PL) properties. However due to quantum confinement
effects, Si can be used for QDs preparation and display similar PL properties??. Of
particular interest is the fact that, even when they decompose, they form silicic acid

which is a molecule of biological importance and shows inherent biodegrability?324,

Nevertheless, it is still not clear the full extent of toxicity effects of quantum dots and
more conclusive studies in the field are needed®. For that reason, nanomaterial
scientists have focused on bringing new alternatives with potentially less harmful

effects.

Figure 1-6 — a) TEM image of CdSe QDs incapsulated in PEG-based micelles (size ranges from 10-15 nm),
b) intra- and c)/d) extracellular imaging of frogs’ embryos in different stages of development. Adapted from
Ref. 21.
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1.3 Carbon Dots

The rapid emergence of carbon-based nanopatrticles (typically referred to as carbon-
dots or C-dots) is in no small part due to their low toxicity and PL properties that rival
those of QDs. Depending on their structure, they can be classified as graphene
guantum dots (hereafter referred to as GQDs) or amorphous carbon nanodots. They
brought new possibilities to the nanomaterials science, as they pose as biocompatible,
cost-efficient and easily processed alternatives to the mainly heavy metal-based

guantum dots.

1.3.1 Graphene Quantum Dots

GQDs are fragments of graphene sheets small enough to display quantum
confinement effects — typically with sizes below 20 nm?6. Rather than quasi-spherical
particles, like C-dots, they can be formed by 1 to 10 fractioned graphene layers and
have a predominant zigzag edge structure?’22, Bulk graphene displays zero band gap
and charge carriers have at the band edges effective masses of 0, consequently
having infinite exciton Bohr radius. Due to their reduced sized, GQDs display quantum
confinement effects which, contrarily to graphene sheets, result on photoluminescent

materials.?®

GQDs can be synthesized using top-down methods, which consist of cleavage of
graphene-based structures. On the other hand, bottom-up approaches focus on the
synthesis of the GQDs from molecules with aromatic structures. Even though these

tend to be more complex procedures, they allow for better size and morphology control
26,30

In the following section, some of the most common/significant methods for the

synthesis of GQD will be reviewed.

1.3.1.1 Top-down routes

Top-down synthetic approaches for the preparation of GQDs benefit from cheap
procedures for the cleavage of readily available bulk materials, like graphite. Most
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methods rely initially on the oxidation of the graphite sheets to graphite oxide (GO)
sheets, typically through a modified Hummers method?!, while differing on the strategy
followed to produce the GQDs from the GO sheets®. Briefly, the Hummers method
consists of oxidation of the graphene layers by mixing with sulfuric acid, sodium nitrate
and potassium permanganate, which then creates epoxy, hydroxyl and carbonyl
groups. These result on defects sites on the GO sheets, susceptible to being
successively attacked and cleaved into forming smaller fragments (Figure 1-7), until
dimensions smaller than the Bohr radius are achieved and GQDs are obtained. Hence,
theoretically, any carbogenic materials with aromatic sp? carbons can be used as

starting materials, such as carbon nanotubes®3, carbon black®* and carbon fibres®®,

hydrothermal

Ecoxidizaliom

Figure 1-7 — Schematic illustration of the cleavage of oxidized graphene sheets on the susceptible carbonyl
groups resulting on fragmented graphene sheets, after hydrothermal treatment. Adapted from 36.

One of the most common methods followed is the electrochemical peeling of GQDs
from graphite rods, CNTSs or coal, as starting materials 3337-49, |n a typical procedure?’,
a graphite rod is used as the working electrode, a Pt mesh used as the counter
electrode, Ag/AgCl as a reference electrode and a PBS buffer (pH = 7) as the
electrolyte (Figure 1-8 a). A potential is applied at 0.1 V/s cycled between the range of
-3.0 to 3.0 V. A schematic representation of the extraction of GQDs through this

method is illustrated in Figure 1-8 b.

Electrochemical exfoliation of graphite rods, as Lu et. al.*° described, affords highly
stable water dispersions of GQDs and with high reaction yields. The authors reduced
GQDs with hydrazide, resulting in particles with a size distribution between 4 and 10

nm. Raman spectroscopy (Figure 1-9 a) of these nanoparticles showed a relatively
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small index of disordered carbon: a ratio of the characteristic D band (1337 cm™,
attributed to amorphous carbon defects) over the G band (1595 cm?, associated with
sp? bonded carbon) of Io/lc = 0.91. This suggests graphitic interplanar vibrations on
the GQDs with some other defects arising from smaller fractions of disordered carbon.
X-ray diffraction (XRD) patterns (Figure 1-9 b) show a broad peak at 25°, with a Miller
index of (002), and it is ascribed to the thinness and the presence of disordered carbon

in some of GQDs layers.

@ —Immobilized CNC @ —Water-soluble CNC

D —Porous graphite D —Agueous solution

Figure 1-8 — Schematic representation of a) the electrochemical apparatus for the exfoliation of the b)
immobilized GQDs (or CNCs as referred to by the authors) on graphite oxide. Adapted from Ref. 37.
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Figure 1-9 — a) Raman spectrum of the GQDs showing D and G bands, b) XRD patterns of pristine graphite
and GQDs. Adapted from Ref. 40.

Another strategy frequently pursued, due to its simplicity and cost-efficiency, is the
hydrothermal cutting of graphitic structures. Pan et al.3¢ were one of the first research
groups to report the hydrothermal treatment of graphene sheets, for the preparation
of GQDs with sizes under 10 nm. Albeit simple, the method involved too many steps,
as it required graphite oxide to be thermally reduced to graphene sheets, followed by
oxidation of the graphene sheets with concentrated H2SO4/HNO3, and then, finally the
hydrothermal treatment (200°C) that affords the GQDs. The suggested mechanism for
the formation of the GQDs, was based on the known break down of CNTSs into tubes
of smaller dimensions, or “unzipping” and fractioning into nanoribbons at low pH*L.
Briefly, in acidic media, epoxy groups are formed linearly along carbon lattices which
causes the breaking of C-C bonds. Given the unstable nature of the epoxy groups,
they are further oxidized into epoxy pairs and finally into the more stable carbonyl
functional groups. These remain after GQDs formation and are what impart them with

remarkable water stability.

A later report by the same research group*?, demonstrated the importance of
temperature in the size of the as-synthesized GQDs. Higher temperatures (600°C),
produced nanoparticles with smaller sizes and narrower size distribution: 1.5 nmto 5
nm compared to the previously obtained 2 to 16 nm (Figure 1-10 a and c). However,
this was achieved at the expenses of the graphitic structure of the GQDs as
demonstrated by Raman spectroscopy, showing a higher index of disordered carbon,
Io/lc = 1.47 against the previous 1.26 (Figure 1-10 b and d).
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Figure 1-10 — GQDs particle size distribution for hydrothermal treatment of graphite oxide at — a) 200°C and
c) at 600°C, during the thermal reduction process, b) and d) Raman spectroscopy for respective
temperatures showing the effect on the graphitic structure of the GQDs (GS: graphene sheets). Adapted
from Ref. 36,42.

Shen et al.*® developed a system where they initially undertook the oxidation of GO
sheets with HNOs, followed by treatment of the GQDs precursor with PEGisoon and
then a final reduction by hydrazine hydrate to obtain the GQDs. Furthermore, the same
research group presented an improved version of this method** where GO sheets are
reduced to GQDs in an agueous HNOs3 solution, and the carboxylic groups generated
on their surface serve as active sites for esterification with the hydroxyl groups on
PEG. These systems were tested as photoelectrodes and showed promising photon-
to-electron conversion capability, particularly when compared to bare GQDs.

Dong et al.34, on the other hand, developed a method for the production of GQDs from
carbon black CX-72. This was a particularly attractive method due to the abundance
of the starting material. These materials consist of 30 nm sized spherical graphite

aggregates which can be broken down, by oxidation with HNOs, to produce GQDs1
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with a considerably high reaction yield (48%). After centrifugation, a fraction of the
material sedimented, which required further treatment with HCI, and resulted in a
second material GQDs2 (reaction yield = 9%). The two types of GQDs afforded by this
method: GQDs1, with average size of 15 nm and an average topographic height of 0.5
nm, suggesting a single layer of graphene; and GQDs2, with an average particle size
of 18 nm and topographic height of 1-3 nm, which indicates nanoparticles consisting
of 2 — 6 layers of graphene fragments (Figure 1-11 a and b, respectively). The
deconvolution of the Cls peak of the GQDs, obtained by X-ray photoelectron
spectroscopy (XPS), show presence of the sp? C=C bonds, C-O bonds and carboxylic
groups (O=C-OH), at binding energies of 284 eV, 286 eV and 288 eV, respectively for
both systems (Figure 1-11 c). It is noteworthy, that the counts for the oxygen-
containing groups and results from elemental analysis indicate a higher content of
oxygen for GQDs1, (GQDsloxy = 54.3% > GQDs2oxy = 44.8%). The authors suggest
this may be the reason behind the greater interlayer spacing of GQDs1 found by XRD
(Figure 1-11 d).
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Figure 1-11 —a) and b) atomic force microscopy images of GQDs1 and GQDs2, respectively (insets showing
height distribution), c) XPS Cl1s peak deconvolution and d) XRD patterns comparing the two systems.
Adapted from Ref. 34.

In one particularly distinct method, GQDs are formed from the cage opening of
fullerenes (Ceo) mediated by a Ru-catalysed reaction. The underlying mechanism
takes advantages of the attractive forces between the Ru crystals and the Ceo, leading
the opening of the Ceo cages, followed by a temperature step, resulting on the GQDs
with different shapes - triangular and hexagonal shaped GQDs, when exposed to ~
450°C and 550°C, respectively (Figure 1-12).
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Figure 1-12 — a) Schematic representation of the C60 cage opening catalysed by Ru crystals, resulting on
the temperature-dependent differently shaped GQDs, and b) scanning tunnel microscopy images of the
triangular and hexagonal shaped GQDs. Adapted from Ref. 45.

Fullerenes have been known to display PL properties for some time (Catalan, 1993).
There was initially some debate on whether the reported fluorescence of fullerenes
arises from the presence of impurities, since the excitation and absorption spectra
reported in the literature frequently did not mimic each other (Cite a few of the previous
papers cited on Catalan, 1993). Catalan et al. demonstrated that fullerenes C60 and
C70 dispersed in cyclohexane at room temperature display excitation spectra
correlating to their corresponding absorption spectra. More recently, fluoroalkyl-doped
fullerenes, were suggested as alternatives to graphene quantum dots. Their main
advantage is that they are less prone to multi-layer stacking, which allows for better
defined dimensions and morphology of this nanoparticles (Castro, 2013). However,
their quantum yields are considerably low compared to C-dots, as well as displaying
significantly small Stokes-shifts. Nonetheless, as the fullerenes cage opening study
suggested they can, thus be of substantial importance not only as precursors for C-

dots, but also to understand C-dots photoluminescent properties.

1.3.1.2 Bottom-up routes

The synthetic strategy behind bottom-up routes rely on the use of polycyclic aromatic

compounds in their structure to synthesize GQDs?5.
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In one procedure, GQDs with the larger number of conjugated carbons reported (130-
170) were prepared through oxidative condensation reactions of polyphenylene
dendritic precursors?*¢. The GQDs were then stabilized by attaching bulky 2,4,6-trialkyl
phenyl groups on their edges, which prevented self-aggregation due to an energy-

minimized conformation assumed.

Liu et al.#” suggested an alternative approach where they used unsubstituted hexa-
peri-hexabenzocoronene (HBC) as the carbon precursor for the synthesis of GQDS.
The preparation of the GQDs involved the carbonization of the HBC precursor,
followed by oxidation, surface passivation with PEGisoon and a final reduction with
hydrazine. A schematic representation of the overall synthetic procedure can be seen
in Figure 1-13 a. TEM images (Figure 1-13 b) indicated that this method afforded well-
defined large nanoparticles (diameters of ~ 60 nm) and AFM topography images

showed 2-3 nm thick layers GQDs with disk-like shape (Figure 1-13 c).
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Figure 1-13 — a) Schematic illustration of the preparation strategy of GQDs from HBC precursor, b) TEM
image of the as-prepared GQDs and c) AFM images and topographic heights. Adapted from Ref. 47.
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1.3.2 Amorphous Carbon Dots

Amorphous C-dots are typically formed by bottom-up approaches (e.g. by
hydrothermal treatment*®-5°, microwave pyrolysis®~>3, etc) of carbon-rich precursors,
and are the most attractive due to their typical facile and fast methodology®*. Some of
the approaches involved the use of renewable materials like grass®®, candle soot®®,
soy milk®’, orange juice®®, among many others. Further steps frequently consist of
surface passivation with strong acids, to make them more water-soluble or

functionalization with amine groups, which was found to enhance their PL properties®®.

Zhu et al.%? developed a fast and facile method of synthesizing C-dots, by microwave
pyrolysis of PEG and a saccharide (Figure 1-14 a). The authors suggested that longer
pyrolysis times would generate larger C-dots, resulting on a red-shift of the
fluorescence emission. The method afforded C-dots with narrow size distribution (2.75
+/- 0.45 nm), and FTIR spectrum showed mainly C-OH, C-H and C=0 stretching
vibrations (Figure 1-14 b). Jaiswal and coworkers®! further explored this and prepared
C-dots by microwave caramelization of PEG, which afforded nanoparticles with 3.5 —
5.5 nm. HRTEM and XRD analysis of the as-prepared C-dots suggest highly
disordered carbon, as no lattice fringes were discernible, and the XRD peak at 4.1 A
is attributed to non-graphitic and highly disordered carbon structures (Figure 1-15 a

and b, respectively).
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Figure 1-14 — a) Synthetic route to produce C-dots from microwave pyrolysis of PEG and a saccharide, and
b) FTIR spectrum of the as-prepared C-dots. Adapted from Ref. 52.
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Figure 1-15 — C-dots derived from microwave pyrolysis of PEG: a) TEM image (inset HRTEM image), b) XRD
pattern. Adapted from Ref. 51.
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In another report, Liu et al.>® demonstrated an alternative route for the mediated
synthesis of C-dots. The authors used surfactant-modified silica nanoparticles as
carriers for the localized growth of C-dots (Figure 1-16). After a pyrolysis step (2h at
900°C in argon atmosphere), the C-dots SiO2 composites were then removed by
etching in basic solution (2 M NaOH aqueous solution), the C-dots were oxidized in 3
M HNOgs, and finally PEG was added as passivation agent through ultrasonication.

- Resols . e Polymenzat:on e -
: . Pyrolysls

5 C/SiO,
F127/Si0, Resol/F127IS:01 composites
composites composites
Passivation Etching
agent))
N s/ I o
LA . .
Passnvated e Oxidization @ ° o0
surfac - ® Q °
v Passivation °
7’
c \Q ® v & °
Photoluminescent
carbon dots Carbon dots

Figure 1-16 — Schematic illustration for the silica-mediated C-dots preparation. Adapted from Ref. 59.

1.3.2.1 Heteroatoms

One of the most attractive features of amorphous C-dots, when compared to GQDs,
is the possibility of adding several heteroatoms to C-dots surface, either during their
synthesis or by functionalization, resulting on different defect sites and the possibility

for enhanced PL properties.

In a representative example, Zhu et al.>” synthesized N-rich C-dots (13 — 40 nm) by
hydrothermal treatment of soy milk. The authors described that by following this green
route, C-dots synthesis, surface passivation and N-doping occurs simultaneously. The
high N content, was evidenced by XPS, which showed mainly carbon, oxygen,
nitrogen and minor amounts of P (Figure 1-17 a). Deconvolution of the Cls peak
(Figure 1-17 b) showed four extra peaks 284.5, 285.6, 286.6, and 287.9 eV, ascribed
to C-C, C-N, C-0, and C=N/C=0, respectively.
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Figure 1-17 — a) XPS peaks of C-dots obtained by hydrothermal treatment of soy milk and b) deconvolution
of the Cls peaks. Adapted from Ref. 57.

P- and N-rich C-dots (~ 9 nm) were synthesized through a one-step microwave
pyrolysis of phytic acid (high phosphorous content) and ethylenediamine® (Figure

1-18). These C-dots showed a red-shift in their fluorescence and were successfully

used as bio labels for C6 cells.
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Figure 1-18 - lllustration of strategy for the preparation of P,N-rich C-dots through microwave pyrolysis.
Adapted from Ref. 60.

In one particularly interesting report, Sun and coworkers®! used hair fibres for the
synthesis of S- and N-doped C-dots (2-10 nm). In a typical procedure, human hair
fibres were mixed with concentrated H2SO4 and were ultrasonicated for 30 minutes.
The authors reported that increasing temperatures would generate higher percentage
of heteroatoms, while ensuing smaller C-dots’ sizes. XPS spectra (Figure 1-19 a)
showed mainly C and O, but also smaller peaks for S and N, whereas Cls peak

deconvolution exhibited the typical peaks for undoped C-dots and C-S and C-N peaks
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at 285.3 and 286 eV, respectively (Figure 1-19b). Furthermore, deconvolution of the
N1s peaks, indicated the presence of pyridinic and pyrrole N (EN-, and -NH-,
respectively), whilst S2p peak deconvolution suggest the presence of thiopene (C-S)
and Sulphates or sulphonates (C-SOx).
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Figure 1-19 — a) XPS spectra of C-dots obtained from pyrolysis of hair fibres and b), ¢c) and d) deconvolution
of the Cl1s, N1s and S2p peaks, respectively. Adapted from Ref. 61.

Zhou et al.®? demonstrated the preparation of Cl-doped C-dots (3 — 5 nm) which could
be then functionalized with other halogens and that this affected their PL properties.
The synthetic procedure (Figure 1-20) relied on the solvo-thermal reaction of carbon
tetrachloride and quinol, and further treatment with BR2 and Iz to obtain the Br-C-dots
and I-C-dots respectively. Furthermore, the authors suggested this could be an
alternative method for N-doped C-dots stabilization/modification, as the halogens

could be easily substituted when thermally treated with ethylenediamine.
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Figure 1-20 — Schematic illustration of the synthetic procedure for the preparation of halogenated-doped
C-dots, and N-substitution of the halogens to form N-doped C-dots (Xz: Brz2 or I2). Adapted from Ref. 62.

1.3.3 Photoluminescence properties

Regardless of their structural differences, C-dots in general display some similarities
in terms of photoluminescence behaviour. C-dots show a strong and broad absorption
band in the UV region, that extends to the visible region. The two most typical peaks
appear at ~ 270 nm and ~ 350 nm (Figure 1-21 a), which are usually ascribed to the

aromatic C-C bonds’ 1r- * transitions and C=0 bonds’ n- T1* transitions, respectively
63,64

Arguably, the most important C-dots’ asset is their PL properties, and is the main
reason why they have attracted so much interest of late. It is then of great importance
to have a solid understanding of C-dots PL mechanism in order to take full advantage
of their extensive range of potential applications. C-dots display wide emission peaks
and large stoke shifts, which when compared to organic dyes present as a clear
advantage over background fluorescence suppressing®. One particularly unique
property C-dots show, independent of the synthetic route used, is the emission peaks
shifting as a consequence of varying excitation wavelengths (excitation-dependent
emission Figure 1-21 b). Even though a consensus is still to be reached regarding the
exact reason behind this phenomenon, most authors agree that it arises from a variety

of effects, namely excitons, oxygen-containing functional groups, emissive traps,
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guantum confinement effects, edge and zigzag effects (the latter being more

associated with GQDs)30:32.65,
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Figure 1-21 — a) Typical absorption (black) and excitation (red) spectra of C-dots showing the - * (C-C)
and n- * (C=0) transitions, and b) emission spectra of C-dots showing the excitation-dependent emission
(inset shows normalized emission spectra). Adapted from Ref. 64.

1.3.3.1 Quantum confinement effects

Even though C-dots PL properties cannot be entirely explained by QCE there are
already a few reports demonstrating that certain types of C-dots may display size
tuneable fluorescence. QCE in QDs occurs when their dimensions are smaller than
those of their exciton Bohr radius®®. Theoretical calculations showed that the band gap
is at a maximum on benzene-like GQDs (Cs) at 7 eV, where as it decreases to 2 eV
for GQDs containing around 20 aromatic rings®’. Due to their typical smaller sizes, this
tend to mean that C-dots show blue PL emission, however this can be tuned by

adjusting the number of T-conjugated domains®®.

In an early report, Liu et al.>® demonstrated that C-dots (< 2 nm) derived from candle
soot oxidation (HNOs3) followed by neutralization, could be separated into different
fractions of fluorescent material by polyacrylamide gel electrophoresis (PAGE), as
seen in Figure 1-22 a. The fact that the fastest fraction of the material (and potentially
with smaller dimensions) showed the shortest wavelength emission maximum and,
consequently, the higher energetic transition, and vice-versa (Figure 1-22 b), suggests
that these C-dots display size-dependent PL properties.
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Figure 1-22 — a) Separation of the candle soot derived C-dots by electrophoresis, under white light (left)
and UV light (right, fastest fraction magnified) and b) emission spectra for each of the separated fractions.
Adapted from Ref. 56.

Li et al®® investigated this effect and demonstrated that GQDs (1.2 — 3.8 nm) prepared
by a one-step alkali-assisted electrochemical exfoliation of graphite rods displayed
size-dependent effects on the PL properties (Figure 1-23 a and b). Particles with
greater dimensions showed a red-shift in their emission spectra (Figure 1-23 c).
Theoretical calculations suggested a relationship between the luminescence and band
gap on the GQDs. From Figure 1-23 d, it is clear the dependence of the number of
graphene fragments (and thus size of the clusters) on the HOMO-LUMO band gap, as
with the increase of the fragments’ number, a decrease occurs on the band gap

resulting on lower energetic electronic transitions.
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Figure 1-23 — GQDs derived from alkali-assisted electrochemical oxidation of graphite rods after size
separation by column chromatography, under a) white light and b) UV light, c) emission spectra of the
separated GQDs at maximum excitation wavelength (arrows indicate to which sample belongs each
emission spectrum) and d) the pronounced effect of particle size on the PL properties of GQDs. Adapted
from Ref. 68.

Notably, graphene oxide sheets display PL properties which when deconvoluted show
two main contributions (lp1 and lp2 in Figure 1-24 a). By reducing GO, rather than
expanding the existing sp? domains, the authors suggest that the removal of the
oxygen atoms displaced from the 1r-conjugated domains occurs preferentially. This
leads to the formation of smaller sp? islands (Figure 1-24 d), which emit at lower
wavelengths, and could therefore be explained by QCE, as the gradual reduction of
the GO induces an increase in the number of smaller islands and in Ipz intensity (Figure
1-24 a, b and c).
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Figure 1-24 — Emission spectra of the GO with different reduction times: a) 0 min, b) 75 min, ¢) 180 min,
showing the gradual change between the two fluorescence contributions, and d) schematic representation
of the gradual formation of the sp? islands depending on reduction. Adapted from Ref. 69,70.

1.3.3.2 Surface/edge state in C-dots

When graphene sheets are cut into smaller fragments, edges are created. Theses
edges can be classified as either zigzag edges or arm-chair edges (Figure 1-25). The
format of theses edges is what impart remarkable electronic and PL properties to
GQDs. Predominantly, GQDs contain zigzag edges, due to the presence of non-
bonding 1T-electron states (edge states), which is absent in the armchair edges, and
plays an important role in the GQDs properties® L. Furthermore, zigzag edges display

predominantly carbene site in the triplet ground state form, which typically show higher
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HOMO-LUMO gaps, than the most predominantly singlet ground state on the armchair

edges?’.

Figure 1-25 — Schematic representation of the zigzag edge (left) and armchair edge (right) structures.

Pan et al.®® investigated the importance of the carbene groups with the triplet ground
states on their edge sites. GQDs (9.6 nm), formed by hydrothermal cutting of
graphene, were significantly quenched in acidic solution (pH = 1), due to the
protonation of the edge sites (Figure 1-26 b). The authors verified that this was a
reversible effect, as when returning alkali conditions (pH = 13) the fluorescence was
‘unquenched” (Figure 1-26 d). The presence of the triplet carbenes was proved by PL
excitation spectra (Figure 1-26 c) where two peaks are visible at 257 nm and 320 nm.
If it was a singlet ground state carbene, then the only peak visible would be at 257 nm,
since it is attributed to transitions from o-orbitals on the HOMO to the LUMO and
singlet carbenes have the 1r-orbitals unoccupied. Hence, the carbene has an electron
in the o-orbitals and on the Tr-orbitals on the HOMO which are responsible for the
transitions seen on Figure 1-26 a, and the two peaks on the absorption spectra.
Furthermore, Lin et al’? developed GQDs from CNTs and graphite flakes with different
sizes (9.6 nm and 20 nm, respectively) with identical optical properties. The zigzag
structure was evident from AFM and bright-field HRTEM, which, in addition to the
changing dimensions of the nanoparticles and constant optical properties, suggests
that predominant parameter for this GQDs are the zigzag edges and triplet ground

states, over QCE.
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Figure 1-26 — a) Typical electronic transitions of carbene with triplet ground states on zigzag edges,
showing the o-orbitals and m-orbitals on the HOMO to the LUMO, b) schematic representation of the
reversibility of the protonation of the triplet carbenes (full and empty circles represent o-electrons and -
electrons, respectively) on the GQDs obtained by hydrothermally cut graphene sheets, c¢) PL excitation
(black) and emission spectra of the as-prepared GQDs (inset shows solution fluorescence under UV
radiation) and d) quenching effects of the protonation of the as-prepared GQDs. Adapted from Ref. 36.

Even though amorphous C-dots do not display the same edge site effects as GQDs,
they tend to display several functional groups on their surface with various energy
levels, which result in different emissive traps. A denser surface modification on C-
dots results on a red-shift of the emission, as emissive traps tend to dominate
amorphous C-dots core’s PL%. The need for surface modification can be explained by
the susceptibility of the confined photon-generated electron and hole pairs. Hence,
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passivation agents protect these sites and maintain/improve the PL properties of C-
dots®.

The most typical surface state in C-dots is oxidation-based surface modification, as it
has been demonstrated throughout literature that, on a first instance, researchers
focused on the functionalization with heavily oxygen-containing molecules®%6573.74,
For example, C-dots (-5 nm) produced from laser ablation of a carbon target,
functionalized with PEGaisoon, afforded stable particles and prevented the aggregation
of the initially unfunctionalized C-dots which displayed no fluorescence (Figure 1-27).
Furthermore, they established that other organic molecules could be used as
passivation agents, such as poly(propionylethylene imine - co -ethyleneimine) (PPEI-
El), and similar results were obtained, proving that the PL mechanism mainly stems

surface emissive traps’.

Emission from
passivated surface

—_» PEGs

Figure 1-27 — Schematic representation of C-dots functionalization with PEG-based molecules, and
resulting fluorescence from surface energy traps. Adapted from Ref. 74.

Liu et al.%® argued that C-dots (< 2 nm) obtained from candle soot oxidation showed
fraction separation by electrophoresis, due to the different sizes the particles
displayed. However, another possibility to explain this separation, would be the
different degree of surface state oxidation®. Interestingly, a series of studies on the
oxidation of C-dots surface seem to suggest that higher degree of oxidation induces a
red shift on the PL emission, whereas a reduction of these oxidized surface states
induce a blue shift. For instance, Bao et al.”> demonstrated that electrochemically
produced C-dots (2.2 — 3 nm) could have their PL tuned from blue to green, depending
on the degree of surface oxidation (Figure 1-28), induced by a change in the applied

potential. It is noteworthy that, even though the size of the nanoparticles changed, the
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resultant PL occurred in an opposite way to that of expected for QCE (smaller particles
emitted at longer wavelengths, and vice versa), proving that the change in PL was

resultant from change in the surface oxidation state.
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Figure 1-28 — Red-shift in the PL Imax from blue gradually to green, induced by a change of applied potential
of a) 0.5V, b) 1.5V and c) 2.5V. Adapted from Ref. 75.

On the other hand, Zheng and coworkers’® demonstrated that the reverse could also
be achieved. C-dots (~3 nm) prepared by oxidation (HNO3) of a carbon precursor, thus
with a high degree of oxidation, showed green luminescence, but when reduced with
sodium borohydride displayed a blue-shift in their PL emission (Figure 1-29). In an
attempt to explain this phenomenon, Richards et al.”” suggested that C-dots display
multiple fluorophore units attached to their cores and oxygen-based defect sites where
emissive traps are located. They demonstrated that in highly oxidized surface states
the emissive traps are predominant, showing a single emission level, whereas in the
reduced surface state most C-dots display various levels of excited states.
Furthermore, the authors suggested that PL emission occurs between these two levels
in the oxidized state, as the highly-absorbing oxidised sites transfer the photons to the

lower emissive energy levels. Contrarily, in the reduced state the multiple, but lower,
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energy levels are often bare and get easily removed or blocked. This would explain
the need for surface passivation — to prevent the removal/blocking of these more

susceptible lower emissive levels.

Low Quantum Yield High Quantum Yield

CDs r-CDs

Figure 1-29 - lllustration of the reversible change in the PL emission from green to blue due to the reduction
of the C-dots surface. Adapted from Ref. 76.

1.3.3.3 Quantum yield

The quantum yield of C-dots has been quite variable, depending on the synthetic route
used. The first reports in the field with unfunctionalized C-dots, displayed considerably
low quantum vyields (1.6%"2 and 1.9%°%°%). Surface passivation has been reported to
afford C-dots with considerably higher QY. For example, GQDs (13 nm) prepared by
hydrothermal treatment of GO sheets displayed QY of 13.1%, while their PEG
functionalized counterparts afforded QY as high as 28%%*. In a comparison between
passivation agents, Sun et al.”* confirmed that PEG produced higher QY than PPEI-
El (by 6%) when attached to C-dots (~5 nm) produced by laser ablation. Remarkably,
the PPEI-EI could be removed from C-dots’ surface, and if PEG was attached an
increase in the QY would still be observed.

It has been demonstrated that the introduction of amine-rich functional groups to C-

dots surface also produces a positive effect on C-dots QY 7879, Tetsuka et al.”®
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established that the fluorescence of GQDs could be tuned from violet to yellow (Figure
1-30 a and b), depending on the concentration of the amine and hydrothermal process
temperature (QY = 19 — 40 %). The higher QY here was attributed to the reduced

number of non-radiative relaxation electron-hole centres, such as epoxide groups.
a b
Figure 1-30 - a) Pictures of UV-irradiated C-dots solutions functionalized with different initial

concentrations of an amine-rich precursor, b) showing a progressive red-shift in their PL emission spectra.
Adapted from Ref. 78.
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Krysmann et al.>® suggested that by adding amine-containing surface passivation
agents to the hydrothermal treatment of a carbogenic precursors, it would result in the
simultaneous surface passivation and enhancement of QY. The authors argued that
this was a direct consequence of the presence of two fluorescent species — C-dots
and a temperature-susceptible organic fluorophore. Increasing temperatures during
the hydrothermal treatment would result on an increase of C-dots/fluorophore ratio
(Figure 1-31 a and b), and a quantum yield reduction would be observed (from QY =
50% at 180°C, to QY = 15% at 230°C), until a point where the fluorophore would be
degraded and the fluorescence would arise mainly from C-dots contribution (Figure

1-31 ¢).
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Figure 1-31 — a) PL emission spectra of the fluorophore produced at 180°C and b) PL emission spectra of
the C-dots produced at 300°C, showing the excitation independent and excitation dependent emission,
respectively, and c) schematic illustration of the progressive degradation of the fluorophore and

consequent formation of C-dots, and contrast between their fluorescence intensities. Adapted from Ref.
58.

1.3.3.4 Upconversion photoluminescence

More recently, it has been reported that anti-Stokes electronic transitions may occur
in some types of C-dots. This happens when energy released during PL emission is
higher that the energy absorbed initially by an electron. Shen et al.*® reported that
surface passivated GQDs (13.3 nm) prepared by hydrazine hydrate reduction of GO
sheets, would emit PL at lower wavelengths (Vis) when excited at the NIR region of
the spectrum (Figure 1-32 a). The authors argue that this is only possible on GQDs
with zigzag edge structures, since it requires the excitation of 1r-electrons and their

return to a o-orbital in the HOMO. Thus, the energy involved in the excitation (TTHomo-
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TLumo) would be lower than the involved in the emission (TTLumo-OHomo), @s seen in
Figure 1-32 b.
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Figure 1-32 — a) Upconversion PL emission of GQDs showing the emission of light in the visible range
while excited in the NIR region, (inset shows the energy (in eV) involved in PL emission as a function of
the energy in the excitation) and b) proposed mechanism for the Stokes PL emission (a) and (b) and for
anti-Stokes PL emission (c) and (d). Adapted from Ref. 43.

Another mechanism where upconversion may take place is when two low-energy
photons are absorbed, and an electro transitions to an excited state, and upon
returning to the ground state emits more energetic radiation. The general mechanism

for two-photon absorption is depicted in Figure 1-33.

Pan et al.® reported that C-dots (2.9 nm) prepared from microwave pyrolysis of
glutathione in formamide displayed two-photon absorption and upconversion emission
when irradiated with a 850 nm wavelength source. When excited with an 850-nm laser,
even with different laser powers, a fixed emission in the visible range occurs (~ 680

nm), proving the upconversion nature of these nanopatrticles.
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Figure 1-33 — Schematic illustrations comparing the mechanisms for single photon absorption (or
excitation) and two-photon absorption, and respective emissions. Adapted from Ref. 79.

There are, however, some claims that second-order diffraction of light (AM/2), from
monochromators in spectrophotometres, could also produce similar effects, making it
necessary for new and better characterization methods to be developed before this

effect can be fully explored and understood ©°.

1.3.3.5 Electrochemiluminescence

Electrochemiluminescence (ECL) involves the generation of excited-states by
applying a current, and the consequent the emission of light by relaxation to the ground
state. These are well known to occur in lanthanide metal complexes, polycyclic
aromatic compounds and QDs semiconductors &%, Zheng et al.3” were one of the first
research groups to report that GQDs possessed ECL. GQDs (~ 2 nm) produced from
electrochemical exfoliation of a graphite rod showed ECL emission when applied a
potential within the range of -1.5 V and 1.8 V. The authors suggested that ECL
emission arises from electron transfer annihilation of positively and negatively charged
species (R and R™, respectively) forming an excited-state on C-dots (R*), as depicted
in Figure 1-34 a. The greater intensity of the cathodic ECL (Figure 1-34 b), when
compared to the anodic ECL, suggest that the R** species are more stable than their
counterparts. Furthermore, the authors evidenced the potential of this method as a
sensoring technique, since, when S20s> was added to the solution, a dramatic change

in the ECL occurred, as demonstrated in Figure 1-34 c.
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Figure 1-34 — a) Schematic representation of the ECL mechanism compared with the PL mechanism for the
same C-dots, b) ECL emission of C-dots showing the emission of light at a cathodic (R*+) and anodic (R*)
ECL (v = 0.1V/s), and c) ECL response of C-dots in the presence (red) and absence (blue) of ImM S20g%.
Adapted from Ref. 37.

1.3.4 Toxicity

There is an increasing concern about certain harms nanomaterials might pose to
human health. Due to their important potential in the biomedical sciences, C-dots
toxicity has been extensively studied and a brief overview will be discussed in the

following section.

Ray et al.8? demonstrated that C-dots (12.5 nm) obtained from nitric acid oxidation of
candle soot could readily pass through cell’'s membrane without any need for further
functionalization. Cytotoxicity was assessed using MTT (a colorimetric test for
metabolic activity) and Trypan Blue (cell viability test by exclusion) assays, HepG2
cells were exposed to 0.1-1 mg/mL of C-dots solutions for 24 hours, then absorbance
was measured at 550 nm. Results obtained showed minimal cell death at
concentrations needed - reports suggest that 50 — 500 pg/mL83-8 are sufficient for

bioimaging studies (Figure 1-35 a).
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GQDs (=7 nm) prepared from electrolysis of a graphite rod, against a Pt wire counter
electrode, were also tested for biocompability*°. It was concluded that GQDs had no
significant effect on cell viability even when exposed during prolonged periods of time

and at greater concentrations than those needed (Figure 1-35 b).
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Figure 1-35 — Cell survival rate when exposed for 24h to solutions of C-dots synthesized from a) candle
soot and b) electrochemically produced GQDs. Adapted from Ref. 82 and 86, respectively.

Yang et al.8” concluded that after 4 weeks of exposure to PEG passivated C-dots (5
nm) (intravenously administrated), mice showed no health problems. Furthermore,
when organs were collected, low accumulations of C-dots were found on liver and
spleen, but displayed no abnormalities or necrosis. C-dots produced from hair fibres
(7.5 nm)® were introduced into HeLa cells for fluorescence microscopy studies. The
authors used concentrations of 200 g/mL and reported that at these concentrations

the cells survival rate was ca. 85%.

More recently, Hua and coworkers® prepared C-dots (2.7 nm) from bacteria
hydrothermal carbonization and reported that the obtained C-dots selectively stained
dead cells (Figure 1-36 a), due to their high electronegativity (zeta potential of ¢ = -42
mV). Additionally, when compared to a commonly used marker cells — propidium
iodide (P1), it produced considerably less effect on the cell viability, as seen in Figure
1-36 b. The authors suggested this to be the ideal method for cell live/dead
differentiation.
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Figure 1-36 — a) Effect of the incubation time of a 200 pg/mL solution of bacteria-derived C-dots on dead
(black) and live bacteria staining, and b) cell viability after incubation with C-dots and Pl marker on bacteria
and yeast. Adapted from Ref. 88.

1.3.5 Applications

1.3.5.1 Bioimaging

Quantum-dots and organic dyes are still the most used materials for bioimaging
purposes mainly due to their high QY. Nevertheless, organic dyes still display
photostability-related issues as well as not showing (or showing limited) emission in
the NIR region, which is becoming of high interest for bioimaging applications. QDs,
on the other hand, have showed great potential due to their size-tuneability
fluorescence and two-photon/Upconversion emission. Even though other types of
QDs have been developed, Cd-based QDs are still the most attractive®® due to their
optimum QYs and broad excitation bands. These however pose as highly toxic
materials and their application is still under debate, particularly for in vivo studies.

C-dots, owing to their benign nature, simple preparation protocols and wide range of
available materials, have emerged as natural alternatives for the above materials. Sun
et al.%® were one of the first groups to report the use of PPEI-EI surface passivated C-
dots (~5 nm) produced by laser-ablation of a carbon target with two-photon excitation
in the NIR region, for cancer cells targeting for in vitro studies. When excited in this
region (Aexc = 800 nm), the C-dots displayed luminescence in the visible region which
allowed for the microscopy analysis of the cancer cells without background
interference. The authors suggested that, due to the surface functionalization with
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PPEI-EI, the C-dots were able to penetrate the cells and illuminate both the cell
membranes and the cytoplasm (Figure 1-37), showing great labelling efficiency.

Figure 1-37 — Microscopy images of the two-photon luminescence of PPEI-EI surface-passivated C-dots
obtained by laser ablation of a carbon target, showing illumination of both the cell membrane and
cytoplasm. Adapted from Ref. 90.

Yang et al.®” confirmed C-dots potential for in vivo studies (Figure 1-38). C-dots (~
5nm) prepared by laser ablation encapsulated in a ZnS shell functionalized with
PEGaso00n, Were injected into mice through subcutaneous, intradermal and intravenous
routes. ZnS-undoped C-dots were also tested. However, these showed significantly
lower luminescence in vivo when compared to ZnS-doped C-dots, which is in line with
reports for this type of C-dots behaviour in solution®!. The authors evidenced that even
though nanoparticles are known to accumulate in the liver, which may lead to hepatic
failures, C-dots accumulated more significantly on kidneys (providing a secretion
pathway), and only very low amounts of C-dots reached the liver. This was attributed

to the presence of PEG and proved the biocompability of the as-prepared C-dots.
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Figure 1-38 — C-dots prepared from laser ablation, intravenously injected in mice: a, a’ and a”) bright field
images, b, b’ and b”’) fluorescence images, and c, ¢’ and c¢”) colour coded images. a, b and c) show general
distribution of C-dots in mice’s body, a’, b’ and ¢’) show the dissected kidneys images, and a”, b” and ¢”)
show dissected liver images. Adapted from Ref. 87.

1.3.5.2 Energy harvesting

C-dots have been demonstrated as potential sensitizers in solar cells, mostly arising
from their photon-to-electron conversion potential. Due to their broad absorption
bands, they can absorb a higher range of the spectrum of sun radiation, and therefore,

potentially, improve the power conversion efficiencies of solar cells.

Yan and coworkers®? tested GQDs (13.5 nm, 168 T1-conjugated carbon atoms) formed
by all-organic synthesis, as solar cell sensitizers. They reported that the as-prepared
GQDs displayed ¢ values considerably higher than those of commonly used for these

applications (e.g. Ru complexes). Furthermore, these GQDs displayed a broad energy
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absorption bands for (900 nm), which further supported the suitability of these
materials for energy harvesting. GQDs were then deposited on a TiOz2 film and were
tested as solar cell sensitizers, and it was noticed that the open-circuit current and fill
factors were comparable to those typically obtained by the Ru-sensitized cells, proving
the potential these materials hold. Nevertheless, a lower current density was reported,
which was attributed to the low affinity between GQDs and TiO:2 layer, evidencing the

further need for development in the field.

1.3.5.3 Sensoring

Another field they show promise in is as nano-sensors. Due to their large surface area
and functionalization compatibility nature, these C-dots may be “tailored” specifically
to target the molecule of interest. In this particular field, they have been successfully
employed for the detection of different types of analytes like metal ions (Hg I14°, Fe Il
93, Pb Il ®4, Cu Il %), small molecules and other biomolecules of interest (melamine®,

glucose®’, dopamine®® and ascorbic acid®®).

In a typical procedure, Li et al.1%° suggested the use of C-dots (~9 nm) prepared from
pyrolytic treatment of citric acid for the selective detection of 2,4,6-trinitrophenol (TNP).
Even though TNP is extensively used in the chemical industry as an intermediate for
the production of dyes, pesticides and pharmaceuticals!®!, it is their use in the
manufacture of explosives that is of particular concern. The authors demonstrated that
these C-dots were selectively (and significantly) quenched in the presence of TNP
(Figure 1-39 a). They argued that the mechanism behind the fluorescence quenching
is based on the energy transfer between the PL emission of the C-dots and the
absorption of the TNPs, since the latter displayed a broad absorption band that
extended towards C-dots emission region (450 nm). The remarkable selectivity of this
method was evidence when similar analogues (and other analytes) were concluded to

not have any relevant effects on the C-dots fluorescence (Figure 1-39 b).
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Figure 1-39 — a) Effect of increasing amounts of TNP in an aqueous solution of C-dots derived by citric acid
pyrolysis (insets show the initial linearity of the quenching effects and consequent saturation at higher
concentrations) and b) the selectivity of the as-prepared C-dots in the presence of other analytes. Adapted
from Ref. 100.

1.4 Conclusion

It has been evidenced the importance of fluorescent materials on a variety of scientific
fields. Organic dyes, due to their high quantum yields, well understood chemical
composition and structure, remain at the centre of biomedical related applications such
as bioimaging and drug control release. On the other hand, Quantum dots have
recently raised some concerns over their cytoxicity, particularly Cadmium-based
guantum dots, but they have found important uses, most significantly, in dye solar

cells, light-emitting devices and nanosensors??.

Since their emergence, C-dots have attracted significant research efforts. Owing to
their ease of preparation and remarkable optical and electronical properties, it comes
as no surprise they are considered nanomaterials with great potential. C-dots, with
their low toxicity composition, high quantum yields and high photostability, are
suggested to be of prime importance for bioimaging for both in vitro and in vivo studies.

C-dots with amorphous structure may be prepared following simple methods
(hydrothermal treatment, microwave pyrolysis) using readily available carbon sources,
such as soy milk, grass, citric acid, human hair fibres, among many others.

Conversely, C-dots displaying graphitic structure, typically from the fractioning of
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graphene-based materials (e.g. graphite and CNTSs), display a tuneable band gap,

according to the number of benzene rings present in their structure.

In terms of PL properties, C-dots typically display strong blue to green emission
colours but there have also been reports which demonstrate the preparation of C-dots
with longer wavelength emission such as yellow, orange and red. There are some
similarities between QDs and C-dots PL properties, for instance on quantum
confinement effects (QCE). However, it is not always the case that C-dots emission
colours change according to their size as QDs do, and thus their PL properties cannot
be as easily explained as QDs. Another difference, when comparing to the traditional
QDs, is that C-dots present much wider peaks which is attributed to the more

inhomogeneous composition of C-dots.

Additionally, surface/edges states of C-dots are also an important parameter to
consider in C-dots fluorescence. With respect to GQDs, the predominant edge
structure is the zigzag edge, facilitates the occurrence of emissive sites on their edges,
due to the existence of carbene ions. On the other hand, amorphous C-dots usually
display more possibilities in terms of surface chemistry, for instance, different
heteroatoms may be added to their surface which may displace C-dots emission.
Furthermore, different degrees of oxidation also produce shifts in fluorescence
(oxidation produces red-shifts, and reduction produce blue-shifts).

An increasing number of reports have provided evidence that C-dots display
Upconversion properties, introducing NIR analysis at considerable safer and simpler
procedures when compared to their counterparts (QDs and upconverted rare-earth
nanocrystals). These properties show great promise for biocimaging due to the
possibility of reducing background interference. Since the human body is invisible to
IR radiation, and these C-dots would emit at lower wavelengths (typically in the green
region), it opens new possibilities in bio-labelling, controlled drug release, cell tissue
recovery monitoring, etc. Their broad absorption bands also allow for a larger use of
the range of sun’s radiation spectrum and thus have been widely suggested as
efficient materials for solar cells. Even though reports thus far have only been able to
fall short of QDs and other dye-sensitized solar cells, theoretically, they are expected

to afford solar cells with much higher energy conversion efficiencies.

62



1.5 References

1. Resch-Genger, U., Grabolle, M., Cavaliere-Jaricot, S., Nitschke, R. & Nann, T.
Quantum dots versus organic dyes as fluorescent labels. Nat. Methods 5, 763-75
(2008).

2. Zhang, J., Campbell, R. E., Ting, A. Y. & Tsien, R. Y. Creating new fluorescent
probes for cell biology. Nat. Rev. Mol. Cell Biol. 3, 906—-18 (2002).

3. Gu, Z. et al. Recent Advances in Design and Fabrication of Upconversion
Nanoparticles and Their Safe Theranostic Applications. Adv. Mater. 25, 3758-79
(2013).

4, Massey, M., Wu, M., Conroy, E. M. & Algar, W. R. Mind your P’s and Q’s: The
coming of age of semiconducting polymer dots and semiconductor quantum dots in
biological applications. Curr. Opin. Biotechnol. 34, 30-40 (2015).

5. Valeur, B. & N. Berberan-Santos, M. Molecular Fluorescence - Principles and

Applications. (John Wiley & Sons, Incorporated (Germany), 2013).

6. Waggoner, A. Fluorescent labels for proteomics and genomics. Curr. Opin.
Chem. Biol. 10, 62—-66 (2006).

7. Chibisov, A. K. Triplet states of cyanine dyes and reactions of electron transfer
with their participation. J. Photochem. 6, 199-214 (1976).

8. Sjoback, R., Nygren, J. & Kubista, M. Absorption and fluorescence properties
of fluorescein. Spectrochim. Acta Part A 51, L7-L21 (1995).

9. Kubin, R. F. & Fletcher, A. N. Fluorescence quantum yields of some rhodamine
dyes. J. Lumin. 27, 455-62 (1982).

10. Weber, G. & Teale, F. W. J. Determination of the absolute quantum yield of
fluorescent solutions. Trans. Faraday Soc. 53, 646-55 (1957).

11. Alivisatos, A. P. Semiconductor Clusters, Quantum Nanocrystals, and
Quantum Dots. Science 271, 933-37 (1996).

12. Burda, C., Chen, X., Narayanan, R. & EI-Sayed, M. A. Chemistry and properties
of nanocrystals of different shapes. Chemical Reviews 105, 1025-102 (2005).

63



13.  Shirasaki, Y., Supran, G. J., Bawendi, M. G. & Bulovi¢, V. Emergence of
colloidal quantum-dot light-emitting technologies. Nat. Photonics 7, 13-23 (2012).

14. Alivisatos, A. P. Perspectives on the Physical Chemistry of Semiconductor
Nanocrystals. J. Phys. Chem. 100, 13226-39 (1996).

15.  Anthony, S. ExtremeTech. (2012). Available at:

https://www.extremetech.com/wp-content/uploads/2012/12/quantum_dots_c.jpg.

16.  Sigma-Aldrich. Quantum Dots. Available at:
http://www.sigmaaldrich.com/technical-documents/articles/materials-

science/nanomaterials/quantum-dots.html#top.

17. Yafiez-Sedefio, P. et al. Biosensors in forensic analysis. A review. Anal. Chim.
Acta 823, 1-19 (2014).

18. Medintz, I. L., Uyeda, H. T., Goldman, E. R. & Mattoussi, H. Quantum dot
bioconjugates for imaging, labelling and sensing. Nat. Mater. 4, 435-46 (2005).

19. Cho, S. J. et al. Long-Term Exposure to CdTe Quantum Dots Causes

Functional Impairments in Live Cells. Langmuir 23, 1974-80 (2007).

20. Cruz-Acufia, M., Bail6n-Ruiz, S., Marti-Figueroa, C. R., Cruz-Acufia, R. &
Perales-Pérez, O. J. Synthesis, Characterization and Evaluation of the Cytotoxicity of
Ni-Doped Zn (Se, S) Quantum Dots. J. Nanomater. 2015, 1-8 (2015).

21.  Dubertret, B., Skourides, P. & Norris, D. J. In Vivo Imaging of Quantum Dots
Encapsulated in Phospholipid Micelles. Science, 28, 1759-62, (2002).

22. Das, A. & Snee, P. T. Synthetic Developments of Nontoxic Quantum Dots.
ChemPhysChem 17, 598-617 (2016).

23. Peng, F. et al. Silicon nanomaterials platform for bioimaging, biosensing, and
cancer therapy. Acc. Chem. Res. 47, 612-23 (2014).

24. Park, J.-H. et al. Biodegradable luminescent porous silicon nanoparticles for in
vivo applications. Nat. Mater. 8, 331-36 (2009).

25. Mo, D., Hu, L., Zeng, G., Chen, G. & Wan, J. Cadmium-containing quantum
dots: properties, applications, and toxicity. Appl. Microbiol. Biotechnol. (2017).

64



26. Bacon, M., Bradley, S. J. & Nann, T. Graphene Quantum Dots. Part. Part. Syst.
Charact. 31, 415-28 (2014).

27. Radovic, L. R. & Bockrath, B. On the chemical nature of graphene edges: Origin
of stability and potential for magnetism in carbon materials. J. Am. Chem. Soc. 127,
5917-27 (2005).

28. Gusynin, V. P., Miransky, V. A., Sharapov, S. G., Shovkovy, I. A. & Wyenberg,
C. M. Edge states on graphene ribbons in magnetic field: Interplay between Dirac and
ferromagnetic-like gaps. Phys. Rev. B - Condens. Matter Mater. Phys. 79, 1-13
(2009).

29. Li, L. & Yan, X. Colloidal Graphene Quantum Dots. J. Phys. Chem. Lett. 1,
2572-76 (2010).

30. Kelarakis, A. Graphene quantum dots: In the crossroad of graphene, quantum
dots and carbogenic nanoparticles. Curr. Opin. Colloid Interface Sci. 20, 354-61
(2015).

31. Hummers, W. S. & Offeman, R. E. Preparation of Graphitic Oxide. J. Am. Chem.
Soc. 80, 1339 (1958).

32. Li, L. et al. Focusing on luminescent graphene quantum dots: current status
and future perspectives. Nanoscale 5, 4015-39 (2013).

33. Shinde, D. B. & Pillai, V. K. Electrochemical preparation of luminescent
graphene quantum dots from multiwalled carbon nanotubes. Chem. - A Eur. J. 18,
12522-28 (2012).

34. Dong, Y. etal. One-step and high yield simultaneous preparation of single- and
multi-layer graphene quantum dots from CX-72 carbon black. J. Mater. Chem. 22,
8764 (2012).

35. Peng, J. etal. Graphene Quantum Dots Derived from Carbon Fibers. Nano Lett.
12, 844-49 (2011).

36. Pan, D., Zhang, J., Li, Z. & Wu, M. Hydrothermal route for cutting graphene
sheets into blue-luminescent graphene quantum dots. Adv. Mater. 22, 734-38 (2010).

65



37. Zheng, L., Chi, Y., Dong, Y., Lin, J. & Wang, B. Electrochemiluminescence of
water-soluble carbon nanocrystals released electrochemically from graphite. J. Am.
Chem. Soc. 131, 4564—-65 (2009).

38. Lu, J. et al. One-Pot Synthesis of Fluorescent Carbon Graphene by the
Exfoliation of Graphite in lonic Liquids. ACS Nano 3, 2367-75 (2009).

39. Ye, R. et al. Coal as an abundant source of graphene quantum dots. Nat.
Commun. 4, 1-7 (2013).

40. Zhang, M. et al. Facile synthesis of water-soluble, highly fluorescent graphene
guantum dots as a robust biological label for stem cells. J. Mater. Chem. 22, 7461-67
(2012).

41. Kosynkin, D. V. et al. Longitudinal unzipping of carbon nanotubes to form
graphene nanoribbons. Nature 458, 872—76 (2009).

42. Pan, D. et al. Cutting sp2 clusters in graphene sheets into colloidal graphene
guantum dots with strong green fluorescence. J. Mater. Chem. 22, 3314 (2012).

43. Shen, J., Zhu, Y., Chen, C., Yang, X. & Li, C. Facile preparation and
upconversion luminescence of graphene quantum dots. Chem. Commun. 47, 2580-
82 (2011).

44.  Shen, J. et al. One-pot hydrothermal synthesis of graphene quantum dots
surface-passivated by polyethylene glycol and their photoelectric conversion under
near-infrared light. New J. Chem. 36, 97-101 (2012).

45.  Lu, J.,, Yeo, P. S. E,, Gan, C. K., Wu, P. & Loh, K. P. Transforming C60

molecules into graphene quantum dots. Nat. Nanotechnol. 6, 247-52 (2011).

46. Yan, X., Cui, X. &Li, L. S. Synthesis of large, stable colloidal graphene quantum
dots with tunable size. J. Am. Chem. Soc. 132, 5944-45 (2010).

47. Liu, R.,, Wu, D., Feng, X. & Millen, K. Bottom-up fabrication of
photoluminescent graphene quantum dots with uniform morphology. J. Am. Chem.
Soc. 133, 15221-23 (2011).

48. Chen, W., Hu, C., Yang, Y., Cui, J. & Liu, Y. Rapid synthesis of carbon dots by
hydrothermal treatment of lignin. Materials. 9, 1-8 (2016).

66



49. Zhang, Y. L. W. et al. Water-soluble, nitrogen-doped fluorescent carbon dots
for highly sensitive and selective detection of Hg 2* in aqueous solution. RSC Adv. 5,
40393-401 (2015).

50. Sahu, S. et al. Simple one-step synthesis of highly luminescent carbon dots
from orange juice: application as excellent bio-imaging agents. Chem. Commun. 48,
8835-37 (2012).

51. Jaiswal, A., Ghosh, S. S. & Chattopadhyay, A. One step synthesis of C-dots by
microwave mediated caramelization of poly(ethylene glycol). Chem. Commun. 48,
407-09 (2012).

52.  Zhu, H. et al. Microwave synthesis of fluorescent carbon nanoparticles with

electrochemiluminescence properties. Chem. Commun. 5118-20 (2009).

53. Chemat, F. & Poux, M. Microwave assisted pyrolysis of urea supported on
graphite under solvent-free conditions. Tetrahedron Lett. 42, 3693-95 (2001).

54. Baker, S. N. & Baker, G. A. Luminescent Carbon Nanodots: Emergent
Nanolights. Angew. Chem. Int. Ed 49, 6726—44 (2010).

55.  Krysmann, M. J., Kelarakis, A. & Giannelis, E. P. Photoluminescent carbogenic

nanoparticles directly derived from crude biomass. Green Chem. 14, 314145 (2012).

56. Liu, H., Ye, T. & Mao, C. Fluorescent carbon nanopatrticles derived from candle
soot. Angew. Chem. Int. Ed. Engl. 46, 6473-75 (2007).

57. Zhu, C., Zhai, J., Dong, S., Zhai, J. & Dong, S. Bifunctional fluorescent carbon
nanodots: green synthesis via soy milk and application as metal-free electrocatalysts
for oxygen reduction. Chem. Commun. 48, 9367-69 (2012).

58. Krysmann, M. J., Kelarakis, A., Dallas, P. & Giannelis, E. P. Formation
mechanism of carbogenic nanoparticles with dual photoluminescence emission. J.
Am. Chem. Soc. 134, 747-50 (2012).

59. Liu, R. et al. An aqueous route to multicolor photoluminescent carbon dots
using silica spheres as carriers. Angew. Chemie - Int. Ed. 48, 4598-601 (2009).

60. Wang, W., Li, Y., Cheng, L., Cao, Z. & Liu, W. Water-soluble and phosphorus-
containing carbon dots with strong green fluorescence for cell labeling. J. Mater.
Chem. B 2, 46-48 (2014).

67



61. Sun, D. et al. Hair fiber as a precursor for synthesizing of sulfur- and nitrogen-
co-doped carbon dots with tunable luminescence properties. Carbon N. Y. 64, 424—
34 (2013).

62. Zhou, J. et al. Facile synthesis of halogenated carbon quantum dots as an
important intermediate for surface modification. RSC Adv. 3, 9625-28 (2013).

63. Du, Q., Zhou, G., Zhou, J., Jia, X. & Zhou, H. Enhanced luminescence of novel
Y2Zr207:Dy3* phosphors by Li* co-doping. J. Alloys Compd. 552, 152-56 (2013).

64. Wang, Y. et al. Thickness-dependent full-color emission tunability in a flexible
carbon dot ionogel. J. Phys. Chem. Lett. 5, 1412-20 (2014).

65. Zhu, S. et al. The photoluminescence mechanism in carbon dots (graphene
guantum dots, carbon nanodots, and polymer dots): current state and future
perspective. Nano Res. 8, 355-81 (2015).

66. Chen, C.-F. et al. Controlling inelastic light scattering quantum pathways in
graphene. Nature 471, 617-20 (2011).

67. Eda, G. etal. Blue photoluminescence from chemically derived graphene oxide.
Adv. Mater. 22, 505-09 (2010).

68. Li, H. et al. Water-Soluble Fluorescent Carbon Quantum Dots and
Photocatalyst Design. Angew. Chemie - Int. Ed. 49, 4430-34 (2010).

69. Chien, C.-T. et al. Tunable photoluminescence from graphene oxide. Angew.
Chem. Int. Ed. Engl. 51, 6662—66 (2012).

70.  Kelarakis, A. From highly graphitic to amorphous carbon dots: A critical review.
MRS Energy Sustain. 1, 1-15 (2014).

71.  Enoki, T., Fujii, S. & Takai, K. Zigzag and armchair edges in graphene. Carbon
N. Y. 50, 3141-45 (2012).

72. Lin, L. & Zhang, S. Creating high yield water soluble luminescent graphene
guantum dots via exfoliating and disintegrating carbon nanotubes and graphite flakes.
Chem. Commun. 48, 10177-79 (2012).

73. Xu, X. et al. Electrophoretic analysis and purification of fluorescent single-
walled carbon nanotube fragments. J. Am. Chem. Soc. 126, 12736-37 (2004).

68



74. Sun, Y., Zhou, B. & Lin, Y. Quantum-sized carbon dots for bright and colorful
photoluminescence. J. Am. Chem. Soc. 128, 7756-57 (2006).

75. Bao, L. et al. Electrochemical tuning of luminescent carbon nanodots: From

preparation to luminescence mechanism. Adv. Mater. 23, 5801-06 (2011).

76.  Zheng, H. et al. Enhancing the luminescence of carbon dots with a reduction
pathway. Chem. Commun. 47, 10650 (2011).

77. Das, S. K, Liu, Y., Yeom, S., Kim, D. Y. & Richards, C. I. Single-particle

fluorescence intensity fluctuations of carbon nanodots. Nano Lett. 14, 620-25 (2014).

78.  Tetsuka, H. et al. Optically tunable amino-functionalized graphene quantum
dots. Adv. Mater. 24, 5333-38 (2012).

79. Kim, T. H., Ho, H. W,, Brown, C. L., Cresswell, S. L. & Li, Q. Amine-rich carbon
nanodots as a fluorescence probe for methamphetamine precursors. Anal. Methods
7, 6869-76 (2015).

80. Pan, L., Sun, S., Zhang, L., Jiang, K. & Lin, H. Near-infrared emissive carbon

dots for two-photon fluorescence bioimaging. Nanoscale 8, 17350-56 (2016).

81. Zhao, W. W., Wang, J., Zhu, Y. C., Xu, J. J. & Chen, H. Y. Quantum Dots:
Electrochemiluminescent and Photoelectrochemical Bioanalysis. Anal. Chem. 87,
9520-31 (2015).

82. Ray, S. C., Saha, A, Jana, N. R. & Sarkar, R. Fluorescent carbon
nanoparticles: Synthesis, characterization, and bioimaging application. J. Phys.
Chem. C 113, 18546-51 (2009).

83. Zhong, Y. et al. One-step synthesis of orange luminescent carbon dots for Ag*
sensing and cell imaging. J. Lumin. 190, 188-93 (2017).

84. Wang, J. et al. Highly fluorescent carbon dots as selective and visual probes
for sensing copper ions in living cells via an electron transfer process. Biosens.
Bioelectron. 97, 157-63 (2017).

85. Vandarkuzhali, S. A. A. et al. Highly fluorescent carbon dots from Pseudo-stem
of banana plant: Applications as nanosensor and bio-imaging agents. Sensors
Actuators B Chem. 252, 894-900 (2017).

69



86. Shang, W. et al. The uptake mechanism and biocompatibility of graphene
quantum dots with human neural stem cells. Nanoscale 6, 5799-806 (2014).

87. Yang, S. T. et al. Carbon dots for optical imaging in vivo. J. Am. Chem. Soc.
131, 11308-09 (2009).

88. Hua, X.-W., Bao, Y.-W., Wang, H.-Y., Chen, Z. & Wu, F.-G. Bacteria-derived
fluorescent carbon dots for microbial live/dead differentiation. Nanoscale 9, 2150-61
(2017).

89. Chen, N. et al. The cytotoxicity of cadmium-based quantum dots. Biomaterials
33, 1238-44 (2012).

90. Cao, L. et al. Carbon dots for multiphoton bioimaging. J. Am. Chem. Soc. 129,
11318-19 (2007).

91. Sun, Y. et al. Doped Carbon Nanoparticles as a New Platform for Highly
Photoluminescent Dots. J. Phys. Chem. C 112, 18295-98 (2008).

92. Yan, X, Cui, X., Li, B. & Li, L. S. Large, solution-processable graphene
guantum dots as light absorbers for photovoltaics. Nano Lett. 10, 1869—-73 (2010).

93. Vikneswaran, R., Ramesh, S. & Yahya, R. Green synthesized carbon nanodots
as a fluorescent probe for selective and sensitive detection of iron(lll) ions. Mater. Lett.
136, 179-82 (2014).

94. Wee, S.S.,Ng, Y.H., Ng, S. M. & Muk, S. Synthesis of fluorescent carbon dots
via simple acid hydrolysis of bovine serum albumin and its potential as sensitive
sensing probe for lead (1) ions. Talanta 116, 71-76 (2013).

95. Lin, Y. et al. Tunable Fluorescent Silica-Coated Carbon Dots: A Synergistic
Effect for Enhancing the Fluorescence Sensing of Extracellular Cu?* in Rat Brain. ACS
Appl. Mater. Interfaces 7, 27262—70 (2015).

96. Dai, H. et al. A carbon dot based biosensor for melamine detection by
fluorescence resonance energy transfer. Sensors Actuators, B Chem. 202, 201-08
(2014).

97. Lu, Q. et al. Hydroxyl-rich C-dots synthesized by a one-pot method and their
application in the preparation of noble metal nanoparticles. Chem. Commun. 51,
7164-67 (2015).

70



98. Li, Q., Xu, Z., Tang, W. & Wu, Y. Determination of Dopamine with a Modified
Carbon Dot Electrode. Anal. Lett. 2719, (2015).

99. Yang, L. et al. A quadruplet electrochemical platform for ultrasensitive and
simultaneous detection of ascorbic acid, dopamine, uric acid and acetaminophen
based on a ferrocene derivative functional Au NPs/carbon dots nanocomposite and
graphene. Anal. Chim. Acta 903, 69-80 (2016).

100. Li, Z.,, Wang, Y., Ni, Y. & Kokot, S. A sensor based on blue luminescent
graphene quantum dots for analysis of a common explosive substance and an
industrial intermediate, 2,4,6-trinitrophenol. Spectrochim. Acta - Part A Mol. Biomol.
Spectrosc. 137, 1213-21 (2015).

101. Shen, J. et al. Biodegradation of 2,4,6-trinitrophenol by Rhodococcus sp.
isolated from a picric acid-contaminated soil. J. Hazard. Mater. 163, 1199-206 (2009).

102. Bhunia, S. K., Saha, A., Maity, A. R., Ray, S. C. & Jana, N. R. Carbon
Nanoparticle-based Fluorescent Bioimaging Probes. Sci. Rep. 3, 1473 (2013).

103. Du, Y. & Guo, S. Chemically doped fluorescent carbon and graphene quantum
dots for bioimaging, sensor, catalytic and photoelectronic applications. Nanoscale 8,
2532-43 (2016).

104. Wen, X., Yu, P., Toh, Y.-R.,, Ma, X. & Tang, J. On the upconversion
fluorescence in carbon nanodots and graphene quantum dots. Chem. Commun. 50,
4703-06 (2014).

105. Jiang, C. et al. Presence of photoluminescent carbon dots in Nescafe® original

instant coffee: Applications to bioimaging. Talanta 127, 68—74 (2014).

106. Chandra, S. et al. Luminescent S-doped carbon dots: an emergent architecture
for multimodal applications. J. Mater. Chem. B 1, 2375 (2013).

107. Vassilakopoulou, A., Georgakilas, V., Vainos, N. & Koutselas, I. Successful
entrapment of carbon dots within flexible free-standing transparent mesoporous
organic-inorganic silica hybrid films for photonic applications. J. Phys. Chem. Solids
103, 190-96 (2017).

71



2 Experimental section

Name

Reagents

Treatment

Comments

aC-dots

Citric Acid, Ethanolamine

Pyrolysis

Hybrid powders consist of
aC-dots physically mixed
with different  white
powders (Laponite clay,

Silica and Titania).

bC-dots

Grass, HNOg,

Pyrolysis, Oxidation

Low fluorescence
intensity in the powder

form.

C-SiO2

Silica  (Ludox), C-18

silane, Ethylene diamine

Pyrolysis, Oxidation

Powders obtained were
fluorescent without the
need to further disperse
in other matrices, and
formed aggregate

producing fractal motives.

In situ prepared C-dots on
readily available

polymers

PE and PEG as polymeric
matrices; Ethanolamine

as C-dots precursor.

Melt-mixing and Thermal
treatment (lower

temperatures used)

Polymers obtained were
fluorescent in the solid
state, and when
dispersed (in the case of

PEG)

2.1 C-dots nanopowders for fingerprint development purposes

2.1.1 C-dots derived from citric acid and ethanolamine pyrolysis (aC-dots)

The methodology used for C-dots synthesis has been previously reported in Ref. 1.

Pyrolysis of citric acid (CA, purchased from Thermo Fisher Scientific) and

ethanolamine (EA, 298% purchased from Sigma-Aldrich) on a 1:3 molar ratio, was

performed at 180°C under reflux for 30 minutes, and for another 30 minutes at 230°

without reflux to remove the water molecules formed in the previous step. Successive

dialyses were performed, in order to remove impurities, through a SnakeSkin
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membrane (3.5 kDa cut-off, purchased from Thermo Fisher Scientific) against distilled

water. Both apparatus can be seen in Figure 2-1.

Figure 2-1 — a) Pyrolysis apparatus used for citric acid and ethanolamine pyrolysis (condenser is removed
after 1h30), and b) aC-dots purification through dialysis on a snakeskin against water.

As C-dots are, in general, highly susceptible to self-quenching phenomena, solutions
were diluted. This can prevent particle to particle interaction during sublimation, and
then left for 3-4 days until samples were completely dried. The obtained solution was
freeze dried to be used as fingerprint powder.

2.1.2 C-dots derived from crude biomass pyrolysis (bC-dots)

The methodology consists of thoroughly blending fresh grass and diluting it in a
minimum quantity of water, and then keeping it in a furnace for 4h at 300°C 2. The next
step was to oxidize the material obtained after grass pyrolysis (Figure 2-2), to make it
more hydrophilic and break down larger clusters. This is achieved by adding 3 M of
HNOs (70%, purchased from Sigma Aldrich) and reflux it at 100°C, until a light brown
product is obtained. The resultant material was then filtered through a filter paper
(Whatman no. 41 porosity of 20 um) on a Buchner funnel under vacuum, to remove
the larger clusters. The obtained product was dialyzed in a SnakeSkin with a molecular
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weight cut-off of 3.5 kDa, against deionized water to remove the excess of HNOs. The

final product was freeze-dried.

Figure 2-2 - Material obtained after grass pyrolysis.

2.1.3 Hybrid nano-powders

For fingerprint development purposes, silicon dioxide (SiOz2), titanium dioxide (TiOz2) or
Laponite (Lap) clay were dispersed in an aC-dots solution (c-dots 1:150 weight ratio
of white powders) and left in an ultrasonic bath for an hour to investigate if there were
any interactions between the different components. Such a low ratio was used to

understand the full depth of the potential of C-dots for solid fluorescence applications.
2.1.4 Characterization

2.1.4.1 Fluorescence analysis

Fluorescence analysis — a measure of the intensity in arbitrary units (a.u.) of the light
emitted by an excited electron upon its relaxation to the ground state®, was conducted
on a Horiba Fluoromax® spectrofluorometer. It is known that C-dots display quenching
effects at high concentrations and thus, intensity as a function of concentration was

analysed for several concentrations at an excitation wavelength of 380 nm.

For the excitation-dependent emission, samples were analysed under excitation

wavelengths between 290-500 nm, with 30 nm increments.

Solid-state fluorescence was also conducted on the hybrid powders. To this end, a

sample holder was attached to the fluorometer. The sample holder was positioned at

a 30° angle from the incident beam, to prevent the excitation signal from the machine
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to be recorded and potentially damage the detector. Excitation wavelengths of 370
nm, 430 nm and 500 nm were used, and the emission was recorded on the range of
400-700 nm.

2.1.4.2 Fingerprint methodology

The researcher’s index finger was rubbed on the forehead to get a mixture of both
eccrine and sebaceous glands. This would generate a realistic fingerprint, as a mixture

of components will be left behind in a real case scenario®.

A series of fingermarks were deposited on microscope glass slides to assess the
quality of the powders obtained (aC-dots:Lap; aC-dots:TiO2; aC-dots:SiO2), and were
applied using a forensic squirrel-hair brush. Then, they were analysed under a Zeiss®
Axio Scope Al fluorescent microscope. A commercial white fingerprint powder (WFP,
purchased from Tetra Scene of Crime) was also used to reveal fingerprints as a control
test. A metal spatula and a drink foil (Dr Pepper) were tested as alternative deposition

surfaces.

Fingerprints were analysed in Automated Fingerprint Identification System (AFIS)

software, to count the number of minutiae details that could be identified.

2.2 Carbogenically-coated silica nanoparticles for anti-counterfeit applications

2.2.1 Synthetic procedure

For the synthesis of the nanohybrid system, carbonised silica nanoparticles (C-SiOz),
3 ml of colloidal silica nanoparticles (Ludox HS 30, purchased from Sigma-Aldrich)
with an average diameter of 18 nm were reacted with 3g of Dimethyloctadecyl[3-
(trimethoxysilyl)propyllammonium chloride (C-18 silane, purchased from Sigma-
Aldrich), in acidic media - 1 ml of 1M HCI (37%, purchased from Sigma Aldrich) at 60
°C for 10 min. The dispersion was neutralized using a 0.1 M NaOH solution, was left
for 24h at room temperature and dialyzed against deionized water using a SnakeSkin
dialysis tubing membrane (3,5 kDa molecular weight cut-off, purchased from Thermo
Fisher Scientific). TGA analysis (refer to section “Characterization” for more details on

the parameters used) suggested that the surface-modified silica nanoparticles have
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roughly 34 wt% organic content and helped determine the carbonization temperature.
Thus, the nanopatrticles were pyrolyzed in a furnace at 250°C for 3h and a dark powder
was obtained. The powder was then subjected to surface oxidation, via treatment with
3M HNOs at 100°C, and further dialyzed against water. The C-SiO2 were then treated
with excess of ethylene diamine (Sigma-Aldrich) at 80°C for 1h followed by another
purification step through dialysis.

2.2.2 Characterization

2.2.2.1 TGA characterization

Thermogravimetric analysis — the study of the mass changes occurring in a material
due to controlled temperature changes®, was performed using a Mettler Toledo TGA
1 STAR system, under nitrogen atmosphere and at a heating rate of 10°C/min, until a

maximum temperature of 500°C was reached.

2.2.2.2 Elemental analysis

Elemental analysis for the elements C, H, N and S were conducted on a Flash 2000
CHNS-O Analyzer. The equipment was calibrated using a bypass - non-measurable
sample with minor amounts of C-SiOz2 just to “clean” from possible contaminants; two
standard runs - methionine was chosen as it had the likeliest similar elements
percentage; and, two runs of the same standard as unknown sample — to check for
the equipment’s calibration efficiency. Finally, each sample was measured in

duplicates and obtained percentages were averaged.

2.2.2.3 FTIR

Fourier Transform Infra-Red spectra — analysis of the vibrational modes of a material’s
functional groups®, were recorded using a Nicolet IR2000 spectrophotometer. A total
amount of 32 scans were run within a range of 3000-700 cm and with a resolution of
8 cmL. The vibrational modes of functional groups of the as-prepared nanoparticles

were investigated.
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2.2.2.4 Photoluminescence spectra

Fluorescence analysis was conducted on a Horiba Fluoromax spectrofluorometer. For
the excitation-dependent emission, samples were analysed under different excitation
wavelengths, between 290-500 nm, with 30 nm increments and a slit of 2 nm.

2225 TEM

Transmission Electron Microscopy photographs were obtained with a FEI T12 Spirit
operated at 120 kV. A droplet of a dilute suspension (0.05mg/mL in water) was

deposited on a carbon coated copper grid (Agar Scientific, USA) and air-dried.

2.2.2.6 SEM

Scanning Electron Microscopy photographs were taken of the microstructure of the
nanotags generated on 6 mm Carbon Conductive SEM tabs (purchased from PELCO
Tabs™), using a FEI Quanta 200 electron microscope.

2.2.2.7 Fluorescence imaging

The fluorescence microscopy images were obtained using a Zeiss Axio Scope Al
microscope equipped with band-pass filters. Three excitation wavelengths were used
with 350, 395 and 590 nm.

2.2.2.8 Dynamic light scattering

Dynamic light scattering is the technique which analyses the random motion (Brownian

motion) of particles in a solvent (usually water)”.

The hydrodynamic diameter — the diameter of an equivalent hard sphere which
diffuses at the same speed as the particle being measured, of C-SiO2 of the

nanoparticles were measured on well-filtered suspensions (Nylon membrane filters
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with porosity 0.45 um) using a Malvern Zetasizer Nano-ZS (Malvern Instruments,
England) package which includes a 4 mW He—Ne laser operating at A=633 nm.

2.2.2.9 Fingerprint deposition and development

Procedure followed as described in section 2.1.4.2.

2.2.2.10 Nanotags development

For the nanotags preparation, C-SiO2 aqueous solutions of different pH values were
left to air-dry in glass slides and in a polymeric substrate. For the investigation of the
temperature effect on the nanotags, a marked pattern was subjected to 100°C for
~24h.

2.3 Insitu preparation of C-dots in polymers matrices

For the polymer in-situ preparation of C-dots, 1 wt% of ethanolamine (298% purchased
from Sigma-Aldrich) was added to two different polymers, polyethylene (MW 35k,
purchased from Sigma-Aldrich) and polyethylene glycol (MW 1k, purchased from
Sigma-Aldrich), and were heated up in two steps in a heating/stirring plate: initially at
a temperature below the boiling point of the ethanolamine (b.p.ea 170°C) and above
the melting point of the polymer (m.p.re 90°C, m.p.rec 37°C) for the amine to react,
and at a temperature above the ethanolamine boiling point (at 180°C), to remove all
unreacted ethanolamine (each taking 30 minutes). The polymers were then left to
recrystallize at room temperature, as shown in Figure 2-3. Control samples were also
prepared - by processing the polymers the same way as before, but without adding

the amine.
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Figure 2-3 — Representative example of the as obtained polymers (EA-treated PEG).

2.3.1 Characterization

2.3.1.1 Photoluminescence spectra

Photoluminescence spectra of aqueous dispersion of C-dots under different excitation
wavelengths were recorded at room temperature using a Horiba Jobin Yvon

FluoroMax-4 spectrofluorometer.

For solid-state measurements, no extraction was made from the polymers.

2.3.1.2 XRD

X-ray diffraction — a technique used for the identification of a crystalline structure of a
material®, measurements were performed on a Bruker D2 Phaser coupled with a
LYNXEYE 1-dimentional detector which suppresses the sample fluorescence. The
diffractometer generates X-rays at 30kV/10mA, and uses a copper tube producing X-
rays at A=1.54A.

2.3.1.3 DSC

Differential scanning calorimetry — a technique that measures the enthalpy changes
involved in thermal transitions (e.g. melting and crystallization)®, analysis was

conducted on a TA DSC Q2000. Samples of, approximately, 15 mg were sealed inside
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aluminium pans, and each run consisted of a heat/cool/heat temperature ramps,
ranging from 0°C to 80°C and 160°C for PEG and PE, respectively.
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3 New types of hybrid nanopowders for fingerprint purposes

3.1 Introduction

From the available forensic physical evidence, fingerprints remain at the centre of
individual identification. Even with DNA techniques experiencing greater advances in
the last decades, fingerprints are still the only piece of evidence able to establish

identity between identical twins.%?

Fingerprint is the mark left behind by the friction of ridges, present in the fingers skin,
on a given surface. There are several factors that influence the composition of the
fingerprint (e.g. individual characteristics, nature of the surface and environmental
conditions) but its major components are water and fatty substances -3. The organic
compounds are mainly originated on the epidermis, secretory glands in the dermis and
with external contaminants. Subsequently, with the ageing of the fingerprint, water

evaporates and the fingerprint becomes more hydrophobic.3

Occasionally, fingers may be contaminated with paint, ink or even blood, leaving a
visible fingerprint. However, finger marks are frequently produced only by the natural
secretions of the skin making it hard for crime scene investigators to detect or analyse
them solely under natural light. This makes it essential to find the best procedures in

order to develop and enhance these prints.

The identification of individuals by this physical evidence relies on an exclusive
combination of different details (minutiae) comprised on the same fingerprint. The

whole pattern is considered to have three levels of details:

e Level 1 - This is the largest level and can be identified macroscopically. It is
the simplest way to distinguish between fingerprints, and thus be classified as:
loops (subdivided into right or left depending on the delta position — level 2
detail), whorls and arches (classified as plain or tented). Figure 3-1 a, b and ¢
show the different examples on this level of details;

e Level 2 — This level consists of every change that occurs on the ridges of
fingerprints. It is thought to exist about 150 different details and their exclusive

distribution over the global fingerprint is the reason behind their individuality.
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Some examples of these details include deltas, lakes, ridge ends, bifurcations
and dots, (Figure 3-1 d)

e Level 3 — Involves mainly sweat pores (Figure 3-1 e) and is usually

disregarded from analysis as it is only detected by chemical procedures.

Minutiae Example Minutae Example

d sm
ridge ending = bridge :
’ ) — double

bifyrcation -<\ bifurcaion Y
—
dot 3 tnfurcation =
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fidge) N pifurcations —_—~—
—— —

lake WT——
fenclosura) ov flggrigseng xﬂ

Figure 3-1 — lllustrative examples of: first level of classification of fingerprints — a) loop, b) whorl and c)
arch, d) second level of details usually detected, and e) third level - sweat pores. Adapted from Ref. 4.

To reveal fingerprints, chemical or physical procedures can be used. Chemical
reactions, like ninhydrin reagent or cyanoacrylate fuming, develop better shaped
fingerprints, but typically demand time-consuming, toxic and expensive procedures?.
Physical developers (mostly powders) on the other hand, provide experts with an
effective, ready to use technique in crime scenes, and that is why they are more
commonly employed.

Nanomaterials have great potential to be used as fingerprint powders. Their size not
only facilitates better defined fingerprints, but also, given their optical properties,
widens the range of surfaces fingerprints can be developed on. In addition, it gives
them the potential to be used as more than just identification tools.
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3.1.1 History of fingerprints’ recovery

The use of fingerprints in crime resolution was first applied on the second half of the
nineteenth century, and became well established in criminal investigations procedures
5. The initial reported methods for latent fingerprint revelation were reagent-based.
Silver nitrate (1877) and iodine vapours (1891) were the main solvents used, and had
the advantage of being suitable for porous surfaces (like paper) and also non-porous

surfaces®. lodine vapours are still used by some labs in present forensic investigations.

The use of powders in the development of latent fingerprints only came later. This
method relies on the physical affinity between finely divided material and the fatty
components and the solution left by the skin ridges. The smaller the particles, the
better the powder will adhere, producing a better resolved fingerprint, while at the
same time, it is also important that the powder does not chemically interact with the

surface 12,

Sir Edward Henry suggested the use of mercury-based powders!. The main problems
about these were that mercury powders withheld several health hazards were

withdrawn during the second half of the twentieth century.

Nowadays, there are a variety of powders that can be applied in different surfaces.
The use of fingerprint powders has become such a routine procedure that the Home
Office (UK), has developed a guideline for their application’. For smooth surfaces,
aluminium flake and magnetic powders are recommended, as well as brass, black
granular and magneta flake powders. Even though flake powders are more sensitive
than granular powders, experts prefer to use nonmagnetic since they are easier to
apply. On other surfaces, however, an efficient and generic procedure has not yet
been found and there are not many powders that can be successfully employed. For
dark surfaces white magnetic powders are suggested, and, contrariwise, for coloured

surfaces black magnetic is recommended.

Since early stages, researchers understood that PL properties could be used to
enhance contrast in fingerprint recovery. The use of cyanoacrylate ester fuming 819,
ninhydrin-treated zinc chloride ' and ninhydrin samples treated with NBD chloride (7-
chloro-4-nitrobenzo-2-oxa-1,3-diazole) 12 were some of the first approaches with the

aim to use luminescence to reveal fingerprint. Even though some of these methods
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are still used, fluorogenic agents like NBD, have the problem of not being stable and

sometimes producing background interfering luminescence *3.

Fluorescent physical treatments (fluorescent dusting powders) were also considered
for fingerprint enhancement. The first attempts, in late 1980s, were powders mainly
composed of transition metals. However, these materials were only applicable on
smooth surfaces, and so presented limitations 3. The next approaches tested were
with lanthanide-based powders. These compounds presented great advantages, such
as large stoke shifts, long luminescence lifetime and forming differently fluorescent
products when different ligands are used!. Europium (Eu®*) and Terbium (Tb3%*) are
the most common ions used in fingerprint development, which emit red and green
fluorescence, respectively, and absorb in ultraviolet region of the spectrum 11415 This
large difference between absorption and emission bands makes it easier to eliminate

background fluorescence interference 1.

Recently, new types of fluorescent nanopowders have been tested to enhance the
rate of recoverable fingerprints in a crime scene, such as quantum dots (QDs). QDs
are largely known for their fluorescent properties. Some of the benefits of this
nanoparticles are that they have wide excitation spectra, are not as sensitive to
photobleaching as other organic fluorophores, display improved selectivity and high
fluorescent quantum yields 16-1°. A large number of works that have been published
focus on the use of CdTe °-2! and CdS 22?2 based QDs. All these research groups
demonstrated that quantum dots are useful in fingerprint development, giving the
marks strong contrast and good resolution. Nevertheless, there have been some
concerns about the cytotoxic effects of these compounds, particularly the Cd-based

guantum dots 1723,

3.2 Carbon-dots based nanopowders

3.2.1 aC-dots

By systematically adjusting the pyrolysis conditions of carbon-rich precursors,
nanoparticles with different properties are obtained. Following this procedure (Section
2.1), self-passivation of C-dots is achieved, as they are readily dispersible in water. At

180°C, it has been concluded that an aC-dots precursor would be synthesized
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showing high quantum vyield (~50%). Further experiments characterized this
fluorescent precursor (Figure 3-2 a) as displaying a maximum emission intensity at
~460 nm when excited at 375 nm. Higher temperatures would decompose these
molecules and gradually form aC-dots. At 230°C, aC-dots and the organic precursor
reached equilibrium, hence the temperature chosen for the reaction — in order to have
both fluorescent contributions. The temperature also affects the size of the obtained
materials. TEM images (Figure 3-2 b and c) show that at 230°C NP’s are 20 nm
whereas at 300°C particles possess sizes of roughly 10nm, which is consistent with

C-dots reports derived from pyrolytic routes?“.
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Figure 3-2— a) Proposed reaction for the formation of the fluorescent precursor at 180°C, b) and ¢) TEM
images of aC-dots produced by pyrolysis of CAEA at 230°C and 300°C, respectively. Adapted from Ref. 24.

If a too high concentration were to be used, variable results would be obtained as self-
guenching phenomena occurs (particle-to-particle interactions), thus it was necessary
to find that pre-saturation concentration. To that end, a series of concentrations were
analysed on a spectrofluorometer at a fixed excitation wavelength of 380nm.
Concentrations used were 2.5, 5, 10, 15, 25 and 50ug/mL, and results obtained can

be seen in Figure 3-3.
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Figure 3-3 — Emission intensity at 465nm of different concentration of aC-dots solutions, under 380nm
excitation.

Considering the results obtained in Figure 3-3, a 13 pg/mL sample of aC-dots was
prepared and their UV absorbance and fluorescence properties were analysed. C-dots
show a typical broad absorption in the UV region, with a tail which extends to the
visible region, as can be seen in Figure 3-4. The peak at 250 nm is frequently ascribed
to aromatic C-C bonds - m* transitions and the broad peak at ~375 nm is attributed

to C=0 bonds n- 1* transitions?°.

By analysing Figure 3-5, it is possible to distinguish two phenomena occurring: the
contribution of the fluorophore producing a fixed wavelength emission at ~460nm (exc.
wavelengths of 290 nm, 320 nm, 350 nm and 380 nm — black line on Figure 3-5), and

an excitation-dependent emission at higher wavelengths.
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Figure 3-4 — UV-Vis absorption spectrum of aC-dots.
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Figure 3-5 — PL emission spectra of aC-dots aqueous solution under different excitation wavelengths.

In Figure 3-6, it is possible to see the excitation-dependent emission phenomenon, as
C-dots solutions fluorescence changes when interacting with different wavelength

sources.
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Figure 3-6 — Comparison between solutions of aC-dots, bC-dots, and water (from left to right) under
different fluorescent lights: purple, cyan blue and green (from top to bottom).

Nanoparticles have a known tendency to form clusters in the micrometre scale,
therefore C-dots powders didn’t have any fluorescence under UV-light after freeze-

drying the previously fluorescent solution (Figure 3-7).

Figure 3-7 — aC-dots powder and aC-dots solution under a) white light, and under b) UV light.

3.2.2 bC-dots

Oxidation is an important step for the synthesis of bC-dots, as these procedures tend
to generate rather larger particles with weak PL emission and limited water solubility.
Refluxing under strong acid, tends to break these clusters and form polar groups?¢,

resulting in spherical particles of around 30 nm (Figure 3-8 a and b).
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Figure 3-8 — TEM images of bC-dots with different magnifications. Adapted from Ref. 27.

By analysing the fluorescence spectra (Figure 3-9) the excitation-dependent emission
is maintained, however, there is no longer the fixed high intensity emission peak
characteristic to the fluorophore (Amax = ~460 nm). This is known to influence these
nanoparticles’ overall fluorescence, and thus when investigated in a fluorescence

microscope it was noticeable a decrease in the fluorescence intensity.
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Figure 3-9 — Fluorescence spectra of bC-dots aqueous solution under different excitation wavelengths.
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As fluorescence was considerable lower in bC-dots, due to the absence of fluorophore,

they were not considered for fingerprint recovery experiments.

3.2.3 Hybrid powders

The fact that C-dots powder do not show optimal solid-state fluorescent properties has
been already reported 282° and has been mainly attributed to particle-particle re-
absorption effects. To overcome this, the possibility of diluting C-dots powders in
different materials, and thus preserve their fluorescence properties, was assessed. At
low weight percentages, C-dots quenching effects would be suppressed, as particle-

to-particle interactions would be minimized.

The addition of the white powders, SiO2 and Lap, had no significant influence on the
aC-dots emission spectra (Figure 3-10 and Figure 3-11). TiO2, on the other hand, is
known to have optical properties (common ingredient in sunscreens to absorb UV
radiation), so a difference in the emission spectra was expected, Figure 3-10 c, and
Figure 3-11 (green line). UV-Vis spectra showed that the major optical properties were
mainly from C-dots contribution, as no significant changes were observed before and
after the addition of Laponite and SiO2 (Figure 3-12 a and b, respectively). aC-
dots/TiO2, however, displayed a more intense peak at ~340nm (Figure 3-12 c), which

is known to be a TiO2 contribution3°.
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Figure 3-10 — aC-dots/SiO2 (a), aC-dots/Lap (b) and aC-dots/TiO2 (c) in a 1:150 weight ratio of C-dots in
white powder fluorescence spectra under different excitation wavelengths.
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Figure 3-11 - Fluorescence spectra of aC-dots, aC-dots/SiO2, aC-dots/TIO2 and aC-dots/Lap, showing no
significant influence after the addition of other powders (apart from TiO2). Excitation wavelength used was
380nm.
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Figure 3-12 — UV-Vis absorption spectra of aC-dots/Lap (a), aC-dots/SiOz (b) and aC-dots/TiO2 (c).

The hybrid powders obtained after freeze-drying (Figure 3-13) were investigated on a
fluorescent microscope and showed excitation-dependent properties (Figure 3-14).
Solid-state analysis (Figure 3-15) supported the fact that these powders were

successfully imparted with fluorescence properties, even with minimal amounts of C-
dots (1:150 weight ratio).

Figure 3-13 - Powders obtained after freeze-drying: a) aC-dots/SiO2, b) aC-dots/TiO2 and c) aC-
dots/Laponite.
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Figure 3-14 — aC-dots: -SiOz, - Lap, - TiO2 investigated in a fluorescent microscope with different excitation
sources.
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Figure 3-15 - Solid-state emission spectra of aC-dots/SiO2 (a) and aC-dots/Lap (b) under different excitation
wavelengths.
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3.2.4 Fingerprints recovery

Fingerprints were successfully developed with good resolution for the powder

formulations. The excitation-dependent properties of C-dots also rendered a multi-

coloured fingerprint when excited with different wavelength lasers (Figure 3-16 and
Figure 3-17).

Figure 3-16 — a) Fingerprint on a glass slide developed with aC-dots/SiOz, and b), ¢) and d) on a fluorescent
microscope (100x magnification) under different excitation lights.

Figure 3-17 — a) Fingerprint on a glass slide developed with aC-dots/Lap, and b), ¢) and d) on a fluorescent
microscope (100x magnification) under different excitation lights.

The main benefit from the above formulations is that this procedure would,
theoretically, work with most powders, as long as they do not absorb radiation, like
TiO2. To further test this assumption, a mixture of a commercial white fingerprint
powder (WFP) and aC-dots/Lap (~0.3% of C-dots) was used to recover fingerprints in

a glass slide. It was proved that C-dots can be used as top-up materials with
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conventional fingerprint powders, as the addition of low quantities was enough to

“‘illuminate” the entire material (Figure 3-18).

Figure 3-18 — a) Fingerprint on a glass slide developed with aC-dots/Lap and WFP, and b), ¢) and d) on a
fluorescent microscope (100x magnification) under different excitation lights.

The number of level 2 details identified (details index in Table 1) was used as the
parameter to assess the quality of the developed powders. AFIS results showed that
both aC-dots/SiO2 and aC-dots/Lap were able to successfully reveal fingerprints as
the details recovered were on the same level of the commercial WFP (Table 1).
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Table 1 — Fingerprints developed with the different powders formulations and respective AFIS results with
details count (glass surface was used).

Fingerprint developed Powder composition Details Index
White fingerprint 65
powder (commercial)
aC-dots/Lap 66
aC-dots/SiO2 71
aC-dots/SiO2 + WFP 59
Laponite (no c-dots) 45
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To test the versatility of the prepared hybrid powders, fingerprints were deposited on
different surfaces. In Figure 3-19 is depicted a fingerprint that was successfully
revealed on a metal surface. Fluorescent magnified pictures show a clearly defined

bifurcation, one of the many minutiae that can help to identify an individual in forensic

investigations.

Figure 3-19 — a) Fingerprint deposited on a metal surface developed with aC-dots/Laponite, and b), ¢) and
d) under different excitation wavelengths.

Another surface tested was a soft drink foil (Dr Pepper bottle foil). The bottle used was
selected as it had a multi-coloured pattern and showed a strongly coloured
background. With the as-prepared hybrid powders, under white and green light it is
not possible to discern the ridges from the background (Figure 3-20 b and e,
respectively), whereas with UV and blue light well resolved features can be seen
(Figure 3-20 c and d). In addition, a fingerprint on the same surface was revealed with
white fingerprint powder and it wasn’t possible to distinguish it from the background

when exposed to white or fluorescent lights (Figure 3-21).
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Figure 3-20 — a) Fingerprint deposited on a bottle drink foil developed with aC-dots/SiO2, magnified 100x
under white light (b), and b), c¢) and d) different fluorescent lights.
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Figure 3-21 — a) Fingerprint deposited on a bottle drink foil developed with white fingerprint commercial
powder, b) magnified 100x under white light, and b), ¢) and d) different fluorescent lights.

3.3 CSiO;

The main advantage of these powders is that they don’t need any further treatment or
dispersion as the incorporation of C-dots on the Silica nanoparticles’ surface allowed
for the prevention of particle-to-particle interactions and, consequent, fluorescence
guenching. After freeze-drying, these powders were tested as fingerprint physical
developers in different surfaces like a standard computer mouse, rough plastic surface
and metal surface (Figure 3-22 b, ¢ and d, respectively) and showed good contrast

and resolution for forensic investigation standards. Furthermore, a direct assessment
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obtained from a split mark comparison between a latent mark developed with C-SiO2
and with an Instant White Fingerprint Powder (commercial) (Figure 3-22 a) revealed
that the former affords clearer and more resolved fingerprints which is further
supported by AFIS analysis. Figure 3-23 shows a minutia count of 73 for the C-SiO2
which was even higher than that of a commonly used fingerprint powder (same as

used in previous chapter, WFP).

Figure 3-22 — a) Split fingerprint on glass slides developed with C-SiO2 (left) and White fingerprint powder
(right), and fingerprints developed on a variety of surfaces: b) computer mouse (under UV light), c)
deposited on a rough plastic surface (white light) and d) deposited on a metal surface (white light).

Figure 3-23 - AFIS analysis of a fingerprint developed with a) C-SiO2 nanoparticles and b) commercial WFP
showing 73 and 65 minutiae, respectively.

These nano-powders have also been noted to preserve the colour tuneable properties
of C-dots which may be important for strongly coloured or multi-patterned surfaces. In

Figure 3-24 a series of microscopic pictures were photoshoped together in order to
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give a better idea of how these powders behave when excited under different
wavelength lasers. A diverse range of minutiae may be identified from those
microscopic images (e.g. bifurcations, ridge ending, pores...) which further

demonstrates the enhanced resolution of these nanopowders.

Due to their large Stokes-shifts and colour tuneability, these powders may prove to be
an important tool on suppressing any problems that would arise from colourful, shiny
or even fluorescent backgrounds. Figure 3-25 is a demonstration of this property, as
a green fluorescent background was chosen as the substrate and when exposed to a
green light (445 nm) a lower resolution fingerprint was obtained but incidentally under
UV light a considerably better resolved fingerprint was revealed.

350 nm 395 nm

Figure 3-24 — Fluorescent microscopy images of a fingerprint developed with the C-SiO2 nanopowders.
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Figure 3-25 — Comparison between the C-SiOz (upper images) and a commercial instant white fingerprint
powder on a glass slide investigated on a crime lite imager.

3.4 Conclusion

In summary, it has been demonstrated for the first time the use of C-dots to recover
latent fingerprints. Environmentally benign, low toxicity and cheap synthetic routes
were used to prepare C-dots from carbon rich precursors (Citric acid and crude
biomass). The presence of amines (ethanolamine and urea) during pyrolysis proved
to be essential for having nanoparticles with higher quantum yields, when compared
to grass derived C-dots. However, as C-dots tend to display quenching effects when
in solid-state, they were dispersed into other nanopowders (SiO2, TiO2 and Laponite
clay), in a 1:150 ratio. This would keep C-dots as PL cores and provide with the

necessary flowabilty to be used as fingerprint developers.

In terms of the C-SiO2 nanopowders, these showed similar results when compared to
the other here suggested formulations, with the added advantage that no further
dilution in white powders is required, since the silica nanoparticles prevent the

guenching effects arising from C-dots’ particle-to-particle interactions.
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Fingerprints were recovered on surfaces with different characteristics, namely glass
slides, metal surfaces, soda bottle foil, plastic and rough surfaces, showing the
versatile nature of these nanohybrids. Not only did they work as standard fingerprint
powders (AFIS results were similar to a commercial fingerprint powder), but their PL
properties also showed great potential. Even with minor amounts of carbogenic
nanoparticles, the hybrid powders rendered colour-tuneable fingerprints, which is of
great contrast importance, particularly in the case of multi-coloured or strongly
coloured surfaces. As a result, C-dots allow forensic investigators to carry only one
powder to a crime scene, and once applied they can take any colour it's needed for
better distinction from the background, whereas with other powders if the most suitable

one is not applied first, the fingerprint is already compromised.
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4 Carbogenically-coated silica nanoparticles and their anti-counterfeit

applications

4.1 Introduction

4.1.1 Anti-counterfeit research background

Counterfeiting, the act of making an exact or partial imitation of something valuable
with the intent to deceive or defraud, is a crime that affects all the different fields of
industry and, inevitably, has a severe effect in the global economy?*2. According to the
Worlds Customs Organization around 6% of global goods are potentially counterfeit?.
This criminal act can have an impact in research sectors, impeding the progress of
society, but also in art and pharmaceutical industry?. The latter can be of particular
concern considering that it's not always the case of a complete replication of drugs,
but also changing their chemistry and/or diluting it which can lead to serious health
problems. In a study conducted recently, it was estimated that about 15% of drugs
currently sold in the world are counterfeit and that in developing countries figures may

be as high as 50% of total drugs sold. -

The current most reliable strategies for the detection of counterfeited drugs follow a
combination of two methods: colourimetric essays and analytical techniques, such as
high-pressure liquid chromatography (HPLC), mass spectrometry (MS), nuclear
magnetic resonance (NMR), etc. Colourimetric tests, are also known as screening
tests due to their fast and qualitative nature. They tend to be cheap, portable and easy
to apply and read. However, they are usually only able to inform on whether, or not, a
specific moiety or compound is present, which firstly: may lead to numerous false
negatives/positives; and secondly: does not provide information regarding the quantity
of active ingredient, which is one of the most common types of tampering in
counterfeited drugs. It comes as no surprise then, that samples being investigated,
need to be further analysed on more powerful and informative techniques. Analytical
techniques tend to leave little margin for error and have extremely low limits of
detection, but their operation requires far more proficient personnel, tend to have
higher costs of running and maintenance, and ultimately are rendered unviable for

routine tests, which drastically decrease the number of assessed products.>®
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It is then essential the design of new, time-efficient methodologies that are able to
certify the authenticity of original products, without prohibitive costs and by using toxic-
free materials. Several research groups have tried to provide the means to solve these
issues, with some of the most significant examples being computer-based hologram
graphics’®, which is based on the recognition of computer generated graphics, Laser
Surface Authentication®, which analyses the pattern of naturally-occurring
imperfections of papers through laser speckle in order to give an authentication means
without having to make any further modification to the surface; and radio frequency
identification (RFID)°, the use of radio frequency waves for the automatic identification
of objects. However, these are frequently not robust enough or far too expensive, and
thus research efforts have focused on presenting more reliable approaches to this

problem.

As with many other fields, nanomaterials allowed for a new dimension of tools. On one
study, conducted by Demirok et al.'', a nanowire-based barcode was created using a
ternary alloy composed of Ni, In and Zn. The superimposing character of the
nanowires created a multi-layered pattern which increased the level of complexity of
the system. The decoding of this system is performed using a multi-readout approach,
which consists of X-ray fluorescence analysis, square-wave voltammetry and vibrating
sample magnetometry, as shown in Figure 4-1, thus allowing for a very specific
fingerprinting of the images created. The main problem with this method was the high

complexity and costs involved with these techniques.
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Figure 4-1 — lllustration of the multi-readout method for the unique identification of the ternary
alloys nanowires. Reprinted from Ref. 11.

Quantum-dots have also been suggested as alternatives due to their high quantum
yields and stable fluorescence. Lu et al.*? suggested the use of polyethyleneimine
branched quantum dots to create rewritable fluorescent patterns that could be used
as memory chips for security purposes. The authors demonstrated that these systems
could be used for anti-counterfeit purposes and that in the dark they maintained about
60% of their original fluorescence after 30 days of being prepared. Additionally, by
tuning the size of the quantum dots, they created a two coloured (red and green) binary
code that could be used as chips for securely encoded messages (Figure 4-2 a).
Nevertheless, these nanoparticles show high susceptibility to photo-oxidation which
lead to the fluorescent being reduced to zero after only 5 days under room light, as
demonstrated in Figure 4-2 b. Alternatively, Sun and co-workers'3 developed printable
oils containing ZnO quantum dots with lanthanum enhanced fluorescence. The
incorporation of La allowed for an impressive improvement in the quantum yield (from
30% to 78%) and displayed a versatile range of application methods, such as dip-pen

writing, screen-printing, gravure/letter-press printing, etc.
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Figure 4-2 — a) Binary code encrypted message using quantum dots and b) comparison of behaviour of
these nanoparticles over time under room light and in a dark room. Adapted from Ref. 12.

More recently, trends in the field have focused particularly on exploring the
upconversion properties of rare-earth nanocrystals. These nanomaterials have the
peculiarity of behaving against the Stokes Shift rule!® (and hence the name Anti-
Stokes shift), meaning they emit radiation at shorter wavelengths than they absorb.
More specifically, these nanocrystals have the ability to absorb radiation in the IR
region and emit in the visible region of the spectrum. Meruga et al.}* demonstrated
how this can be particularly useful for anti-counterfeit applications. By using Yb3*/Er3*
and Yb3*/Tm3* doped B-NaYFs nanoparticles-based gels, they were able to develop a
printable ink to then create invisible quick response (QR) codes. When exposed to IR
radiation the QR code would be revealed in a green colour (visible radiation), as seen
in Figure 4-3 a and b, which then could be recognized by a mobile device application.
Furthermore, they were able to conceal letters of a different colour inside the QR code
(Figure 4-3 c), by using the second combination of rare-earth elements which showed
longer transitions and therefore higher energy of radiation (blue-coloured emission).
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Figure 4-3 — a) Upconverted QR code in a transparent tape, b) the same tape in a piece of paper and c)
shows the higher degree of complexity that can be achieved by using different types of nanoparticles
within the same code. Adapted from Ref. 14.

4.1.2 C-dots as potential anti-counterfeit tools

With C-dots benign nature and cheap and easy preparation, they pose as natural
alternatives to the above described methods, and thus their potential as anti-
counterfeit tools will be assessed in this chapter. However, considering the inherent
problems of the self-quenching C-dots, the strategy employed was to dilute them in
other nanoparticles. Since silica/C-dots optical interactions were already investigated
in a physical mixture (Chapter 3), and no considerable effect was noticed on their
optical properties, silica was chosen as the other one of the components. The fact that
silica nanoparticles display optical transparency suggests potential as a great platform

to be combined with the distinguished C-dots fluorescence properties.

Even though silica nanoparticles may not be the most versatile tool per se, their
composition allows for a rather tuneable environment which opened the way for them
to become one of most important minerals currently in use in the nanomaterials field.
This in practice meant they found the most widespread range of applications in
science, most significantly in photovoltaic cells'®>'° surface coatings?®-2%, nano-

sensoring?®-31, controlled drug delivery3?-36 and bioimaging3’-41.

4.1.3 C-dots/Silica nanohybrids

Silica can be conjugated with different types of nanoparticles with the aim to preserve

or even enhance its intrinsic fluorescent properties. C-dots, by displaying optimum
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optical properties, a non-toxic character and a wide array of surface functionalities,
emerged as the natural replacement for all the other types of nanoparticles.

Due to C-dots’ low toxicity, they have found use in biological applications34. Several
studies took advantage of the self-assemble properties of precursors like 3-
Aminopropyl)triethoxysilane (APTES) to integrate the highly fluorescent C-dots into a
Silica nanoparticles’ cores, thus creating Core-Shell nano-hybrid systems. In one of
these works?*?, the synthesis of these nanoparticles allowed for the sensitive and
selective detection of Cu?* ions in rats’ brain. The sensing mechanism for the detection
of Cu?* ions in rats’ brain is depicted in Figure 4-4. The interactions between the metal
ions and the N and O atoms on C-dots surface, as well as the negatively charged
Silica nanoparticles surface, would induce a quenching on the C-dots fluorescence
which could be visually noticed. This system allowed for in vivo analysis of these ions
without the risk for chronic toxicity that usually arises from the use of quantum dots,
one of the best current alternatives available. Burns et al.**, on the other hand,
suggested the use of these nanohybrids for near-infrared (NIR) detection of tumours.
Since the human body is “transparent” to radiation from this region of the spectrum*3,
it is considered optimum for bioimaging without background interference. This
research group also found that functionalizing the nanoparticles with neutral organic
coating facilitated their urinary excretion. Figure 4-5 shows the C-dots/Silica
nanoparticles bioaccumulation in rats’ kidneys, and that these nanopatrticles have low
lifetimes in the rats’ organism, as 60-70% of the nanoparticles are excreted after 48h
depending on the nanoparticles size. Their bioimaging potential is substantial, which
can be mainly attributed to their biostability, biocompatibility and high quantum yields.

Pump Optimized probe

Microdialysis Brain dialysates

(\ 1 Quenching

aSCF

@ 1umm @

Figure 4-4 — Schematics for the sensing of Cu2+ in rats’ brain using silica/C-dots nanohybrids.
Adapted from Ref. 42.
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Figure 4-5—a) In vivo imaging of the silica/C-dots nanoparticles, showing that these accumulate mostly
in the kidneys, and b) the excretion times of the 3.3 nm and 6 nm nanoparticles. Adapted from Ref. 43.

Chromium (V1) is one of the most carcinogenic, teratogenic, mutagenic and therefore
it is of high interest to be able to target these metal ions*. Liu and his research group**
demonstrated the use of carbon dot-silica nanohybrids to eliminate Cr (VI), a common
effluent pollutant from industrial discharges. The C-dots/Silica nano-hybrid were
prepared by co-hydrolysis and condensation of amine-silane functionalized carbon
dots and then conjugation with Tetraethyl orthosilicate (TEOS). The integration of C-
dots in the mesoporous structure of Silica allowed for an increase in the fluorescence
lifetime, as well as an increase in the visible light absorption, which in turn lead to an
entrapment of the Cr (VI) ions and their photo-reduction to the far less toxic species
Cr () (Figure 4-6).
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Figure 4-6 — Schematic depiction of the fluorescence sensing mechanism for the detection and
reduction of the Cr (VI) species. Adapted from Ref 44.

4.2 Carbogenically coated silica nanoparticles

The synthetic procedure relied on the treatment of the silica nanoparticles with a C-18

silane and then this systems pyrolysis to create C-dots on the silica’s surface.

100+
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Figure 4-7 — TGA thermograph of the surface treated silica nanoparticles before carbonization.

Thermogravimetric analysis (TGA) prior to the carbonization step proves the presence
of high organic content (34%) on the surface of the functionalized silica nanopatrticles
(Figure 4-7). This demonstrates that the surface of the nanoparticles was successfully

and heavily coated with silane polymer and the existence of active sites for the
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carbonization into C-dots. Elemental analysis thus received of the synthesized C-SiO2
(post-carbonization) shows a high percentage of C, H and N on the C-SiO2 surface

(26, 4 and 5% respectively) and, as expected, no S was present.

The FTIR spectra (Figure 4-8) of the silica nanoparticles and carbonized silica
nanoparticles show strong peaks at 1070 cm™ corresponding to Si-O-Si anti-

symmetric stretching vibrations (v,,), whereas the peak at 790 cm relates to Si-O
symmetric stretching vibrations (v,). Furthermore, the carbonized silica nanoparticles

show a broad peak at 1380 cm!, which correspond to the vibrational stretch of C-H
groups, at 1550 cm™* and 1658 cm™, attributed to the anti-symmetric and symmetric
stretching vibrations of N-C=0, respectively, and finally two peaks at 2850 cm™! and
2920 cm, which are assigned to the symmetric and anti-symmetric stretching
vibration of sp? C-H. These results confirm that the nanoparticle’s surface is highly

populated with several functional groups*>48,

Sio
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Figure 4-8 — FTIR spectra of the colloidal SiO2 and C-SiO2z (us and vas stand for symmetric and
anti-symmetric stretching vibrations, respectively).
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Transmission electron microscopy (TEM) and atomic force microscopy (AFM) show
an average size of 22+2 nm (Figure 4-9). Moreover, the measurement of the
hydrodynamic radius of the as-prepared nanoparticles demonstrated that they form
stable colloidal solutions within the ranges of pH 10.2 (initial pH) to pH 9 which is
consistent with the existence of surface functionalities produced from the
oxidation/amine treatment. When acidified, however, agglomerates started forming,

Figure 4-10, and some particles precipitated.

Figure 4-9 — a) TEM image and b) AFM images of C-SiO2 nanoparticles, showing an average size of 22 +2
nm.
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Figure 4-10 — Hydrodynamic diameter of 0.1wt% C-SiO2 in water as a function of pH.

The production of C-dots was proved by fluorescence analysis. The C-SiO2
nanoparticles showed the C-dots’ characteristic excitation-dependent emission
(Figure 4-11) with a broad wavelength region of emission. Even though it does not
exist yet one widely accepted fluorescence mechanism, most authors agree that it
arises from surface defects and the conjugated Tm-domains 4748 (refer to chapter 1 for

more detailed PL analysis of C-dots).
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Figure 4-11 — Fluorescence spectra of C-SiO2 aqueous solution under different excitation wavelengths.
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For the nanotags preparation for anti-counterfeit purposes, C-SiO2 solutions were
acidified to different pH and were left to evaporate at room temperature. These
nanoparticles produced motives with uniquely shaped patterns, resembling fractal
structures, which ca be used as anti-counterfeit tools. These motives were analysed
in a fluorescence microscope and were found to show the same excitation-dependent
fluorescence behaviour as the C-SiO2 aqueous suspensions. Not only do these
motives conformation change consistently with every deposition (Figure 4-12) but also
have their structured modified when subjected to different conditions (e.g. pH,
concentration, substrate of deposition, etc) as depicted in Figure 4-13, Figure 4-14
and Figure 4-15. Therefore, adding to these properties, the fact that they display ease
of preparation, relatively cheap and non-toxic nature, and since they are virtually
impossible to replicate, it makes them potential assets as anti-counterfeits tools. In
order to assess their resistance, C-SiO2 nanotags were submitted to high
temperatures (100°C for several hours) and no considerable effects were noticed in
the motives (Figure 4-16), and so it’s possible to conclude that they are temperature-
resistant materials. This resistance is most likely related to the fact that these
nanomaterials do not possess organic or polymeric molecules in their structure. SEM
images (Figure 4-17) revealed the advanced structural complexity of the motives

formed by these nano-hybrids.

Figure 4-12 - Fluorescence microscopy images (under three excitation wavelengths) of air-dried aqueous
dispersions of C-SiOz at pH 7.
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Figure 4-13 — Fluorescent microscopy images of the nanotags: a) deposited in glass and illuminated under
different excitation wavelengths, b) deposited in glass from a more concentrated suspension and c)
deposited on a polymeric surface.

350 nm 395 nm 590 nm

Figure 4-14 — Fluorescence microscopy images (under three excitation wavelengths) of air-dried aqueous
dispersions of C-SiO2 with pH 10, indicating the absence of structured PL motives, in strong contrast to
the behaviour observed when in solution of pH 7.
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Figure 4-15 - Fluorescence microscopy images (under three excitation wavelengths) of air-dried aqueous
dispersions of C-SiO2 at pH 2.

350 nm 395 nm 590 nm

Figure 4-16 — Fluorescence microscopy images (under three different excitation wavelengths) of self-
assembled motives of C-SiO2 generated on a glass surface a) before and b) after being heated to 100°C for
several hours.
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Figure 4-17 — SEM images of the motives formed at pH 7 under different magnifications.

4.3 Conclusion

It has been demonstrated the use of carbogenically coated Silica nanoparticles for the
production of nanotags for anti-counterfeit purposes. These materials show the unique
excitation-dependence fluorescence of C-dots, along with the stability of silica cores.

The silica nanopatrticles susceptibility to pH changes allowed for the development of
the excitation-dependent nanotags. By reducing the pH, the C-SiO2 aqueous
suspensions produce fractal structures, which after evaporation leave behind non-
replicable, multi-coloured, temperature-resistant motives that can be used for anti-
counterfeit purposes. In combination with a relatively simple software it could be used
similarly to QR code readers, making it an extremely portable solution. In addition,
these nano-hybrids pose as cheaper, non-toxic and more complex alternatives to the
recently emerging suggested methods like dye-doped nanomaterials or upconverting

nanocrystals.
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5 In Situ preparation of C-dots in polymers matrix

5.1 Introduction

Fluorescent materials have gained a central importance in several fields of science
and have thus been subjected to extensive research in the past few decades. Due to
their varied chemical and mechanical properties, polymers are ideal materials to
impart with fluorescence. So far, fluorescent polymers have been demonstrated as
potential tools for optoelectronics, chemical sensing and bioimaging applications?.
Polymer-based fluorescent materials display unique advantages when compared to
other materials (particularly, to the most commonly employed alternatives — small
organic fluorophores), such as photo- and structural-stability, electronic
communication/amplification through the polymer backbone, greater binding efficiency
and recognition selectivity, and ultimately, they are easier to turn into devices (e.g.
sensing films).12 Within this section, a greater focus will be given to fluorescent
conjugated polymers and nanocomposites, due to the similarities with the systems

presented in this chapter (fluorescent nanocomposites).

5.1.1 Conjugated polymers

Within the class of fluorescent polymers, one of particular interest are the conjugated
polymers. These are materials that benefit from having alternating sp? and sp carbons
along it's backbone, creating valence bands (filled with electrons) and conducting
bands (electron-free), resulting on semiconducting materials®. They have found use in
numerous scientific fields, namely sensoring, bioimaging and electronic and light-
emitting devices?#. Some of the most common examples of conjugated polymers can

be seen in Figure 5-1.
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Figure 5-1 — Representation of some of the most common conjugated polymers. Adapted from Ref. 5.

Kim et al.® described how the inherently conductive properties of poly(p-phenylene
ethynylene), or PPE, could be used for the sensitive and specific detection of K* ions.
The authors explored the well-known sandwich complex induced by these metal
cations. They reported that the resulting crosslinking between the PPE units, with the
K" ions as the contact points between layers (Figure 5-2 a), produced a red-shift (from
434 to 459nm) in the UV absorbance, consistent with the Tr-stacking aggregates of
PPE, as well as a general quenching in the fluorescence intensity and a red-shift in
the Imax at high concentration (Figure 5-2 b). Moreover, the authors demonstrated that
these effects were specific to K* ions, as both Na* and Li* ions produced no significant

guenching to the polymers fluorescence.
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Figure 5-2 — a) Schematic representation of the “sandwich” stacking of PPE chains with K* ions as
crosslinking agents, and b) emission spectra of this system, when in presence of increasing concentration
of K*. Adapted from Ref. 6.

Miyata et al.” suggested the use of a T-conjugated organoboron polymer for the
detection of fluoride ions. This work is of particular interest since sensors tend to target
metal cations and, in this case, anions (F’) are targeted. These ions are usually
associated with chemical and nuclear weapons’ manufacture, and thus their detection
is of relevance for national security agencies. The mechanism of detection relied on
the fluorine atoms coordinating the boron atoms on the polymer backbone and the
resulting change in the hybridization of the boron from sp? to sp3, resulting on a

quenching in the polymer’s fluorescence.

Moreover, fluorophores may be added to conjugated polymers to enhance their optical
properties, either to its backbone, by alternating highly electronic conducting
monomers (e.g. benzene, acetylene and PPV) with fluorophore derivative ligands,
such as coumarin, terpyridine or quinoline 19; or to their side chains by functionalizing
polymers with similar fluorophore derivatives!~13, In both cases, these systems
present clear advantages since the fluorescent dyes are covalently bonded to the
polymers, making them resistant to hostile environments, like for bioimaging purposes

where they might be decomposed otherwise?.

Interestingly, Kim et al.}* reported a fluoride sensor based on the amplifying
fluorescence response of a conjugated polymer. The authors described that by using
PPE with a coumarin derivative attached to the sidechains, the system would become
highly sensitive to the fluoride ions, since a fluoride-induced lactonization of the

derivative would originate the coumarin fluorophore. The mechanism behind F
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detection, Figure 5-3, can be explained with the presence of a conduction band
(sidechains - coumarin derivative) and a valence band (backbone — PPE). When a
photon is absorbed by the valence band, it creates an exciton which migrates along
the backbone, until it absorbs an excited electron back, which, if it is originated from a
fluorine-modified sidechain (coumarin), it will emit an enhanced fluorescence

response, due to the fluorophore being more fluorescent than its derivative.
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Figure 5-3 — Schematic illustration of the underlying mechanism for the sensitive detection of fluoride ions
using the conjugated polymer system based on PPE-coumarin derivative. Adapted from Ref. 14.

Nonetheless, it is also the case that these materials display low solubility in water, and
even though this might be overcome by the attachment of different functional groups,

this will add even more steps to already an extensive and complex procedure.

5.1.2 Nanocomposites

Another approach frequently pursued is the combination of polymers with
nanoparticles to create nanocomposite systems. They display an organic phase
(polymers) and an inorganic phase (silica, Au or Ag nanoparticles, etc.), and are able
to maintain the advantages of both systems. Due to the broad use of nanocomposites

definition found in the literature, all systems containing an inorganic and organic phase
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will be considered as composites. Silica mesoporous materials are the most commonly
used as inorganic phase, as they display large surface areas, well-defined porosity,
ease of preparation and recyclability’. Nanoparticles are generally known to have good
electron conductivity and, due to their large surface area/volume ratio, they can be
tuned with signal units to perform with high selectivity and sensitivity, an important
feature in the sensoring field®.

One of the most common purposes of the nanocomposites is the development of more
stable nanoparticles dispersions. To this end, several polymers have been grafted into
nanoparticles’ surface, in order to induce higher affinity between the surface and the
solvent or polymers’ matrices!®. Hong and co-authors'” demonstrated that bare ZnO
nanoparticles precipitated completely after 4h, whereas polystyrene (PS)-grafted ZnO
afforded more stable solutions in acetone. Other examples include TiO2-g-poly(methyl
methacrylate, MMA) in tetrahydrofuran (THF)!8, Al.Os-g-polystyrene/polyacrylamide
(PS/PAAM) in THF and acetone®®, respectively, Fe20s- and TiO2-g-PS in several

organic solvents?,

Another application studied for nanocomposite materials is the enhancement of the
mechanical properties of polymers. Hashimoto et al.?! investigated the effect of adding
silanated TiO2 to high density polyethylene (HDPE) and how this would be useful for
bone repair applications. It was found that this nanocomposite material had its Young'’s
modulus and bending yield strength increased from 65 MPa to 10 GPa and from
49MPa to 7.5GPa, respectively, showing a dramatic increase in the mechanical
properties. Mechanistically, it was concluded that the silane functional groups were
the bridging agents between TiO2 nanoparticles and the HDPE polymer, as

demonstrated in Figure 5-4.
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Figure 5-4 — Suggested adhesion mechanism for the silane-functionalized TiO2 and HDPE. Adapted from
Ref. 21.

5.1.2.1 Fluorescent nanocomposites

Owing to their size, nanoparticles may display unique optical properties, and are
generally more robust than their counterparts, organic dyes. However, they have a
known tendency to form aggregates and thus require further stabilization'¢. One way
to achieve this is functionalize them with polymeric materials, in nanocomposite

systems.

Waldron et al.??> suggested the use of PbSe QDs impregnated in an epoxy polymer
matrix (Angstrom Bond AB9093). The authors reported a significant QY decrease
(from 55% to 26%) when compared to the same type of QDs in organic solvents, such
as toluene and hexane, which they attributed to the oxidation of QDs and the loss of
protective ligands during incorporation in the polymer matrix. Nonetheless, when
compared to similar QDs dispersed in different polymers matrices (e.g. PMMA), they
showed an improvement in quantum yield of ~ 10%, which the authors claim to be
highest recorded QY for QDs-based solid devices. These systems are particularly
advantageous for luminescent solar concentrators owing to their wide absorption

bands and structural stability.

Sarkar et al.>® developed a “turn-on” Zn(ll)-sensor based on a mesoporous silica
nanocomposite. The  mesoporous silica is  functionalized  with  3-

aminopropyltriethoxysilane (3-APTES) and covalently grafted with 4-methyl-2,6-
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diformyl phenol, a chromophore. This nanocomposite had the peculiarity of displaying
enhanced fluorescence intensity upon the titration with Zn (Il) ions (Figure 5-5 a),
whilst when other cations were present no relevant effect in the fluorescence was
noted (Figure 5-5 b).

Chen et al.?* investigated the effect of gold nanoparticles on a Rhodamine-derivative
dye PL properties. This research group prepared a nanocomposite system based on
a gold core, coated with a PVP film and a dye-incorporated silica shell (Figure 5-6 a,
b and c) was used. The incorporation of the Au cores proved to have a significant
increase on the system’s fluorescence intensity (Figure 5-6 d), by a factor of 9.6. The
authors suggested that these nanocomposite systems are of great importance to

understand the mechanisms of metal enhanced fluorescence.
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Figure 5-5 — a) Emission spectra of the mesoporous silica/silane/chromophore nanocomposite system,
showing an increase in the fluorescence intensity upon titration with Zn (ll) (inset shows fluorescence
intensity as a function of Zn?* ions concentration) and b) the effect of different metal cations in this
system’s fluorescence intensity. Adapted from Ref. 23.
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Figure 5-6 — Schematic representation of the several layers of the nanocomposite with a) Au core, b)
addition of a PVP layer, c) coating with a Silica Shell doped with a Rhodamine-derivative dye, and d)
comparison of the fluorescence intensity in the absence (black line) and presence (red line) of the Au core.
Adapted from Ref. 24.

5.1.3 C-dots and polymers

Carbon-dots (or C-dots) have emerged in the past decade as the potential alternatives
for nearly all the other fluorescent materials. They pose as non-toxic nanoparticles,
with high quantum yields, and even unique fluorescent effects such as excitation-
dependent emission?®. Moreover, it has been demonstrated that they may be prepared

strictly following environmentally benign methods and chemicals?’28,

Coincidently, the use of polymers and C-dots have converged and risen as a trend in
the materials science field®®. Polymers may be used as a carbon-source for the
preparation of C-dots, as surface passivators and doping agents, or as an integral part
of nanocomposite systems?°. In the following subsections, a brief literature review of

such methods will be reviewed.

5.1.3.1 Polymers as carbon-rich precursors

Owing to their high percentage of carbon content, polymers have found an important
role as carbon-rich sources for C-dots preparation. Their macromolecular structures
usually are broken down and crosslinked into forming C-dots3C. Both synthetic and

natural polymers may be used for this end.

Konwar et al. 3! reported that when a chitosan hydrogel is heated up in a microwave,
C-dots with narrow and sharp PL peaks are obtained. Additionally, lignin, a natural

polymer with high percentage of —OH groups, can also be used for C-dots preparation,
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as Chen et al.®2 demonstrated. In this work, by using a strong oxidizing agent (H20>),
OH' radical groups are formed that can then break down the carbon-carbon bonds of
the polymer to form C-dots. This method rendered C-dots with a size distribution of 2-

10 nm (Figure 5-7 a) and graphitic structure (lattice spacing of 0.21 nm), and proved

useful for bioimaging purposes (Figure 5-7 b).

Figure 5-7 — a) TEM images of the C-dots obtained by hydrothermal treatment of lignin, and b) their
application for labelling of HeLa cells. Adapted from Ref. 32.

Synthetic polymers, on the other hand, allow for more versatile approaches in C-dots
preparation. As a good example of this, Liu et al.3® used silica nanoparticles
functionalized with a triblock co-polymer F127 as carriers for further polymerization of
resols on their surface and then formation of C-dots through pyrolysis. The silica
carriers here have a dual effect on the process, as they act as anchors and substrate
for the polymerization and prevent the C-dots nanoparticles from aggregating. Some
other synthetic polymers used include polyethylene glycol**, PMA-EDY?®, and several

1-4-addition polymers3®.

5.1.3.2 Polymers as passivating agents

C-dots are known to have defect sites on their surface susceptible to their
environment, which, may result on quenching their optical properties and limit their
range of applications. One way to prevent this is to attach functional groups to C-dots’
surface, and thus render more stable nanoparticles. The generation of carboxyl,
carbonyl and hydroxyl groups is an efficient strategy to block quenching, but it is when

this is coupled with doping atoms, like N, S, Si and P, that the highest quantum yields
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are achieved®’. Wang and coworkers3® reported the simultaneous passivation and N-
doping of C-dots with a amine-terminated PEG (Figure 5-8). This method afforded C-
dots with quantum yield of 60%, and was one of the first reports to rival with the Cd-

based quantum dots QYs.

Figure 5-8 — Schematic illustration of the amine-terminated PEG surface passivated C-dots. Adapted from
Ref. 38.

5.1.3.3 C-dots/Polymer nanocomposites

Due to their toxic-free nature, C-dots pose as the natural choice for nanocomposite
systems. Most authors have focused on dispersing already synthesized C-dots in the
polymers’ matrix, or on adding C-dots to the polymerization process. Even if it is a
fairly simple approach, it has been shown to have the potential to be of use in the fields
of bioimaging and controlled drug release monitoring purposes®?, but also as a nano-
sensor platform for the detection of a wide range of analytes of interest, such as heavy
metals*®, mycotoxins*! or environmental pollutants*?. For instance, Gogoi et al.*°
described a method where they prepared a solid sensing platform based on C-dots
incorporated in an agarose gel, for the detection of heavy metals, such as Cré*, Cu?*,
Fe3*, Pb%* and Mn?*, The detection mechanism relied on the fact that the presence
heavy metals affected the UV-Vis reflectance of the gels. Additionally, it was found
that the gels also acted as filter membranes for the same heavy metals, and when C-
dots were present in the system, the absorbing properties were greatly enhanced, after

only 24h of being submerged in the contaminated solutions (Figure 5-9).
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Figure 5-9 — a) The suggested mechanism for the detection of heavy metals, and b) comparison between

the filtering capabilities of the Agarose gel, and agarose gel/C-dots nanocomposite system for heavy
metals. Reprinted from Ref. 40.

Furthermore, Bhunia et al.*® suggested the simultaneous preparation of C-dots and
PDMS polymerization to create fluorescent films. The authors described that by using
different C-dots precursors they were able to prepare films which emitted different
colours within the visible range when excited under UV radiation, as depicted in Figure
5-10. This method shows clear advantages when compared to simply melt mixing the
C-dots in the polymers, as it prevents the particle to particle interactions. Nonetheless
it involves more complex procedures and the use of toxic solvents, such as THF, and

the polymerization process may be affected by the presence of different functional
groups in the surroundings.
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Figure 5-10 — Schematic representation of the preparation of the C-dot films, and the resulting fluorescent
colours under UV radiation when different precursors are used. Adapted from Ref. 43.
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5.2 In situ preparation of C-dots in polymers matrix

For the in situ preparation of C-dots in polymer matrices, minor amounts of
ethanolamine (EA) were added to PE and PEG - in a weight ratio of 1 wt% (10 mg of
EA/ 1 g of polymer) through melt-mixing. Polymers processed similarly, but without
ethanolamine, were also prepared. For a complete protocol description please refer to

section 2.3.

When investigated under a UV light, the EA-treated PE fluorescence became evident
when compared with PE and similarly processed PE (without the amine), as
demonstrated in Figure 5-11 a, b and c. EA-treated PEG also showed fluorescence
when exposed to UV radiation (Figure 5-12 a), and when excited with different lasers

was able to produce images with different colours (Figure 5-12 b, ¢ and d).

The polymers were then analysed on a spectrofluorometer. When excited with
different wavelength radiation, the EA-treated PE and PEG polymers showed an
excitation-dependent behaviour (Figure 5-13 a and b), usually attributed to C-dots?6:30.
Furthermore, it was noticed that the fluorescence arose specifically from the EA

treatment, as similarly processed polymers which were not treated with the amine

(Figure 5-13 a and b, left plots) showed virtually no fluorescence intensity.

Figure 5-11 — Images of a) PE, b) processed PE (no EA treatment) and c) PEEA when exposed to an UV
light.
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Figure 5-12 —-Staining of a glass slide with EA-treated PEG a) under UV light and b), c) and d) investigated
on a fluorescence microscopy under different excitation wavelengths.
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Figure 5-13 — Solid-state fluorescence spectra of a) EA-treated PE and b) EA-treated PEG, when excited
with different wavelengths lasers (fluorescence spectra of the similarly processed polymers but without
the EA treatment are shown on the left side of each plot).

Figure 5-14 illustrates the strategies followed to isolate the fluorescent material from

the polymer. For PE, and considering its high-water insolubility, 1 g of the EA-treated

PE was left vigorously stirring overnight, to try to remove the particles closer to the
139



surface of the polymer, and then was filtered out to remove the polymer. For PEG,
given that this polymer is soluble in water and it has low molecular weight (MW = 1000
g/mol), 1 g of the EA-treated PEG was dissolved in water, and then PEG was dialyzed
using a snakeskin membrane with a molecular weight cut-off of 3.5kDa. It was noticed
that the fluorescent material stayed inside the membrane, which excludes the
possibility of it arising from the presence of low molecular weight fluorophores.

Figure 5-15 shows a comparison between the different PEG-related samples. PEG
(black line) has several characteristic peaks at 3482 cm™, 2883 cm™, 1464 cm™, 1107
cm* and 528 cm?, which are usually ascribed to O-H stretching, C-H bending, C-O
stretching and O-H out-of-plane bending, respectively 4446, The EA-treated PEG (blue
line) showed the same peaks, which may be due to the very low percentage of EA
added (1%). The isolated C-dots (red line) also show very similar FTIR spectrum and

this suggests a highly PEGylated surface.

The extracted C-dots from the PE matrix (Figure 5-16) show a FTIR spectrum which
resembles more those of traditional C-dots, with peaks at 3324 cm, 1642 cm™, 1399
cm? and 1056 cm, typically ascribed to O-H stretching, C-H stretching, N-C=0
symmetrical and anti-symmetrical stretching, C-H bending and C-O stretching,
respectively 4749, Conversely, PE FTIR shows only C-H bond stretching (at 2915 and
2848 cm?, for symmetrical and anti-symmetrical, respectively), bending (1466 cm™)

and rocking deformation (719 cm™).
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Figure 5-14 — Schematic illustration of the strategies employed to isolate the fluorescence particles from
within the polymers’ matrix. For PEG, a Snakeskin dialysis membrane with a molecular weight cut-off larger
than that of the polymer’s and smaller than the C-dots was used, in order to remove the polymer and keep
the nanoparticles inside the membrane. Since PE is not soluble in water, the nanocomposites were
thoroughly washed with distilled water to disperse nanoparticles closer to the surface of the polymers,
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and the latter were then removed by filtration.
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Figure 5-16 — FTIR spectrum of PE (black) and C-dots extracted from PE polymer (red).

The solutions fluorescence was analysed on a spectrofluorometer, without any further
purification, and emission was recorded when samples were irradiated with different
wavelength excitation lasers. For both polymers, the solutions fluorescence spectra
showed excitation-dependent emission (Figure 5-17 a and b), similarly to the solid
state. The fact that these fluorescent particles display high solubility and stability in
water and excitation-dependent emission strongly suggests that these nanoparticles
are in fact C-dots, and hence demonstrates that these nanoparticles may be prepared

in situ without the need for any extra solvents.
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Figure 5-17 — Liquid-state fluorescence spectra of PE (a) and PEG-isolated C-dots, and comparison with
processed polymers without the amine treatment, (right and left plots, respectively).
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X-ray Diffraction (XRD) and Differential Scanning Calorimetry (DSC) of the as-
prepared nanocomposites were analysed to investigate on how the C-dots may affect
these polymers’ crystallinity. In Figure 5-18 is shown the diffraction pattern of
processed and C-dots/PE nanocomposites. It is clear that the orthorhombic structure
of polyethylene is maintained after EA treatment, as it displays the characteristic peaks
at 26 = 21° and 24°, which corresponds to the [100] and [200] Bragg reflections 5951,
with interplanar spacing of d = 1.7 and 1.5 nm, respectively. Being a semi-crystalline
polymer, the hump at lower angles of the diffraction pattern can be attributed to
scattering from the amorphous portion of polyethylene structure®?, which is calculated
to be 60% for both the processed and C-dots-PE . Polyethylene glycol shows a single
peak at 26 = 19.4°, which corresponds to an interplanar spacing of d = 1.8 nm, and

shows an amorphous structure possibly due to its low mw (Figure 5-19).
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Figure 5-18 — X-ray diffraction patterns of processed PE polymers a) without EA-treatment and b) with EA
treatment.
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Figure 5-19 - X-ray diffraction patterns of processed PEG polymers without and after the EA treatment.

Each polymer was then exposed to temperatures above their annealing point to erase
their thermal history. From the second heating curves from DSC data , it is possible to
conclude that neither the processing at high temperatures (Figure 5-20 a and c), nor
the EA treatment (Figure 5-20 b and d), produced any significant effects on the
polymers’ crystallization behaviour, since in both cases the melting point decreased
less than 1°C, and the enthalpy change was less than 2 and 1 J/g for PE and PEG
respectively. These values are in agreement with previous reports for similar

polymers5354,
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Figure 5-20 — Second heating curves for a) and b) PE and c) and d) PEG, and comparison between polymers
after being processed (a and c¢) and after being EA-treated (b and d).

The main reason behind the choice of these two polymers relate to their different
nature (molecular weight and water solubility) and frequent applications. PE, for
example, is one the of most common plastics in use today. To prevent its persistence
in the environment, it can be recycled by means of extrusion at high temperatures®°-,
Several materials may be added to the recycling polymers during extrusion,
designated as downstream feeding, which may include liquid feed. Even though this
might be better suited for twin screw extruders, if the liquid is mixed with fractions of
the polymer before extrusion, it might also be possible for single screw extruders®’.
Hence, in principle, the method reported here would be compatible with the recycling
process for this type of polymers. Moreover, it was noticed that by adding increasing
amounts of the carbon-rich precursor to PE, the solid-state fluorescence was greatly

enhanced until a plateau was reached at around 5 wt%, as demonstrated in Figure
5-21.
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Figure 5-21 — Solid state fluorescence spectra of C-dots extracted from PE matrix with increasing initial
weight percentage of EA.

Even, though, PEG has not had such impact in consumer products, it is considered
an important polymer from a biomedical research point of view. For instance, reports
have suggested the use of PEG for controlled drug release®® and monitoring, to which
fluorophores may be added. This allows for a better understanding of the whole drug
release process. However, these fluorophores are usually susceptible to decomposing
in hostile environments, and usually involve using to other nanoparticles and their
associated hazardous risks. We suggest that C-dots may be incorporated in the PEG
matrix without affecting its water solubility. Since most applications take advantage of
this water solubility, the effect of EA’s initial concentration in the liquid state
fluorescence was further investigated. Figure 5-22 shows that, similarly to PE, an
increase in the intensity occurs with increasing weight percentage of EA up to a point

where a plateau is reached around 5 wt%.
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Figure 5-22 — Liquid state fluorescence spectra of C-dots isolated from PEG matrix with increasing initial
weight percentage of EA.

5.3 Conclusion

In conclusion, we report a simple, cost-effective, versatile and non-toxic strategy for
the in-situ preparation of C-dots in different polymers. This method imparted
polyethylene and polyethylene glycol with these nanoparticles multi-coloured emission
both in the liquid and solid states. By using ethanolamine as the C-dots precursor,
through a melt mixing process, solvents are avoided altogether. The results here
presented suggest that this protocol may be suitable as an “add-on” during recycling
of polymers as the only conditions required (mixing and high temperatures) are already
part of the extrusion procedure. EA, as a liquid may also be added to the extruder,
which would facilitate the recycled polymers to find new types of applications.
Furthermore, increasing amounts of precursor also afforded enhanced fluorescence
in the polymers (up to a 5 wt% of EA, where a plateau is reached). For polymers
soluble in water, it is suggested that their optical properties would allow for better

monitoring of controlled drug release and for bioimaging applications.

Due to the different nature of the polymers tested — molecular weight of PE = 35kDa,
against 1kDa of PEG, and PEG being highly soluble in water and PE not being soluble
at all; the results here presented suggest that this method may be used for the in-situ

preparation of C-dots on a wider range of polymers.
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6 Summary and Outlook

In this thesis, it has been suggested novel applications for C-dots. They pose as toxic-
free alternatives to other types of nanomaterials, such as QDs. Their PL properties are
clearly one of their greatest assets and, so far, no other materials have been found to

behave similarly.

For instance, in the field of fingerprint recovery, there is still a lack for a single method
(or type of powder) that can be applied to different crime scene scenarios. Forensic
experts are then required to carry several fingerprint powder pots into crime scenes.
Furthermore, should a fingerprint be developed with the “wrong” powder, or not
sufficient contrast be achieved, that would result in a piece of evidence being lost. By
using C-dots based nanopowders, not only they maintain the necessary flowability for
well resolved fingerprints (as proved by AFIS results), fingerprint experts would be
able to tune the powder colours in order to achieve best contrast, just by adjusting the
excitation wavelength of the laser source. Additionally, it has been shown that C-dots
may be diluted in other non-UV absorptive powders, which suggests that they could
be used as additives to fingerprint powders already in use in forensic practices. Future
work could involve the preparation of C-dots with different types of functional groups
on their surface. For instance, by testing other types of white fingerprint powders,
currently used in forensic investigations, may help improve the resolution obtained
with the C-dots hybrid nanopowders. Furthermore, the attachment of hydrophobic
functional groups could provide even better resolved fingerprints due to adhesion to
the fatty acids on the fingerprints

Another forensic application explored here was the use of C-dots-based materials as
anti-counterfeit tools. Counterfeit is one of the crimes with greatest economic impact
in current society. Most methods suggested require complex, costly and often-times
toxic reagents and make their final application as anti-counterfeit tools unviable.
Carbogenically coated silica (C-SiOz) have been demonstrated to produce toxic-free,
cost-efficient and highly complex patterns which are here suggested to be efficient
tools for anti-counterfeit purposes. Since the patterns are easily prepared they may be
deposited in different surfaces, which could prove to be convenient for authentication
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in a wide variety of products. Moreover, they showed no effects when exposed to high
temperatures, and the patterns were maintained intact. The excitation-dependent
emission of C-dots was also verified which afforded these nanotags another level of
complexity. Next steps would involve a more interdisciplinary approach, as the
development of software recognition systems would render this a more reliable
approach. Due to the visual characteristics of the nanotags, we believe that they could
be informatically “translated” to a binary code system, which would afford their reading
and recognition easier, faster and potentially portable. Moreover, if fluorophores were
to be added to the Silica/C-dots core-shell suspensions, it may provide another level
of complexity at a specific wavelength (fluorophore Aemission), as it could make these

pattern even more difficult to replicate.

The in situ preparation of C-dots proved to be a versatile approach to induce PL in
different polymer matrices. Current methods to do this require the use of costly
materials, like conjugated polymers or extensive procedures. Here we suggested the
use of ethanolamine as the carbon-rich precursor, and the in situ preparation of C-
dots by melt mixing in polymers matrices. PE, as one of the most used polymers for
common household plastics, has a significant impact in the environment, and thus its
recycling is of high importance. In principle, the results here described suggest that
this methodology would be compatible with this polymers recycling. Ethanolamine
could be added to the extrusion process in very low ratios (1 wt%) and fluorescent
polymers could be obtained at reduced costs, which would afford them new
applications. On the other hand, PEG is considered an important polymer for
biomedical research and is frequently used as surface passivator for nanoparticles
and other fluorescent materials to afford them more biocompatible. This simplet
approach has been demonstrated to achieve both with reduced costs and toxicity: to
form the fluorescent pegylated nanoparticles. We suggest here that this method could
be potentially employed to induce fluorescence to other matrices (not only polymers
but, for instance, clays as well), so future work would involve the use of different

materials to test the full potential of this procedure.
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The incomporation of a minor ameount of carbogenic nanoparticles
into powder compositions imparts remarkable colour-tuneability,
without compromising the flowability. In a proof- of-concept demaon-
stration we report the uwse of these hybrid nanopowders for the visual
enhancement of latent fingerprints where they effectively resohe
isaues arising from poor contrast against multi-coloured or pattemed
backgrunds.

Carbogenic nanoparticles (otherwise known as C-dots) represent a
rapidly emerging class of high performance photoluminescent
(PL) nanoemitters showing great potential for multicolour print-
ing, bioimaging, selective sensors and catalysis” ™ Unlike comen-
tional polyaromatic dyes and heavy metal based quantum dots,
C-dots are biocompatible and non-toxic to humans and the
environment.” In add ition, C-dots can besynthesized following
cost-efficient and, to a certain extent, green protocols. With
respect to the starting materials and the synthetic route,
the structure of C-dots, their graphitization degree and their
elemental content (in carbon, oygen and heteroatoms) vary
signifimntly, giving rise to an expanding gallery of photoactive
materals.® To that end, graphitic Cdots are fadlely produced by
oxddation or dectroasddation of carbon nanotubes or graphite,
while amorphous C-dots are conveniently derived vig thermal or
hydrothermal treatments of carbon rich precursors such as pobye
mers,” carbohydrates,™ grass,”” hair fibers,”™ fruit juice™ and soy
milk.”* Likewise, C-dots based nanocomposites are formed, for
eample, & nanomaterial that exhibits supreme magnetic and
fluorescence properties is dedved by thermal trestment of carbon
precursacs in the presence of imn mxide®
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1 Hectronic supplementary information {ES1) available: Detailed experimental
sestion, TEM images of C-dors, photoluminescence spectra of aquems disper-
sions and fluorescence images of fingerprints in various surfioss. See Dd0:
101059/ 5 o (ERET
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A large body of the literature lays emphasis on the excep-
tional photoluminescence properties of squeous dispersions of
C-dots. Systematic studies indicate that surfsce passivation of
C-dots [for example vz amine’ or sodium borohydreate!”
treatment) not only enhances the colloidal stability, but also
improves the fluorescence intensity, Despite intensive efforts,
the origin of their intriguing photophysical behaviour is still
not well understood and contributions stemming from either
the mrbogenic core™ or the surface functionalites™ have been
identificd. It has been demonstrated that isolated sp* centres
placed in a sp* network show inhermnt photoluminescence char-
acteristics and those defects structurally resemble the crbon
atoms placed on the surface of C-dots.™

By comparison, much less information is available regarding
the solid-state physics and the photoluminescenee performance
of anhydrous Cdots. In this study we report for the first ime the
preparation of hybrid nanopewders containing low concentration
levels of C-dots (bypically below 1 wt) homogenously dispersed
within the major phase (silica, titania, laponite, white fingerprint
powder). Those materials combine the distinct advantages aris-
ing from the supreme flowability of the major powder component
and the unique photoluminescence of C-dots.

In particular, we demonstrate the use of the nanopowders
for the recovery of latent fingerprints, e.g poorly visible impres
sions unintentionally deposited at crime scenes. Fingerprint
dusting visually enhances those marks so that they can be
photogmphed and processed for identification purposes. Forensic
analysis compares the recovered fingerprints with those svailable
in national and international databases populated by a large set
of exemplar fingerprints recorded wa digital imaging or ink
finger printing.

It is interesting to note that water-based formulations based
on C-dots have been shown to be highly effedtive for ink
fingerprinting, ™ This process refers to the intentional record-
ing of fingeprints by pressing the ink covered fingertips against
a suitable substrate.

Cur work, however, centres on dusting (using a brush) chance
impressions found at cime scenes, as opposed to previous reports
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Fig. 1 Photoluminescence gpecra junder dif erent excbation wavelengtie) of
aquecus dispersions containing (&) 13 pg mil~" C-doks and b) 13 pg mi—" C-dok
inthe presence of {130 times higher concenbmton) silica nanopartides.

that focus on creating exemplar ink fingerprints. In other words,
we demonstrate for the first time the use of C-dots based powders
for latent fingerprint enhancement. Significantly, this report
expands the application spectrum of C-dots bevond the ligquid
phase dispersions and polymer composites, by introducing a
novel class of non-toede, yet colour tuneable and highly fluores-
cent hybrid nanopowders.

We have previously reported that controlled themal annealing
of a misture of dtric acid and ethanolamine leads to a series of
photoactive materials with dual photoluminescence emission™
In the early stages of pyrolysis intermolecular condensation
generates amide rich functionalities that are progressively
consumed to generate carbogenic nanocores. As a result, the
C-dots prepared at 230 °C have an average d iameter of 19 + 2 nm
[ESLT Fig. 51) and show an excitstion wavelength independent
emissive contrbution stemming from amide groups [note the
vertical line in Fig. 1a for the excitation wavelengths 350 and
380 nm) and an exd tstion wavelength dependent emissie mode
characteristic of their arbogenic nature [note the peaks in Fig. 1a
corresponding to eocitation wavelengths 410, 440, 470 nm). Self-
passivation is animportant festure of this trpe of matedals, given
that surface polar groups formed in situ during pyrolysis enhance
both the colloi dal stability and the photolumi nescence proper ties
of the agueous dispersions.

Fig. 1 compares the fluorescence spectra of an sgqueous
dispersion containing 13 pg ml™" Cdots in the presence of a
large exress of silica nanopartices [Fig. 1b) with the silica-free
dispersion (Fig. 1a). It is clear that photoluminescence is not
significantly quenched by the silica nanoparticdes and both
emissive modes are active. This effect points to the lack of
spedfic partide-particle interactions that could alter the charge
distribution on the surface of C-dots, [The fluorescence spectra
of C-dats-finger print powder and C-dots-laponite aqueous dis
persions are shown in the ESLT Fig S2a and b, respectively.)
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Fg. 2 Fluoesence moroscopy magesof 07 wii C-dot-slica nanopowder
abtained under (a) LV violket, (bl blue and (o] green exgtabon waveength.

The C-dots-Si0:-water system was freeze-dried, vielding a
fine nanopowder having 0.7 wt% arbogenic content. Fig, 2
suggests that the hybrid nanopowder adopts different colours
when exposed to different types of inddent mdiation. For reference,
we note that the prepamtion of fine powder purdy from C-dots is
rather challenging due to the strong tendency of carbogenic
nanoparticles to aggregate. It has been reported that solid powder
of C-dots & not photoactive possibly due to extensive chistering and
self-quenching effects. ™

The remarkable photophysical behaviowr of the hybrd nano-
powders shows great potential for a versatile range of technologi-
aally important applictions, In a proof-of concept demonstration,
we explore here the use of the hybrid nanopowders for latent
fingerprint detection. It suffices to say that fingerprint analysis
remains the cornerstone of forensic investigation, which has
provided relisble evidence for more than a century. Recent
approaches in fingerprint development capitalise on the ability
of nanoparticles not only to visually enhance fingerprints, but
also to detect certain analytes within them. ™ ** Many types of
fingerprint powders™ have been suggested throughout the
vears including aluminium flakes, magnetic powders, lomines-
cent powders and, more recently, formu lations contai ning gold
nanoparticles, or semiconductor quantum dots (which are
generally considered to be toxdc™). However, there is a persisting
need for the development of an environmenially benign, low cost
and universal fingerprint powd er suitable for being used in the
crime scene that will ideally pmovide a strong contrast against a
variety of radically different backgrounds.

Orwing to their minor C-dot content, the hybrid nanopowders
retain the supreme flowability of the silica nanoparticles and can
be easily applied with a brush to a fresh fingerprint deposited
on a glass microscope slide. As seen in Fig. 3, the hybrid nano-
powder reveal high quality images that showwell-resolved rid ge
patterns that meet the requirements for individual identification
for forensic purposes.

Significantly, the developed fingerprints exhibit colour-
tuneability in response to the wavelength of the incident beam.
In Fig. 3 it can be clearly seen that the fingerprints appear to be
blue, green or red when they are excited in the violet, blue and
green wavelength regions, respecively. Likewise, colortunesble
patterns were obtained using 0.7 wit% C-dots-laponite for finger-
prints deposited on glass and metal surfaces (ESLT Fg 53 and 54,
respectively). In contrast, no signal is detected in the absence of
C-dots in an otherwise identical experiment (ESLT Fig. 85).

This remarkable optical behaviour offers signifimnt advan-
tages to forensic investigation by ciccumventng issues related
to strong backyground interference arising from textured or

Chem. Cormmun, 2015, 51, 4002-4005 | 4003
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Fig. 3 Ruorescence microscopy images of fingermarks developed with
mybnd nanopowder 0.7 wiX C-dot-silica) on a glass sbide under {a) violet,
{b) blue and ) green exclation wavelength. A number of fluorescence images
fcaptured at 100x magnificaton) have been merged via the Photoshop
software to create the larger images diplayed.

multi-coloured surfaces. To that end, a fingerprint deposited in
a soft drink bottle foil (Fig. 4a) shows a poor contrast under
bright field illumination (Fig. 4b), while only weak ridge pattems
are detected under green light (Fig. 4e). At the same time, well
resolved features are discerned under violet and blue radiation
(Fig. 4c and d, respectively).

In other words, the hybrid nanopowders presented here can
facilitate optimal visualization for fingerprints found in radi-
cally different substrates. In that sense, the forensic investi-
gator can be released from the need tocarry and use a number of
different powders to accommodate a variety of backgrounds at
the crime scene. Recall that C-dots are non-toxic’”? and thus can
be readily used in the crime scene, following standard forensic
procedures.

Automated Fingerprint Identification System (AFIS) analysis
is the standard method of evaluating the quality of the finger-
print images. AFIS analysis for a fresh fingerprint developed by
a commerdal white fingerprint powder reveals 65 minutiae as
shown in Fig. 5a. Under identical conditions the C-dot based
hybrid nanopowder yields an improved image quality displaying
71 minutiae (Fig. 5b).

To further test the generality of the effects described above
we prepared hybrid nanopowders by using a different type of
C-dots that are derived via pyrolysis of biomass. The corre-
sponding hybrid powders (based on titania or laponite) show
similar effects, albeit their PL intensity is substantially weaker
(ESI,T Fig. S6 and S7, respectively).

Fig. 4 {3) Angermarks in a soft drink bottie foll developed with 0.7 wiX
C-dot-silica hybr i nanopowder, (b) thelr bright field imageand (c—e) their
fluorescence MICrOsCopy images under violet, biue and green excitation
wavelength, respectively.
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Fig. 5 AFRSanalyss for fresh fingerprints developed using {a) a commercial
white fingerprint powder and (b) a C-dot based hybrid nanopowder.

In conclusion, we have described the synthesis of hybrid
nanopowders contzining minor amounts of C-dots that exhibit
colour4uneability without any adverse effects on the flowability
of the diluent. While this behavior shows great potential in a
variety of applications, we have focused on their use in finger-
print enhancement. We demonstrate here that the non-taxic
hybrid nanopowders can be readily applied for fingerprint deveop-
ment, affording improved image quality and optimal contrast
against colored backgrounds.
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Carbogenically coated silica nanoparticles (C-5i0s) exhibit color-
tunability and carry great promise for two important forensic
applications. First, the C-5i0; nanopowders are ideal for fingerprint
development, yielding strong contrast against multicoloured
and patterned backgrounds. Second, spontanecus nanopartcle
aggregation leads to non-duplicable, inexpensive nanotags that
can support sustainable technologies to combat counterfeiting.

The remarkable photophysical properties of carbogenic nano
particles (othenwise known as C-dots) are systematically explored
in a variety of applications inchiding printing inks, photocatalysis,
biologically labelling, bioimaging and chemical scnsi.ng.-"'d' Their
non-tode and biocompatible nature™” endows distinet advantages
ower conventional polyaromatic dves and heavy metal-based
quantum dots,

Large-scale and cost-effective synthesis of C-dots is realised
vig pyrolytic decompositon of virtually any type of carbon-rich
precursors including plants tissue,* natural saccharides,®®
animal pmduets™ and gmthetic polymes.”™ Altematively, Cdots
with varying gmphitization degree are denved through disintegrs
tion,* hydmthermal trestment™ and eledmoddation™ of carbon
nanotubes, carbon nanofibers and graphite. In principle, quantum
vielkd can be improved via surface passivation,’” heteroatom doping™
and the in sty formation of organic chmmophores ™

In this report we focus on the exploitation of the advanced
photophysical properties of carbogenically coated silica nano-
particles [C-8i0,) in two distinet forensic applications. First, we
demonstrate that the colourtuneable C-8i0, can be used as
high performance nanopowders for latent fingerprint enhancement.

* Centre for Magnals Sgence, School of Figsical Sciences and Computing,
Linversiy of Ceneral Lanmshire, Preson FRIZHE, DR
Bmail alelorakicogudan.ar ul; Te: +22f0) 17724172
* schoal of Pharmacy and Biosdmers, University of Central Lansashire
Freston PRIZHE, UK
+ Hectronic supplementary infoirmation {EST) available: Detailed experimental
segtion, TGA thermograph, FTIR spectra, AFS analysis of fingerpring, hydro-
dynamic diameter and flunrescence images of fingarprints and nanotgs S==
el 101039 foboottzs Shk.

This joumal & & The Royal Socety of Chemisoy 2016

Second, spontaneous agpremation of the CSi0, during sobent
evaporation generates nonduplcsble photoluminescent motives
that are ideal nanotags to mark and authenticate products. As
reviewed recently a number of studies report the use of Si0,
based nanomaterials for fingerprint enhancement.™ Notable
contributions focus on the use of surface modified 510, nano-
particles to gain insights into the mechanisms responsible for
fingermark detection®” and the use of fluorescent dye-doped
Si0), nanoparticles to improve the image homogmety and reduce
donaor intervariability. ™

To synthesize C-Si0y, colloidal silica was treated with
dimethndoctadecyl] 3 trimethoosild jpropy Jammonium chloride
to give a product with 34 wit organic content as determined by
TGA (ESLT Fig. 51). Subsequently, the product was pyrolysed at
250 °C before beng subjected to surface mdidation we HNO,, amine
functionalization and excesstre dislsis against water. Elermental
analysis of C-8i0, thus received suggests the presence of 26% G
along with minor amounts of Hand N (4 and 5%, espectively). The
FTIR spectrum (ESLT Fig. §2) shows peaks atrbuted ™™ to the
vibrational stretching of C-H (1380 cm ™), the anti-symmetric
and symmetric stretching vibrations of N-C=0 (1550 am " and
1658 cm ', respectively) and symmetric (2850 cm7) and ant-
symmetric (2920 cm~7) stretching vibmtion of sp C-H.

The TEM image of C-8i0y (Fig. 1) indicates the presence of
spherical nanoparticles with average diameter 22 + 2 nm. The
nanoparticles are easily dispersed in water forming stable
oolloidal dispersions with pH = 10.2, consistentwith the presence
of surface functonalites generated through the acid/amine
treatment. Fig. 2 suggests that the aqueous dispersions exhibit
excitation wavelength dependent photoluminescent emission, in
a manner similar to that observed for other carbon-based nanc-
emitters such as C-dots and graphene dots. The emission
mechanism is not thoroughly understood, bowever contributions
stemming from surface defects and the conjugated r-domains
have been identified **"

The freeze-dried fine powder shows excellent flowability and
can be easily applied to a variety of non-porous surfaces (ESLT
Fig. 53). The nanopowder adheres strongly to the fingerprints
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Fig.1 TEMimage of the C-5, nancparticies.
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Fig. 2 Photoluminescence specta of C-510, agquecus solutions under
different excitation wavelengths.

revealing well-resolved patterns that meet the standard for
individual identification (ESLt Fig. 83 and S4). Automated
Fingerprint Identification System (AFIS) analysis of a finger-
print developed by C-8i0: reveals 73 minutise (details of a
fingerprint such as ridge ending, ridge bifurcation, etc) com-
pared to 65 minutise for an identical fingerprint developed by a
standard white fingerprint powder (WFP) (ESLT Fig. S5).
Significantly, as shown in Fig. 3a the nanopowders exhibit
colourtunability and emit within the blue, green and red region
when they are irradiated by violet, blue and green light, rspec
tively. The supreme photophysical properties of C-5i0, can open
new horizons in forensic investigation by bypassing problems
related tostrong background interference from overlapping letbers
or fluorescent, multicoloured and textured substmtes, To demon-
strate this behaviour, a set of fingerprints deposited on a highly
fluorescent cardboard were developed under identical conditions
using the C-8i0: nanopowder and a commercial WFP, respec
tively, High quality images are collected for the G8i0), enhanced
fingerprints (left image in Fg. 3b) under a 445 nm waveength
laser on a crimedite imager. In contrast, the fingerprints developed
using the standard WFP suffer from strong background inter
ference leading to poor image quality (right image in Fg 3b).
A full set of images under the different wavelengths available
on the crime lite imager can be seen in ESL T Fig S6. Moreover,

Wieww Article Onlina
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Fg. 3 (& Fluorescent microscopy images of a fngerprint developed with
the C-50; nanopowder. [b] Comparison between the C-560: and a
commercial lingerprint powder on a flucrescent background investgaled
on a orime Ble imager (45 nim laser with a 455 nm filter).

a fingerprint developed with C-8i0, compares favourably with
that developed by a commercial fluorescent powder, in the
sense that the latter shows strong contrast only under certain
illumination wavelengths (ESLT Fig. 57).

Fingerprint matching remains by far the most reliable
biometric method used by law enforcement for individual
identification, but its accuracy critically depends on the quality
of the recovered impressions. To that end, a large number of
fingerprint powders have been developed to maximize contrast
apainst a variety of radiclly different substrates. In that sense, the
use of a single, vt colour-tunable CSi0; nanopowder offers signi-
ficant advantsges in terms of dusting speed and image quality.

We have recently introduced a close related class of nano-
powders comprising minor amounts of C-dots that also exhibit
oolourtunabiity with respect to the incident radiation and, thus,
ame suitable for fingerprint enhancemmt ** Another study deseribes
the use of aqueous dispersions of C-dot/pobr|dimethylacy lmide)
nanocompaosites for fingerprint detection.™ Notably, nanopowders
with hirh C-dot content are not photoactive, presumably due o
extensive self quenching effects.™ A recent study sugpests that blue,
green and tan silicon-garbon dots/silica nanocomposite powders
show adjustable optical pmperties as a fundion of ther composi-
tion and structure.” Here we demonstrate colour-unesble nano-
powders containing a single type of nanoparticles and are, thus,
distinctly different from the nanocomposite and hybrid materials
reported previously. The main advantage of CSi0, nanoparticles
compared to Cdots based nanocomposites refers to their much
larger crbogenic surface that holds great promise for selective and
sensitive sensing of forensically important compounds found in
fingemprints, We note that this report & a proofof-concept imvesti-
gation cormesponding to phase 1 pilot studies as desaibed by the
International Fingerprint Research Group,™

When the pH of the aqueous suspension of C-5i0, drops
below 8.5, the colloidal stability is compromised as evident by
the evolution of large agrregates (ESLT Fig S8). During water
evaporation from an acidified dispersion, the C-8i0: were seen
to undergo spontaneous and random self-assembly, giving rise
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Fig. 4 HRuorescent microscopy images of the nanotags; {a) depasited in
glass and Muminated under different excitation wavelengths, (b) deposited
In glass from a mare concentrated suspension, () deposited on a poly-
menc surface

to motives that are highly fluorescent under laser radiation as
shown in Fg. 4a. For comparison, we display two more images;
one derived from a more concentmted dispersion (Fig. 4b) and one
formed on a polymeric surface (Fig. 4c). (In contrast, no patterns are
formed from dispersions with pH = 10, as shown in ESL} Fig. S9)

The SEM images displayed in Fig. 5 reveal a high level of
structural complexity confirming that the motives are nearly
impossible to duplicate and can serve as nanotags for object
authentication. The nanotags adhere strongly to a variety of
substrates (polymers, metals, glass) and remain unaltered even
after prolonged exposure to high temperature (ESI,{ Fig. S10).
We attribute this remarkable structural stability and durability
to their organicfree and polymeric-free composition.

Suffice to say that counterfeit accounts for a 5-7% world
tmde, causing a severe financial drain to the global economy.
This crime deprives taxable income from bona fide business,
discourages investment for innovation and inhibits soaal pro-
gress. Counterfeit drugs not only fail to cure, but they can cause
severe health issues. Recent trends to address this problem rely
on the use of upconverting nanocrystals™ and dye-doped nano-
partides™ in integrated safety features and security graphics;
however, those sophisticated compounds are often toxic and
prohibitively expensive. In contrast, CSi0, based nanotags are
costeffective and non-toxc for humans and the environment.

Mareower, by virtue of their colourtuneable nature, C-SiO: based
nanotags impart enhanced security features, compared to com-
maonly used dyes that display only one fixed colour.

This jourral 5 © The Royal Socety of Chamisty 2016
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In conclusion, we introduce a new class of colour-tuneable
nanomaterials (C-Si0,) and we demonstrmte their great potential
in two distinct forensic applications. As fingerprint powders they
circumvent problems stemming from poor image quality against
multicoloured substrates. As nanoparticles that undergo spon-
taneous and random aggregation, they generate non-repeatable
motives with a high level of structural complexity that can be
used to mark and authenticate products. Those inexpensive and
non-toxic nanotags are viable alternatives to current solutions
with pmhibitively high cost and they can support sustainable
technologies to combat counterfeiting.
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Abstract Nitmogen-doped and nitrogen-phosphorus-doped
multi-walled carbon nanotubes (N-MWCNTs and N-P-
MWCNTSs, mespectively) were fabricated by chemical vapor
deposition and chamderized using scanning electron micms-
copy and transmission electmon microscopy in combination
with enemry depesive X-my spedmscopy ard Raman spec-
troscopy. The electochemical response of N-MWCNTS and
B-P-MWCONTS towards fermcymide/ Tericy anide was initial-
Iy studied. The fimdings exhibit weakening of electrodhemical
response and sensiivity of nanotubes with phosphorus dop-
ing. and thus, within the composite lms tested those consist
exclusively of N-MWONTs exhibit the greatest electrocatalvi-
ic activity, N-P-MWCNT film was further applied for indi-
vidual electrochemical analysis of ascorbic acid (AA), uric
acid (UA), and dopamine (DA), and lower limits of detections
of 116, 7.8, and 1.9 pM were estimated. respectively. The
findings demonstrate that AA does not interfere with UA,
but considemble interference of AA in analysis of DA was
ohserved. Thus, the simultaneous analvsis of AA, UA, and
DA on W-P-MWCNTs appears to be restricted.
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Introduction

Due to their excellent electrical. chemical, and mechanical
properties, the multi-walled carbon nanotubes (MWCNTS)
are quite promising and attractive nanomaterials for applica-
tions in electrochemical analysis [1-7]. With this respect,
MWONTS were extensively used for Bibrication of electrodes
in electmchemical sensing since they enhance the electon
trans fer rate, the current response, the sensitivity, and the de-
tection capability of sensing systems [B, 9], Acconding to lit-
erature reports, composite films consistad of MWCNTS were
success flly used with great electmchemical performance for
electrochemical analysis of numemnus redox systems of great
intenest [10—-12].

The mtmduction of elements mto the strocture of carbon
nanotubes chanpes their electmomic structure and consequently
affects their electmomc and chemical properties [13]. It 18 re-
markable that the doped sites within carbon nmotubes signif-
icantly modify their chermical reactivity extending, thus, the
spectrum of their possible applications, especially inthe Geld
of eledmchanical sensing.

Mitrogen can be easily incorporated mto the structure of
carbon nanotubes by substitution. According to litemture re-
ports, nitmgen can be mcorpomted within carbon nimotubes
in pyriding-, pyrrole-, andfor acepine-like fashion [14-16].
Mitrogen acts as an electron donor in carbon nanotubes cans-
ing a shift in Fermm level to the conduction bands and makmg
all nitrogen-doped carbon nanotubes metallic, regandless of
their peometry. In addition, phosphorus can be also effectively
incorpomted nto carbon nanotubes either as single substitu-
tional dopant or as co<lopant along with nitogen [17-19].
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Theometical studies exhibited that both phosphorus and phos-
phorus—nitmogen defects incarbonnanotubes are characterned
by the presence ofhighly localized state close to Fenm level,
something that 15 quite prormsimg for therr appheation m elec-
trochemical sensing [20]. With this respect, the production of
semsors based on nitrogen—phosphorus-doped carbon nano-
tubes will be of great interest in electrochemical analysis,

The aim of research work 15 the fabncation of combined
nitrogen—phosphorus-doped multi-walled carbon nanotubes
(further denoted as W-P-MWCNTs) and their application in
electrochemical analysis. Specifically, N-P-MWCNTs were
synthesieed onto silicon/silicon oxide substrmie by means of
chemical vapor deposition (CVD) with simultaneows decom-
position of i phenylphosphine (TPP) that acts as carbon- and
phosphomus-source material and acetonitrile (ACK) that acts
a8 carbon- and nitmgen-source material in the presence of
fermcene (FeCp.), which servesas catalyst. The concentration
of TPP was varied in the mnge of 0-1.0% wit. while those of
ACN and FeCp, were kept constant. In addition, nitrogen-
doped carbon nanotubes (further denoted as N-MWCNTs)
were fabricated with decomposition of ACN in presence of
FeCp.. The N-P-MWCNT films were characteriead by means
of scanning electron microscopy (SEM) and transmission
electron micmoscopy (TEM) in combination with enemzy dis-
persive X-ray spectroscopy (EDX) as well as by Raman spec-
troscopy. Furthemmore, the electmchemical response of N-
MWCNT and N-P-MWCNT films towards fermcyanide/fer-
ricyamide, [Fe(CN };,]H_. was studied by means of cvelic
voltammetry (CV) and eledmchemical impedance spectms-
copy (EIS) in aquepus KO solution (1.0 M) In addition, the
MN-P-MWOCNT film was further applied for the elearocheni-
cal analysis of ascorbic acid (A A), uric acid (UA), and dopa-
mine (DA) in phosphate bufler soluton (pH 7.0

Experimental
Chemicals and solutions

Triphenylphosphine (=99.0%), acetonitrle (=999%), ferro-
cene (>=95.0%), potassium hexacyanofermte(lIT) (>99.0%),
potassium hexacyvanofermie(ID) tribydmte (>88.5% ), potassi-
um chloride (>99.0%), and doparmne (>99.0%) were pur-
chased from Sigma-Aldrich, while Li+)-ascorbic acid
(=99.7%) and uric acid (>98.0%) were purchased from
Merck and Fluka, respectively.

For electrochemistry mensurements, 1.0 mM EsFeiCN)g/
K Fe(CM ), solution was prepared by dissolving the appropn-
ate amounts of KsFe(CN), and K Fe(CN), in 1.0 M KCL
High-quality distilled water with specific conductivity of
about 0.1 pS cm™! was used for prepamtion of solutions,
The solutions in concentration range of 0L099-0.990 mM
were prepared directly in electrochemical cell with

@ Springer

progressive addition of proper volume of 1.0 mM
FFelCN) K Fe(CN ), solution in 1.0 M KCI,

The solutions of AA, DA, and UA of desired concentma-
tors i ranges of 0.250-0668 mM (AA), 0017-0.19% mh
(DAY, and 00320211 mM (UA) were prepared directly in
electrochemical cell with addition of proper volumes of stock
solutions of biomolecules into phosphate buffer solution
(pH 7.0). The concentrabon mnge of AA was higher since
the composi te films exhibit weaker electrochemical response
towards A4 compared to other studied biomolecules (DA and
UA). The measurements were performed at the room
temprerature.

Fabrication of N—P-MWCNT and N-MWCNT lilms

MN-P-MWCNTS were grown directly onto siliconsilicon oxide
substrate by means of CV D with decomposition of ACN {car-
bon- and nitmogen-source material) and TPP (carbon- and
phosphomus-source material) in the presence of FeCp, (cata-
lyst). The mass percent of TPP in ACNTPPFeCp: ternary
mixtre was vaned in order o find the optimum experimental
conditions for production of high quality and purity N-P-
MWCNTs. Specifically, the mass percent of TPP in ACN/
TPP/FeCp, ternary mixturs was vaned in the range of 0—
1.0% wt., while the mass percent of FeCp. was fixed to
204 wt. (Table 51, Electronic Supplementary Matedall. For
the growth process, the ACK/TPP/FeCp. ternary mixture was
mtroduced to firmace at the temperature of 850 °C through a
guringe with flow mate of 10 mL h™' (the growing time was
fixed at about 18 min). Inall cases, the pyrolysis experiments
were camied out by sprmying 3 mL of ACN/TPRFeCp. terma-
ry mixture, N-MWCNTs were also produced by means of
CVD with decay of ACN in presence of FeCp, (Table S,
Electronic Supplementary Material). The scheme of CVD ap-
pamtus and experimental details conceming the pymolysis pro-
cess were alrendy reported in previous published articles [21,
27

In onder to construct the workimg eledmde for the electno-
chemistry measurements, the N-MWCNT- and N-P-
MWCNT-based films were itially connected to platinum
wirg by using silver conducting coating, and once the silver
coating was dried, the silver conducting part of composite
films was fully covered with varmsh protedive coatimg [23].

Apparatus and experiments

The electmochermical impedance spectra were recorded on
working station Zahner (IMAGEX, Germany) in the fequen-
cy range of 0.1 He— 100 kHe. The obtained data wene analyaoed
by means of Thales software (version 4.1 5). As working elec-
trode, either N-MWCNT or N-P-MWCNT composite flms
were applied, while as auxiliary and reference electrodes, a
platinum plate and AgfApCl (saturated ECT), respectively,
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were used The mensurements were performed at the room
termpemure. Prior electrochemisiry measuremnents, the solu-
tions were deoxygenated by purging with high-punty nitro-
pen. More details reganling the electmchemistry measure-
ments were already meported in previows published articles
[24-2a].

The morphology and elemental composition of N-
MWCNT and N-P-MWCNT composite flos wen exarmned
by tramsmission electron microscope (FEI Titan S/ TEM B0
300 kW) and scanning electmon micmscope (Leiss ULTRA
Plus SEM) equipped with an energy dispersive X-ray spec-
trommeter [27].

Raman spectra wene reconded using a rmicroscope-fitted
Horiba Jobin Yvon HEB00 Baman spectrometer that was cal-
ibrated using a Si substrate. The spectra wene collectad within
the range of 1000-2000 cm™' (scanning intervals of
166 cm™") witha slit and hole of 300 and 200 cm ™, respec-
tivelv. An air cooled CLDS point mode diode 532 nm laser
wias el and the mdiation was limited to 10% o avoid dam-
age of the carbon nmotubes samples. The spectra were aver-
aged by 10 accumulations of 2 s each (using LabSpec 6
software).

Results and discussion

Scanning electron and transmission clectron microscopic
analvsis

The SEM and TEM techmques were wsed to mvestigale the
surface of W-MWCNT and N-P-MWCKT composite films as
well as to observe directly the morphology of synthesiaed
carbon nanotubes, Representative SEM and TEM images tak-
en for selected sanple, namely for N-P-MWCNT composite
film fabncated with decomposition of(0.5% TPP, are shown in
Fig 1. The SEM amd TEM tmages taken for the other samples
were omitted since they show similar chamcteristics with
those obtained for this particular N-P-MWCKT film.
Furthemmore, SEM and TEM images of M-MWCNTS are pub-
lished in our presvious articles [28, 29].

The low-magnification SEM mmages show that the suface
of N-P-MWCKT film is quite homogeneous, and the high-
magni fication SEM micrographs exhibit that the packing or-
ganization and thus the arrangement of aligned carbon nano-
tubes on oxidieed silicon substmie are enhanced. This obser-
vation is probably attributed to the bamboo-shaped confige
ration of carbon nanotubes that contain nitrogen incomomtsd
into their structure [30].

TEM images confirm that the carbon nanotubes are
bamboo-shaped demonstrating that the addition of TPP, and
thus, the phosphoms doping of carbon nanotubes does not
affect significantly their shape that tends 1o be similar with
that of pure N-MWCNTs. TEM/EDX analysis of N-P-

MWCNTs confirms that the carbon nanotubes incorpomte
phosphoms (Fig. 51, Electronic Supplementary Material),

Electrochemical response of N—P-MWCNT comp os it
lilms towards [Fe(CN) ™

In onder to investigate the effect of nitrogen and phosphorus
dopimg on lectmocatalyvtic activity of carbon nanotubes, the
electrochemical response of N-MWOCNT and N-P-MWCNT
composite films wwards [Fe(CN] ™ in agueous 1.0 M
EC1 solution was tested in the concentration range of 0.099—
0800 mM. As an example, representative CV curves reconded
for various concentrations of [Fe(CN },]H_ on N-MWCNTs
and two different N-P-MWCNT composite films at the scan
rate of 0,02 V &' are presented in Fig 2. Furthermore, the
varation of oxadation peak current density with the concen-
tration of [Fe(CN),]""* is shown in Fig. 52 (Electronic
Supplementary Material). The estimated electrochermical pa-
T &S uI'[FdCN},]J_H_Lm MN-MWONTs and vanous N-P-
MWCNT composite films are reported in Table 1.

Agit can be seen in CW curves shown in Fig 2, the redox
Svslem [FﬂfCh'};,]'H’_ exhibits a pair of quite reversible redox
peaks on N-MWCONT and N-P-MWCNT films. The oxida-
tior—reduction peak current ratio 15 equal o unity and inde-
penident of applied scan mie mdicating that there are no par-
allel chemical reactions coupled to electrochemical process.
Similarly, the oxidative and reductive peak currents ans con-
stant for numerous cycles, indicating that there are no chem-
ical reactions coupled to electron transfer process and
confirrming that the redox svstem s stable in tme fame of
experiment and that the charps trans fer process occurnng on
MN-MWCNT and N-P-MWCNT films is quite reversible.

The half-wave potential estimated for [Fe(CN, T redox
system on N-MWCNTs and N-P-MWCNTS appears 1o be
sirnilar within experimental error (Eiz = 0280 V ws, Ag/
ApCl, something that is quite expectable for reversible redox
svstems. Furthennore, the anodic peak current was found o
vary linearly with the square mot of scan rate in the range of
002-0.14 V 57, demonstrating that [FefCN) ] is diffu-
sion controlled on N-MWONT and N-P-MWCNT flms.

It is quite interesting that a dimimishing of Glm’s cument
response takes place with the increase of concentration of
decomposed TPP during synthess process. For instance, the
current response of N-MWCNTs towards [Fe{CN), ™% ap-
pears to be aroumd 51, 90, and 133% greater compared to
those measured under the sane experimental conditions on
N-P-MWCNT-1 (0.2% wt. TPP), N-P-MWCNT-3 (0.6%
wt. TPP), and N-P-MWCNT-5 (L0% wt. TPFP), respectively.
Consequently, it is obvious that the phosphorus doping of
carbon nanotubes affects negativdy their electrocatalvtic ac-
tivity and dirmmishes significantly their electrochemical re-
spomse wwards studied system. This Gnding 15 in absolute
agreement with our previous published resolts that the
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Fig.1 Representative SEM (a—)
and TEM (d-f) micrographs of
N-P-MWCNT composite film
falricated with decompesition of
05% wt TPP

electrochemical response of N-MWCNTS appears to be great-
er compared to that of P-MWCNTs [33].

The anodic and cathodic peak potential separation (AL)
estimated for [Fe(CN)o)* ™ on N-MWONT and various N—
P-MWCNT films lies in the range from 0.059 to 0.097 V (at
the scan rate of 0.02 V s7'), demonstrating kinetic differences
within the various fabricated composite films (Table 1).
Namely, the smallest AE, value of [Fe( CN)J ™ was obtained
on N-MWCONTS (AL, =0.059 V), while the greatest A, value
was measured onto N-P-MWCNTS fabricatad with decompo-
sition of 1.0% wt. TPP (AE, = 0.097 V). It is astonishing that
the AE, value inareases progressively with the increase of %
wt. of the decomposed TPP used for synthesis of N-P-
MWCOCNTs (Fig. S3, Electronic Supplementary Material). This
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finding demonstrates that the kinetic of the investigated system
decreases with the increasing of decomposed TPP used for the
synthesis process. Consequenty, the heterogeneous electron
transfer rate constants (k) determined for [Fe(CN)]* ™ on
N-MWCNTs md various N-P-MWONT composite films by
means of electrochemical absolute rate relation [34]. which
appears 1o be in the rmge fom 2 x 107° 043 x 107 an s
(Table 1). decrease with the increase of concentration of
decomposed TPP. Namely. the findings demonstrate that the
progressive phosphorus doping of carbon nmotubes results to
dmminishing of kinetic of eledrochemical process occurning on-
to carbon nanotubes (Fig. 3a).

For the estimation of lower limit of detection and sensitiv-
ity of NNMWOCNTS and various N-P-MWOCNT composite
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Fig.2 (Vs recorded for varows {a] {h)
concenrations of [Fol CNL
{10 M ECDH on N-MWOCNT: (&), e %
N-P-MWCNT-3 (b), and N-P- E £
MWCNT-5(c) at 002% s . The < <
C'Vs {from inner to owter) - -
comegpond to the following = =
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¢ = 0415 mM, 2y = 0595 mM, = o
£y =0.7%7 mM, and E 1
a5 =0.900 mM. d EIS spoctrs E 5
recorded for [Fe{CM) o 100 uA:l:
{10 MECDH on N-MWCNT: . . . . . . . .
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(filleel circle), and N-P-MWCNT- Potential {ws. AgagCl)/ v Potential {vs. Ag/AgCl) IV
5 (ffed tricgle)
(c) (d)
o 700 4 A
£ S oo+ - RN
: § ool
2 =m0 o . niEk
& p N 3
.E E 300 m |
£ i S M Db
200 4 -
§ E ‘g
5 = 1004
BEZH:
© 0 ﬁ.ﬂ]kl-h
02 o0 02 04 0.6 0,8 0 1M M0 0 400 s B
Potential {vs. AglgCl) IV Impedance (real) [ {2

films tow ards [Fe(CN)] ™, the vadation of oxidation peak
current with the concentmtion of redox system in concentra-
tion range of 00990990 mol L™" was exarmined. The elec-
trochermical response of B-MWON T and N-P-MWCNT films
towards [FeiCM),] plotted as oxddation peak curment den-
sity va. concentration of eled mactive compound appears to be
linear in investigated concentmtion moge (Fig 52, Electronic
Supplementary Material). From the standard deviation ofelec-
trochemical response and the slope of linear oxidation current-
concentration plots, the deedtion lmit of W-MWCNT and M-

P-MWCNT composite films towanls [Fe{CN [ was esti-
mated. The obtaned lamits of detection of composite flms
towards [FelCN), T are reported along with their sensitiv-
ities in Table 1. The viriation of sensitivity and lower limit of
detection with the % wt. of decomposed TPP used for synthe-
si8 of nanotubes is presented pmphically in Fig. 3h, ¢, respec-
tively. The results neveal that the N-MWCNTs possess the
lowest detection lirmit, and thus, the highest sensitivity within
compaosite films was tested. Namely, the indings demonstrate
that the lower limmit of detection tends o increase, and thus, the

Tahle 1 Eoctrochemical
parameters determined for
[Fe{CH ™ {10 M ECD en
movel N-MWOCNT and N-P-
MWOCNT composiie films at the
scan rate of 002 Vs

Composie film E;n (V) AE (V) W0k fems™" R ()  LOD (WM SAM ' em™)
N-MWCNTs* 02T 0w 43 47 0.34] 0464
N-PMWCNT-1® 0280 006 32 B 0.392 0,408
N-PMWCNT2Z® 027 0064 27 145 0454 0350
N-PMWCNT3® 0280 0071 14 166 0505 0314
N-BMWCNT4® 0280 0072 13 168 0522 0.304
N-BMWCNT-5* 0278 0097 2 195 0.532 0.297

* Dt taken from owr previously published article [31]
® Data from present work

=k, valuesdeiermined fromelectochemical absoluie rate relation: = (D0 ™ GlraPDL BT, where this
kinetic parameter, a the charge transfer coefficient (g =05 D and Dy, the diffusion coo flicients of oxddized and
redwoned gpocios, respoctively (D, = Dy); and n the number of elecrons involved in redox reaction (r = 1) [32]
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Fig.3 “ariation of charge {a] [b]
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semsitivity tends to decrease with increasing the concentration
of decomposed TPP used for the fibrication of N-P-MWCNT
films. It is interesting that the sensitivity of N-MWCNTS ap-
pears to be about 13, 32, and 36% grester compared to those
of N-P-MWCNT-1, N-P-MWONT-3, and N-P-MWCNT-5
composite flos, respectively.

The electrochemical behavior of [Fe(CN 1 ¥ redox SWs-
term on N-MWONT: and various N-P-MWONT films was
further investigated by means of electrochemical impedance
spectroscopy technigque. Representative EIS speam recorded
for [FelCH) ™ (L0 mol L™ K.Clyon N-MWON Tsand two
different N-P-MWCNT composite films (N-P-MWCNT-3
and N-P-MWCMNT-5) are shown in Fig. 2d The presentation
of EIS spectra of the other N-P-MWCNT films was skipped
since only some minor differences can be observed among the
EIS spectra, and consequently, the specira are overlapped.

The EIS spectm wene simulated by means of modified
Mwguist circuit for estimating the charpe trans fer resisince,
which is a parameter that controls the electron tmns fer kinetics
of redox system at electrode interfice and represents the bar-
rier for electron transfer (the hindenng behavior of interface
properties of electrode) [35]. Specifically, to descnbe the im-
pedance béhavior of B-MWON TS and various N-P-MWCNT
films, an equivalent circuit involving a capacitor element C,
due to the additional impedance caused by the electrical con
nection of film, must be considersd. Thus, the modi fed
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Myquist circuit wsed for the simulation of impedance data
can be represented as follows: (R, + Cy + (Ca(Re + 500
where |, i5 the solution resistance, Cyy the double-laver copac-
itance (constant phase element was used nstead of pure ca-
pacitor), ., the charge transfer resistance, and 72, the Warbung
diffusion impedance (Fig. 54, Electrome Supplementary
Material). The obtained simulation emor was in all cases less
than ~3%. The estimated R, values for [FeiCH,] " on N-
MWCNTs and various B-P-MWCNT composite films are
included in Table 1. Furthermore, the &, values are presented
graphically va. the % wi. of decomposed TPP used for swn-
thesis of N-P-MWCNTs in Fig. M.

The findings demonstrate that the doping of carbon nano-
tubes with phosphorus leads to preater charpe tmnsfer resis-
tance and thus to higher barner for electron trans fer, resulting
therefore to slower kinetics of redox process occurring on
these particular films (it is wal known that the heteropeneous
charpe tramsfer rate varies inversely with charpe trans fr resis-
tanee) [36]. It is amaxing that on the film consisting of M-
MWCNTS, the R, value appenrs to be up to ~300% smaller
compared to that obtained on N-P-MWOCNT films. Namely,
upon mereasmg of % wi. of decomposed TPP wing the fib-
rication of N-P-MWCNTS from 02 to 1L0%, the champe trans-
fier resistance increases fom 78 up to 315%, mesuling thus o
harsh diminishing of kinetic of electrochemical process. It is
interesting that the charge tmnsfer resistance of fabricated
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films, which increases with the following onder: N-MWCNTs
< N-P-MWCONT-1 < N-P-MWCNT-2 < N-P-MWCNT-3 <
N-P-MWCNT-4 < N-P-MWCNT-5 (Fig. 3d). follows the
falling with the same order of the kinetic parameter k; estimat-
ed from the AE; values (Fig 3a). Furthermore, it 15 remark-
able that with the same onder. the limit of detection increases
(Fig. 3¢) and thus the sensitivity of composite films towards
[Fe{CN)J' ™ decreases (Fig. 3b). It can be, comsequently,
concluded that the increase of concentration of decomposed
TPP and consequently the phosphorus-doping of nanotubes
results o greater barner and, thus, to lower kinetic of the
electron transfer a ffecting sipnificantly the sensitivity and de-
tection capability of fabrcated composite films. These results
clearly demonstrate the greater electrocatalytic activity of
films consisting exclusively of N-MWCNTS,

Raman spectroscopy studies wene camied ool for undoped
multi-walled carbon nanotubes (MWCNTs), phosphorus-
doped multi-walled carbon nanotubes (P-MWCNTSs), N-P-
MWCNTS, and N-MWCNTs. The Raman spectm of carbon
nanotubes consist of two main bands, namd v the so-called D-
band (1336-1343 em™ ) and the G-band (15671573 cmi '),
and their Fequency is shghtly affectad by doping ol nanotubes
(Fig. 85, Electronic Supplementary Material). It is well known
that the G-band corresponds 1o the high-Fequency £ first-
order mode and can be attibuted o opposng movement of
two-ngighboring carbon atoms in graphens sheet [37], while
the D-band results from defects m curved graphene sheds, as
well as from ends and finite size crystalline domains of carbon
nanotubes [38] The mtio of relative intensities of G- and D-
bands (f:7R) 15 2 mensure of degree of structural order. For
carbom nanotubes with different surface modifications, the
change in intensity ratio (f7) can be attributed to the change
in surface fimctionalities or local defects resulting from bond
breakage betwem C—C bonds in nanotubes [39]. In this work
the WN-MWCKNT films were found to exhibit smaller value of
mtensity ratio () compared o N-P-MWCONT film, indi-
cating preater degree of structuml defects in N-MWCKTs,
Wamely, it was found that the (f0p) ratio progressively de-
creasss and consequently the depree of defects increases, with
the following order: ndoped-MWCNTS > P-MWCN TS = M-
P-MWCNTs > N-MWCNTs (Table 52, Electronic
Supplementary Matenal). It is thus obvious that the enhanced
electrochemical response of N-MWCNTS is attribuied to the
greater depree of defects that these particular nanotubes
[HISSESS.

The lifetime of fabicied N-MWCNT and N-P-MWCNT
films was investigated. With this respect, the electrochemical
resporse of composite fbms towards [Fu{Ch'};,]'Hq— was stud-
ied continuously fora period of 7 dayvs, The fndings indicate
that the electrochemical cument response of composite films
decreasses at about ~2 and ~6% after Jand 7 days, eespectively.
These fmding show the great stability of fabricated carbon
nanotube-hased composite films.

Application of N—PMWCNTS in electrochamical sensing
of AA, DA, and UA

The response of selected N-P-MWONT film (namely the K-
P-MWCNTs fabricated upon decomposition of 1% wt. TPP)
tvwards oxidation of molecules with biological interest, such
a5 DA and UA, was tested in phosphate buffer solution at
pH 7.0. The influence of A4 as mterfering materinl wes addi-
tiomally studied since AA can interfere in high coneenirations
with the electrochemical analysis of DA and UA.
Representative CVs reconded for vanows concentrations of
AA DA, and UA (phosphate buffer solution, pH 7.0) are
shown in Fig. 4. The detection limits of N-P-MWCNTS to-
wards oxidation of studied homolecules are reported along
with literature values for companson reasons in Table 53
(Electronic Supplementary Material).

CWs recorded for various concentrations of AA (phosphate
buffer solution, pH 7.0) on N-P-MWCNTs are shown in
Fig. 4a. As it can be seen in these CVs, the irreversible oxida-
tion of AA onto N-P-MWCNTs ocours at the potential of
about 0228 V (vs. Ag'ApCl). Itis well known that AA can
be electrochemically oxidized o dehyvdmo-T-ascorbic acid
[£41]. The findings demonstrate that the ability of N-P-
MWCNTs to diminish the oxidation overpotential of A4 is
significantly lesser compared to that of N-MWCKTs,
Specifically, the oxidation overpotential of AA onto N-
MWCNTS, which lies in negative potential region (—~0.014V
va. Ap/ApCl). seems to be about 240 mV less anodic
(positive) compared to that measured onto N-P-MWCNTS.
These findings clemly danonstrate that the tendency of car-
bon nanotubes doped with nitrogen o lower the overpotential
of AAis greater compared to that of carbon nanotubes doped
with phosphorus. It was also observed that the response of M-
P-MWCNTs towards oxidation of A4 is somehow restricted.
Mamely, it was verfied that for the same concentration of
biomolecules the peak cument response (peak current density )
of B-P-MWCNTs towards oxidation of AA appears to be
significantly lesser (between 30 and 209 lesser) compared
o the cumrent response towands oxidation of DA and UA.
Thus. it is not surprising that the lower limit of detection of
B-P-MWCNT: towands oxidation of A4 estimated in the
concentration range of 0.250-0.668 mM at about 116 pp
appears o be sigm Geantly poorer compared to those estimated
for DA and UA (Table 53, Electronic Supplementary
Material).

In CVs shown in Fig 4b, it can be seem that the quasi-
reversible oxidation peak of DA onto N-P-MWONTS occurs
at about 0222 V (v, Ag/ApCl), which hes very close to
oxdation peak of A& messuned on this paticular composite
film (0228 'V vs. Ap/ApClL As was already suppestal, the
oxidation of DA can be charactenzed as two-electron tans fer
process that leads o formation of dopamine-c-guinone [42].
These findings demonstrate that quite significant interfrence
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Fig.4 CVs recorded for various
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of A4 in electrochemical analvsis of DA (and the inverse
interference of DA in analysis of AA) is expected. In order
o estimate the lower limit of detection of N-P-MWCNTs
towards oxidation of DA, vanous concentrations of DA were
measured in the mnge of 0.017-0.196 mM. The detection
himit of N—P-MWCNTs towards oxidation of DA was estimat-
ed tobe 1.9 uh. Tt can be seen that the limit of detection of N—
P-MWCNTs towards DA appenrs to be about 80% lower of
that obtained for same composite film towards A A (Table 53,
Electronic Supplementary Material).

The CVs recorded for UA reveals that the mreversible ox-
idation peak of UA onto N-P-MWCNTs appears at about
+0.360 V (vs. AgApCl (Fig. 4¢) that lies at about 132 and
138 mV more anodic (positive) potential compared to oxida-
tion peaks of A4 and DA, respectively. In previous published
sturdies, it was sugpested that the oxidation peak can be attrib-
uted to primary two electron oxidation of UA to uric acid
diimmine [43]. It is remarkable that the oxidation peak separa-
tion between A AU A and DA-UA couplss is nearly the same
(about 135 mV), and thus, it s quite obvious that the simul-
taneows electrochemical analysis of AA-UA (n absence of
DAY and DA-UA (in nonexistence of AA) can be carried
out in a single measurement. In order o estimate the lower
limit of detection of N-P-MWCNTs towards oxidation of UA,
CVs for various concentrations of UA in the range of (0032
0211 mM were mecorded (Fig 4¢). The detection limit of
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T8 pM estimated for N-P-MWCNTs towards oxiudation of
UA demonstrates that the detection ability of N-P-
MWCNTs towards oxidation of UA appears to be about
310% poorer of that obtained for DA and about 32% greater
of that measurad for AA (Table 83, Electronic Supplementary
Material). It is, however, very mteresting that the obtained
limits of detaction of N-P-MWCKT composite film towards
Ad, DA, and UA appear to be about 30% poorer compared to
those obtained for N-MWCNTs towards oxidation of same
biomolecules (Fig. 4d) [20]. These fndings support onee
mare the condusion that N-MWCNT film has better response
in electrochemical sensing than N-P-MWCNTs. In addition,
the modification of N-MWCNTs with gold nanoparticles en-
hances evenmore (shout 909 ) the sensitivity ofthe composite
film towards oxidation of AA, DA, and UA [40]. This result
show the important influence of metal nanoparticles on im-
provement of electmeatalytic properties of carbon nanotubes.
However, according to the comparison shown in Table 53
(Electronmic Supplementary Matenal), it is obvious that the
N-P-MWUCNT composite flms appear to be enough sensitive
to be usad in individual electrochenical sensing of studied
biomolecules.

The mestmcted tendency of N-P-MWONT composite film
te diminish the oxidation overpotential of A4 resulls to sig-
nificant mteference of AA in simultanesous voltammetnc
mnalysis of AA and DA, Consequently, in CVs recorded for
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Fig.5 CWsmeconded for AAUA
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TA (0] mM), b AA (DS mM)/
TA (0] mMYDA (0033 mM), ¢
AL (DS mMUA (0] mMyDA
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AADATA ternary mixtures, the redox waves of A4 and DA
overdap each other hindering, thus, their simultaneous electro-
chermical analysis (Fig Sh—d). The fndmgs exhibat that the
A A ooadation wave mterferes with DA, and hkewise, the ox-
idation wave of DA hinders the oxidation wave of AA.
Mevertheless, the AAUA and DAUA binary systems can
be successfully simultaneously analveed in single expenment
on N-P-MWCNT film smce their electrochermcal waves do
notovedap each other. For instance, in CV's recorded for A AS
UA(L:1) bnary system, well-separated oxidation waves were
recogmized with peak potential sepamtions of ~200 mV that
permit their simul taneous ana bysis ina single measurement. [t
is interesting that well-separated redox waves can be still ob-
served in AATUA binary systems even if the concentration of
A A s five times higher compared to that UA (Fig. 5a). Similar
results wene obtained for the DAUA binary system (data not
showi).

Conclusions

The fabrication of N-P-MWCNTs on SySi0: substmate was
carried out with simultaneows decomposition of TPP and
ACK in the presence of catalyst by means of spray pyrolysis,
For companison reasons, N-MWONTs wene fibricated with

decomposition of ACN in presence of catalyst. The N-P-
MWCNTs were charactenzed uwsing SEM and TEM in com-
bination with EDX as well as by means of Raman spectros-
copy. Electrochermical studies reveal that N-P-MWCNT film
is quite suitable for individual analvsis of A4, DA, and UA
with Timits of detection at 11.6, 19, and 7.8 pM, respectively.
The interference of AA in simultaneous analysis of UA and
DA was investigated The mdings demonstrate that A A does
not interfere with UA, but nevertheless, considerable interfer-
ence of AAin electochemical anabvsisof DA (and the invese
interference of DA in analysis of AA) wis recognised. N-P-
MWCNT composite film appears to be evidently electrochem-
ically less sensitive compared to N-MWCONT film.
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We present a novel family of biocompatible hydrogels containing Mafion and poly{ ethylene oxide) based
block copolymers. In aqueous environment, thermodynamically stable ionomer-copolymer complexes
are formed, as evident by light scattering and quartz aystal microbalance experiments. Moreover,
incorporation of Nafion dramatically modifies the phase behaviour and the rheological properties of
copolymer hydrogels. The hybrid systems not only undergo sharp and thermally reversible solgel

tansitions below the body temperature, thus retaining their injectable nature, but they also generate
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mechanically robust hydrogels. Moreover, ibuprofen was continuously released over a period of 26 days
for the Mafion/Pluronic hydmgel compared to only 3 days for the Nafion-free systemn. The hybrid gels are
promising candidates for 3D-bioprinting and controlled drog release applications.

© 2017 Published by Elsevier Ld.

1. Introduction

Hydrogels are water swollen nepwvorks of chemically or physi-
cally crosslinked macromolecular chains having a highly porous
structure that exhibit complex viscoelastic characteristics [1-3].
The physical properties of those soft systems can be largely tuned
with respect to the chemical composition of the polymeric com-
ponents and their crosslinking density. St muli-responsive hiyd ro-
gels can sense and adapt to changes in their surroundings such as
emperature, pH, ionic strength, pressure, light, electric field and
the presence of certain chemicl trigers [4,5].

Particular emphasis is given to the development of injectable
systems [6,7] that gel in situ under physiological conditions facili-
tating the controlled and sustained release of the entrapped drugs.
Because they can be applied in nonsurgical treatments (rissuwe en-
gineering, drug delivery, wound repair, dermal filling, etc.), they
offer obvious advantages in terms of therapy cost and duration as
well as patient comfort and recovery. Injectable hydrogels are
derived by natural polymers (such as hyaluronic acid [8], cellulose
[9], proteins and peptides [10], chitosan [11]) or synthetic macro-
molecules (composed of acrylates methacrylates, vinyl ethers,

* Corresponding author
E-raail address: akelarakisiPuclanacuk (A Kelarakis)

cyclic esters, amino acids, aovlamides, etc) [12].

The dynamic presence of poly{ethylene oxide) (PEO) based co-
polymers in the field of injectable hydrogels can be traced back o
their interesting self-assembly properties that allow sharp sol-gel
thermoreversible transitions below body temperature [13.14].
This class of nanostructured gels exhibit minimal cytotoxicity and
improved pharmacokinetics [15], but they typically suffer from
wieak mechanical properties and rapid drug release. Well-explored
approaches to overcome those challenges rely on the development
of photwcrosslinked [16], stereocomplexed [17] and muldcompo-
nent [ 18] systems.

In this report we demonstrate that introduction of Nafion ©
hyd rogels containing PEO based copolymers improves their drug
release profile and enhances their mechanical strength, without
compromising their injectable character. Nafion is primarily known
as the proton exchange membrane in fuel cells [19,20]. Early studies
have demonstrated its biocom patible nature [ 21,22], but it has only
recently attracted significant attention for biomed ical applications
such as implant matings [23], biosensors [24,25] and biocompat-
ible capsules [26]. Its amphip hilic structure consists of a remar kably
robust Teflon-like backbone decorated with highly polar pendant
groups. Due to this macromolecular design, Mafion interacts
strongly with non-ionic blodk copolymers [27,28] giving rise
thermod ynamically stable supramolecular assemblies.
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1 Experimental section
21 Materials

Two Mafion dispersions (in water and low aliphatic akohols,
respectively] were obtained by lon Power. Pluronic P123 was ob-
@ined by Sigma Aldrich and is referred here as EjgPgEqs. The no-
tations are as follows: E stands for an oxyethylene unit (LCHA2Hz, P
for oxypropylens OCHzCH{Hs:), while the subsoipts denote
number-average block of repeat wnits. The opolymer BaEso
where B stands for an oxybutylene unit OCH:CH{ C:Hs ), was syn-
thesized by sequential anionic polymerization of 1,2-butylene ox-
ide followed by ethylene odde, using potassium activated 2-
butanol as initiator [29].

22 Methods

221. Dynamic light scottering (DLS)

DS measurements at T = 25°C were conducted using aMalvern
Zetasizer Mano-Z5 (Malvern Instruments, England) system equip-
ped with a He-Ne laser beam with & = 633 nm. Prior to the mea-
surements the samples were filtered through Nylon membrane
filters with a pore size 0f 0.2 pm directly to the measuring cuv ettes.

222 (Quartz oystal microbalance with dissipation monitoring
(QOM-D)

M-D ecpernments wem conducted at T = 25 #C using a Q-
sense E1 unit. 50y modified crystals with fundamental resonance
frequency close to 5 MHz were coated with Mafion. To that end, a
dmp of ethanol containing 0.5 wit® Mafion was deposited in each
aystal that was subsequently left for at least 48 h at room tem-
pemture to ensure complete evaporation of the solvent The thus
prepared Mafion-coated aystals were mounted to a flow cell (flow
rate = 0.2 mlfmin} and their interaction with water and copolymer
solutions were monitored When a layer of material with mass Am
is deposited on the crystal surface, its resonant frequency is
reduced by Af according to Sauerbrey relation |30,

Am = —(C/NAl (1)

where M denotes the overbone number and C the integrated aystal
sensitivity, The dissipation factor Vis defined as

D = Ey/ (2rE;) (2)

where E is the energy dissipated during one period of oscillation
and E; is the energy stored in the system |31 ). For simplicity, only
the third overtones (M = 3} are desaribed in this report

223 Fheolgy

The viscoelastic properties of the hydrogels were studied using a
stress ontrolled AR-GZ2 rheometer (TA). All measurements were
peformed within the linear viscoelastic region (strmin 2%), using a
parallel plate cell with 50 mm diameter Frequency sweep data
were collected at selected temperatures, while temperature ramps
were performed at w = 1 rad/sec with a heating rate of 1 *C/min.
Extra care was taken to minimize evaporation by using a sobent
trap to maintain a water saturated environment

224 Small angle X-ray scottening (SAXS)

SAXS experiments were performed on beamline 122, Diamond
Light Source Synchrotron Radiation Source, LK. The wavelength of
synchrotron radiation was 1A and the sample-to-detector distance
was 6 m. Samples were mounted between mica windows in a iquid
cell equipped with water-bath temperature control.  Two

dimensional 5435 pattems were oollected using a Pilatus P3-2M
area detector. All patterns were corrected for the incddent beam
fluctuations as well as air and instrument scattering, before being
oomverted into 10 profiles using the Dawn software.

22 5 Drug relense profiles

A pel conf@ining 32.5 wiE EjgPgeEre and 05 witX ibuprofen
(Sigma- Aldrich) was transferred into a Snakeskin dialysis mem-
brane (with molecular weight cut-off 3.5 kDa) and was subse-
quenty immersed in phosphate buffer saline solution (pH 7.4) at a
constant temperature of 37 ©C Samples of the buffer solution were
withdrawn at predetermined times and the ibuprofen content was
determined on a basis of a alibration curve using a Shimadzu
V3600 UV-Vis, at 265 nm. An, otherwise identical experiment
was conducted for the gel containing 32.5 witk E1gPgaFg and 10 wik
Mafion.

3. Results and discussion

Intensity fraction distributions of apparent hydmdynamic
mdius (r, ) of 0.5 wt £ ByxE g aqueous solutions (circles in Fig. 1)
indicate the presence of highly swollen micelles withry, = 31 nm, in
agreement with previous studies [29 ). Judging by its B block length
| 14], the aitial micelle concentmtion (cmc) of BaoEsw is expected
to fall below 107 wi, consistent with the absence of a unimer
peak. Addition of 0.5 witi Mafion results in partices withrgy = 80 nm
(squares in Fig. 1), an effect that suggests extensive Nafion-
copolymer binding. For reference, a 0.5 wt % agqueous dispersion
of Mafion shows a wide size distribution below 20 nm (data not
shown here) and unbound Mafion partides might count for the
minor peak observed inFig. L

Previous reports |27,28] provide clear evidence that Mafion
forms supramolecilar assemblies with E 1gByg, E 9P @ and MygExn
(Mg stands for CigHsz) in water. For example, the itical micelle
temperature (cmt) of EjaPeabia solutions was found to systemati-
cally increase in the presence of Mafion, indicating strong copol-
ymer adsorption to the ionomer backbone [27). The complexation
has been attributed to hydrophobic interactions and extensive
hydrogen bonding between Mafion's protons and the ether moygen
af EC |32, It is interesting to note the architectural similarity be-
tween the copolymer’s hydmphilic building block -0CHzCH:z- and
Mafion's side chain -OCFFz-.

Each one of the Q:CM-D sensorgrams in Fig. 2 describes an initial
equilibrium of a Nafion coated crystal against air in order o
determine the fundamental mesonance frequency, followed by a
subsequent equilibrium against flowing water to determine the
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Fig. 1 Time aourse of frequency ( filled symbals j and dissipation Boior (open symbals)
af a Mafion-coated aystal reanator in QOM-D sgperiments at 25 “C “W" and =%
demote the imection of water and the copolymer solutions contining (L5 wii
E19PGAE1S (a) and (L5 wii E20ESK (b), respectivedy.
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Fig. 2. Time course of frequency (fillad symbals ) and dissipation Goor (open symbals)
of a Nafion-mated crystal resonator in QOW-D experiments at 25 “C W and =5
denate the injedion of water ad the mpolymer sohtions @ntaining 05 wil
EraPaofra (2) ad 0.5 Wik Baghayg (1), repectively

baseline of the hydrated membrane. The pronounced drop in fthat
follows the hydration of the oystals reveals the ample water up-
take of the Mafion's ionic domains that does not, however, result in
the dissolution of the membrane.

Introduction of 0.5 wt¥ EjgFsE 9 solution (Fig. 2a) to the hy-
drated Mafion membrane initially causes a dramatic derease in ©
due to extensive copolymer adsorption, an effect that reduces the
rigidity of the membrane as revealed by the accompanying increase
in . When the amount of the attached polymer exceeds a critical
threshold, a rapid increase in fis observed due to the dissolution of
the Mafion membrane. The detergency efficiency of EjgPgsEig
against Nafion wltrathin membranes has been desoibed in detail
previously 27,28, and the underlying mechanism holds true for
E1zBig and MizEz.

Introduction of ByEsy solution (Fig. 2b) also gives rise to a
significant decrease in f and an acocompanying increase in D, indi-
cating rapid and extensive Nafion-copolymer binding. By wirtue of
their super-swollen natume (ry, = 31 nm), the adsorbed copolymer
chains impose significant steric constrains so that the rather imited
amountof copolymer attached is incapable in solubilising Mafion Tt
has been estimated that each E-unit in the corona of BaoEsio mi-
celles is assodated with 96 water molecules |33 |, out of which only
6 water molecules are present in the hydration layer | 34] and the
remaining is essentially bulk water. Nevertheless, QCM-D sensor-
gram suggest that BmEso chains are firmly adsorbed to Mafion's
surface and are not detached upon prolonged water rinsing. In
contrast, in an otherwise identical experiment, it was found that a
significant portion of the attached PEQ on the Mafion membrane
can be removed under water flow | 27]. The difference bebween the
two systems, highlight the role of hydrophobic-hydrophobic in-
temctions between the substmte and the adsorbed BaEsio chains
that are not present in the cse of PED (that lacks hydrophobic
groups).

The sol-gel phase dagram of concentrated agueous dispersions
of PED based block copolymers is gowverned by the exothermic
dissolution of ethylene ghyool that favours micellzation and,
thereby, micellar packing at intermediate tempemtures, but also
accounts for pronounced corona dehydration and collapse of the
dose packing at elevated tempemtures. As shown in Fig. 3, upon
heating the 325 wii E g PgE  agueous dispersion exhibits a sharp
sokgel transition at 19 °C (G’ exceeds 1 kPa and G’ > G") and the
structure collapses at 42 °C into a soft gel phase (G° falls much
below 1 kFa, but remains higher than G* ). Soft gels are described as
defected dosely packed systems, where interacting micellar ag-
gregates give rise to a moderate viscoelastic response (eg. stronger
than sol but weaker than a hard gel) |35].

Addition of 5 wit® and 10 wtX Nafion modifies the phase dia-
gram, given that the hybrid systems remain within the sol phase at
temperatures up to 45 and 34 *C (G’ exceeds 1 kPa and G' = GY),
respective by and the gels formed are stable up to the highest tem-
pemtume tested (60 <C) The inset shown in Fg. 3 demonstrates a
tube inversion test and shows the immobile nature of a 32.5 wtx
E1aPsaEra/10 wi® MNafion gel at 40 *C Significantly, the sol-gel
transitions observed for the hybrid systems are themrmomeversible
and they remain unaltered upon repetitive heat-cool-heat cycles. In
other words, while Pluronic hydmgels tend to exhibit a sol-gel-sol
transition upon heating, addition of Mafion leads to a monotonous
enhancement of visooelastidty as a function of temperature. For
reference, we note that a 139 wit® agueous dispersion of the
thermo and pH responsive linear triblock copolymer, poby-
methomoydi ethylene glyool) methaoylate-co-methacrylic acd }-b-
FEQ-b  polyl methoeydi ethylene  glyool) methacrylate-co-
methacrylic acid) at pH = 4 undergoes sol-gel transition at
36.1 *C and maintains a plateau & value dose to 3 kFPa at least up to
65 °C [36].

The SAXS patterns shown in Fig. 4 indicate a body centered cubic
(bor) packing for 32.5 witX EjaPssEra at 20 =C with reflections at qf
q* = 1:+Z:+3, where q stands for the sattering vector and g° for
the first omder reflection [37). The bor structure is somew hat
maintained in the presence of 1 wi® Mafion, although the hybrid is
a weaker gel. Additon of 5 witE Nafion has a profound impact,
leading to a fluid system with broad scattering peaks (q)
q" = 1:v3:+/7) that are roughly consistent with hexagonal packing
of oylinders | 38 |. Moreover, in the presence of 10 wtX Nafion the

3 40 GOH 40 @M 40 6D
TI'C

Fig. A Temperature sweeps (w1 = 1 radfs, strain anplitude = 2 for agquems gels
ntaining 325 wii FigPsgFigin the absence (black drole) and the presence of 5wl
Mafion [ red triangles) and 10wk Mafion (ble squanes). Solid symbols denoie stroage
madules [C7) and open symbal denote loss maodules (G ) The insent shows a photo of
the g=l amiining 325 wii EigPsf 10 wii Mafion at 40 “C) (a fluroscemee dye has
been added to Bolitae imaging under UV radiation). (For interpretation of the nef
erences o lowr in this figure legend, the reader is referned o theweb version of this
artide.)
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Fig. 4 SAXS patterns of aquemes geds of 32 5 wil EigPag Fig in the absence of Mafion (a)
amnd in the presence of 1 wiX Mafion (b), 5 wit Nafion (<) and 10wk Nafion (d)

fluid system does not possess any long range correlation. The dra-
matic effects induced by Nafion to the phase behaviour of the gels
are in line with the extensive adsorption of ExPsEws to Mafion
backbone, an effect that reduces the effective volume fraction of the
dispersed partides, ulimately removing the dose packing con-
strains. We note that SAXS pmfiles at 45 =C and 65 *Cindicated the
absence of an ordered structure forall hydmgels in the absence and
inthe presence of 5 and 10 wt® Mafion.

Fig. 5 shows the release profiles of ibuprofen from 325 wt®
E1aPgsEqa in the absence (black circles) and presence (blue squares)
of 10 wit® Nafion against phosphate buffer (pH = 7.4) solution at
37 =C. A rather mpid release is observed from the copolymer gel
given that 65 and 91 wtX of the drug was released within the first
24 and 72 h, respectively. For reference we note, that acedofenac
and paclitaxel are fully released within 24 h from a Fluronic
micellar solution [39)] and a Pluronic hydrogel |40, respectively.
Howewver, the diffusion of ibuprofen from the hybrid hydmgel is
much slower given that 21, 55 and 93 wiX of the drug is released
after 24, 240 and G24 h, respectively. Taking into acoount that the
two systemns have similar rheological properties at 37 =C (Fig. 3 ), the
improved release pmfile seen for the hybrid system can be attrib-
uted to a lower level of porosity/higher tortuosity or stronger
matriz-drug interactions in the presence of Mafion. Further work is
underway to eluddate the diffusion mechanism in this comple
system. In a control ecperiment we investigated the drug release
pmfile from an addified 32.5 wtX Pluronic gel (pH = 3, in acoor-
dance to that measured for the Mafion/Pluronic gel), but the effect
of pH adjustment was found to be minimal.
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Fig. & Relexe profiles of ibuprofen from 325 wii EigPFm in the absence (black
arcles) ad presence (bhuesquares)of 1 wid Nafion against phosphate bufer sohution
{pH = 74)at 37 * . (For inteprettion of the referencoes to mlour in this figurelegend,
ithe reader is refernad to the web version of this antide)

Frequency sweeps shown in Fig. Ga sugpest that the 5 witx
aqueous solution of BzaEsio forms a gel from 20 to 45 °C and the G’
show a maximum value of 800 Pa (w = 1 rad/s) at 30 °C. low G’
values in otherwise immobile, gels close to their critical gel con-
centration, have been reported previously for copolymers with long
E blocks [29]. As seen in Fig. Gh, intmducton of 10 witk Mafion al-
lows the formation of mechanically robust lhydrogels with G higher
than 9 kPaand 23 kPa(w =1 rad/s) at T=40°C and 45 "C. At40°C
and 45 °C, G’ and G" are only weakly dependent on frequency,
indicating solid-like rheological mesponse.

Fg. 7 compares the tempemture dependence of G' for 5 witX
BaEsya (open cirdes) and 5 wi® BogEs)of10 wiE Mafion (full
squares) (the data points at w = 1 rad/s were read off from fre-
quency sweeps and were combined ina single curve). It can be seen
that within the tempemture range 20— 30 °C, the hybrid gel shows
one order of magnitude lower & compared to its Mafion-free
oounterpart, an obvious advantage for injectable applications. At
temperature above 30 #C the hybrid undergoes an abrupt (albeit
thermally reversible) sol-gel transition that results in the formation
of a mechanically robust hydrogel. {Due to the pronounced differ-
ences in their viscoelastic properties at 37 °C between the two
systems shown in Fig. 7, we did not conduct drug release studies).
Despite this abrupt phase transformation upon heating, 5AX5 pat-
terns shown in Fig. 8 indicate that the structure of the system lacks
long range order at 15 =C as expected for a fluid, but this observa-
ton remains unaltered at 45 °C even though the hydrogel behaves
rheologically as a solid-like material. With respedt to the 5 wit®
BzaEsyo, we note that the boo structure of this ty pe of super-swaollen
gels dose to their ritical gel concentration has been confirmed so
far only by SANS measurements |41 |, while our SAXS data did not
show any refractive peaks.
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Fig. & Prequency dependence (strain amplitude = 2 of storage modulus (G, salid
symhbals ) and kes moduhus (G, open symbals) at various emperatures (black cindes
for 20 %C, red squares for 30 “C blue triangles for 40 “C, green diamaonds for 45 “C) for
ajueme ges antaning 5 wii BxFeg in theabsence(a)and in the presence of 10w
Mafion (bl (For interpretation of the referenes o mlour in this figure legend, the
reader is referned o the web version of this article)
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Fig. 7. Temperature dependence of sorage modulus & (o = 1 radfk sran
amplitude = ) for agqueous gds containing 5 wii BxBap in the absence (open dr-
cles) and in the presence of 10 witi Nafion (solid squares). The data were read off from
freuency swesps measuraments.
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Fig. 8. SAXS patterns of an aqueous gel contining 5 witl BynFEgqn in the presence of
10 wii Mafion at the temperaures indicabed.

4. Condusions

In water, Nafion and PEQ hased copolymers undergo synergistic
mixing as evident by light scattering and QCM-D experiments. At
higher concentrations the supramolecular assemblies exhibit an
abrupt sol-gel transition below body temperature, generating
thermoreversibe hydrogels. The 5 wiE ByEgal 10 wt® Mafion
hybrid hydrogel at body temperature exhibits significanty
improved mechanical strength compared to its Nafion-free coun-
terpart. Moreover, the hybrid EjsPsEqia/Nafion gel exhibits
dramatically improved drug release profile in vitro overa prolonged
period of time. Those biocompatible systems offer exdting oppor-
tunities for the development of a new genemtion of super4tough
nanogels and bioinks.
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Method of fingerprinting with using carbogenic Publication number WO02016042337 At

nanoparticles Publication type Application
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The present invention relates to a powder composition, in particular a fingerprint )
. . o X . ) X Inventors Antonios KELARAKIS, Marta J. KRYSMANN,
powder composition for the visualisation of latent fingerprints. Such fingerprint Diogo FERNANDES
powder compasitions comprise carbogenic nanoparticles which, when mixed Applicant University Of Central Lancashire
ith itable diluent (includi isti future fi int d
with a suitable diluent (including any existing or future fingerprint powders), Export Citation BiBTeX, EndNote, RefMan

exhibits excitation- dependent emission properties which enable the fingerprint

. . ) L ) Patent Citations (4), Classifications (6), Legal Events (3)
powder compasitions and imagable fingerprint impression patterns formed

thereform to be imaged in a variety of different colours by simply varying the External Links: Patentscope, Espacenet

wavelength(s) of any excitation radiation. As certain backgrounds can render

visualisation of fingerprint impression patterns very difficult, having the flexibility to judiciously tune the fareground colour of the fingerprint impression patterns is a
significant advantage since it permits instantaneous improvements in visualisation without needing to resort to using a different fingerprint powder. The invention
also relates inter alia to corresponding methods and specialised apparatus for fingerprinting.
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