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Abstract

In this work, 1.8 nm graphene quantum dots (GQDs), exhibiting bright blue fluorescence, were
prepared using a bottom-up synthesis from citric acid. The fluorescence of the GQDs could be
almost completely quenched (about 96%) by adding Hg?*. Quenching was far less efficient with
other similar heavy metals, TI*, Pb?* and Bi®*. Fluorescence could be near quantitatively restored
through the introduction of thiocyanate. This “turn-on” fluorescence can thus be used to detect
both or either environmental and physiological contaminants mercury and thiocyanate and could

prove useful for the development of simple point-of-care diagnostics in the future.
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1. Introduction

Environmental and physiological detection of Mercury remains an important health challenge.! As
itis poorly cleared by the body, it can accumulate in the brain causing neurodegeneration and other
chronic conditions through a combination of DNA damage, mitosis impairment and permanent
damage to central nervous system signaling. Unfortunately, it is a necessary resource in our
industrial economy with total anthropogenic mercury release into the environment estimated at
3000 tons/annum.? Physiological and environmental Hg?* level are generally quantified through
surface-enhanced Raman scattering,® X-ray absorption spectroscopy,* atomic absorption
spectroscopy,® inductively coupled plasma mass spectrometry,®’ bacterial-based biosensors,®
HPLC-cold vapour-atomic fluorescence spectroscopy,®!® and, more recently, solution
fluorescence detection.’*? This last application has significant advantages, including less
expensive equipment and faster data acquisition.**!* Various small organic*>'¢, and inorganic
materials'’ have been used to determine Hg?* levels using fluorescence, but fluorescent graphene
quantum dots (GQDs) are a promising alternative.®

GQDs, defined as near-0-dimensional carbon materials comprising graphene sheets under
100 nm but often below 5 nm, have excellent optical properties and high stability. Unlike their
heavy-metal alternatives, their low toxicity and biocompatibility*® make them interesting tools for
use in the environment or for physiological applications.?? GQD synthesis falls into two main
categories: top-down, and bottom-up methods.?*?> Top-down approaches involve the cutting of
larger graphene sheets into GQDs. These are generally robust methods but give less control over
the size and dispersity of the resulting dots. This is incredibly important when specific optical
properties are sought as the emission Amax IS @ function of size. In contrast, bottom-up approaches
involve the de novo synthesis of graphene from non-graphene molecular precursors.?>%” This
strategy allows for the preparation of particles with a well-defined size and low dispersity and is
becoming increasingly prevalent and simple. This uniformity makes GQDs promising tools for a
wide variety of applications,?®?° including: as photodetectors for electronics,*® as
photoluminescent probes,1* as biosensors,334 and as biomedical tools for drug delivery, cancer
photodiagnostics, and antimicrobial treatment.®3® GQD photoactivity sensing largely relies on
energy and/or charge transfer from the GQD to adsorbed ligands to quench the innate fluorescence
of the GQDs. A good example is the work of Sun’s group at Changchun, who used GQDs derived
from grass for the detection of Cu?* by quenching the innate fluorescence of the dots.3” However,



this “turn-off” principle usually suffers from relatively low sensitivity (as was the case with Sun’s
work where Cu only quenched 25% of the fluorescence),®” and is susceptible to complications
from impurities or other analytes (in this same example, iron quenched 10%, mercury 5%, and
other metals lower levels), leading to false positives. This turn-off approach has likewise been
employed for mercury with similar challenges, albeit with generally better selectivity for mercury
over other metals.*%-4! In contrast, “turn on” fluorescence sensors, which involve one ligand
inactivating the GQD, and a second restoring the fluorescence, are more reliable due to the “two
factor authentication” mechanism, and have now been extensively developed.*?*® For example,
Tian’s group has used this approach to detect copper ions (Cu?*) with good selectivity and
sensitivity.*® Qu and co-workers at Changchun used this approach to detect bithiols and Hg?* in
water,*” and Ye and colleagues at Nanjing used a nitrogen-doped quantum dot to improve
sensitivity for the same application.*® Huang and colleagues used a similar technique, employing
either iodide or L-cysteine to restore the fluorescence of nitrogen-doped carbon quantum dots and
to act as a concentration-sensitive sensor of either mercury or iodide/cysteine,!! and Kokot and
coworkers used the same strategy to show that it works with undoped GQDs.*° and Wu and Tong
employed ammonium citrate/cysteine-derived sulfur-nitrogen co-doped nanoparticles to detect
both mercury and sulfides.>°

Elevated levels of thiocyanate (SCN") can lead to endemic goiter, tropical diabetes, ataxic
neuropathy, infantile myxedema. This is generally related to dietary consumption of cyanogenic
glycosides contained in food, particularly some vegetables.>! Higher SCN- levels in urine also act
as a biomarker of increased metabolism and cancer,>? and is the common biomarker for identifying
possible cyanide poisoning where analysis needs to be done very quickly.>® Although exposure
may have increased in an industrial society, SCN- has always been in the diet, and it is the substrate
for the human defensive peroxidases.>

For these reasons, determining the level of SCN™ in a sample has multiple medical
applications, driving the development of fluorescent sensors. Das and co-workers identified a
rhodamine derivative that forms a salt selectively with thiocyanate to turn-on fluorescence;>
similarly, Yang, Lin and coworkers showed that a fluorene-derived dimeric structure could have
fluorescent intramolecular charge transfer interrupted by the presence (and nucleophilic attack) of
thiocyanate to turn off the effect.>® The Chen lab in Shandong noted that gold nanoparticles could

be induced to aggregate by the addition of SCN™ changing the colour of the solution from red to



blue, and only cyanide showed interference;> while Dai and coworkers at Nanjing made gold
nanostars that change colour in the presence of thiocyanate.>® Yang at Changchun showed that
with a cystamine-functionalized nanoparticle, the colour change could even indicate SCN
concentration.®® Ma and Wu at Nanchang developed an ultrasensitive (0.09 nM) tool for detecting
isothiocyanate relying on FRET between fluorescein and gold nanoparticles.®® Yang and Yang at
Changchun adsorbed graphene quantum dots onto gold nanoparticles that quenched the
fluorescence of the nanoparticles by inducing aggregation.®! Thiocyanate interrupts this process
by outcompeting the GQDs and leaving the fluorescence turned “on.” Many of these strategies
rely on the interaction between thiocyanate and gold. GQDs are potentially less expensive, and
thiocyanate also shows high affinity for mercury ions which in turn show high affinity for
carboxylated-graphene quantum dots through salt formation. Mercury also shows higher affinity
for carboxylates than other heavy metals, meaning that the system should be selective.®? This is a
promising chain of interactions. However, there are no examples of GQDs being screened for
fluorescence recovery, dual Hg"/SCN- detection. The promise of this potential inspired us to

explore it in this study.
2. Experimental
2.1. Materials

Citric acid, sodium hydroxide, sodium thiocyanate, thallium(l) nitrate, mercury(ll) nitrate, lead(11)
nitrate, and bismuth(111) nitrate were purchased from Merck KGaA. Double distilled water was

used throughout the experiment.
2.2. Equipment

Fourier transform infrared (FT-IR) spectra were obtained on a Perkin-Elmer Spectrum RXI FT-IR
spectrophotometer. Ultraviolet-visible light (UV-Vis) absorption spectra were recorded by a
Perkin Elmer UV/Vis spectrophotometer. All fluorescent spectra were obtained with an FL
spectrophotometer (Shimadzu RF-6000). The AFM image was obtained in non-contact mode (Ara
Research, Iran). To prepare the sample, an aqueous solution of GQDs (10 uL) was dropped onto
the surface of a freshly exfoliated mica substrate. After drying, the AFM image was recorded. The

FE-SEM image of the same prepared sample was obtained by field emission scanning electron



microscope (FE-SEM; Mira 3-XMU). All optical measurements were carried out in quartz cuvettes

at ambient temperature.
2.3. Synthesis of graphene quantum dots (GQDs)

The GQDs were made by pyrolyzing the carbon precursors using the approach of Li and
coworkers,®® incorporating our previously published modifications:®* one gram of citric acid was
put into a beaker and heated to 200 °C on a hot plate (Corning). The citric acid fully melted after
5 min and the liquid turned yellow. After an additional 10 minutes of heating, the liquid became
orange, indicating the formation of GQDs, and the beaker was removed from the heat and cooled
to ambient. Consequently, a total reaction time of 14 min was used; additional heating can lead to
the formation of graphene oxides which are difficult to separate from the GQDs. The reaction
mixture was adjusted to pH 7 with NaOH (12 ml, 1M) to provide a solution of the GQDs in water
(approximately 12 mL). These were dialyzed (3500 MWCO) against distilled water (20 mL). The
dialysate in the beaker turned orange and was collected and stored. The tube was then redistilled
against a fresh 20 mL of water. The dialysis tube and its contents were then discarded. The
combined dialysates were then dialyzed against water (100 mL, 1000 MWCO) with two changes
of water to remove any residual citric acid or small oligomers. The contents of the tube (approx.
40 mL) were then lyophilized to provide GQDs as a powder that could be stored at -20 °C until

needed.
2.4. Fluorescence quenching by heavy metal nitrates

GQDs were resuspended in PBS (1 mg-ml~ in 1x PBS) and a 3 mL aliquot was transferred to a
quartz cuvette to which was added 10 pL of aqueous Mercury(1l) nitrate (1 M) was added and the
fluorescence spectra were recorded at ambient temperature at an excitation wavelength of 360 nm.
To confirm the selectivity of Hg?"-mediated quenching of GQDs, the process was repeated for
each of thallium(l), Lead(Il), and Bismuth(l1) nitrates (all at 1 M, 10 pL). Final concentrations of
analytes is 3.3 uM with 1 mg/mL of GQDs. The initial spectrum was recorded as was the associated

fluorescently quenched spectrum for each sample.
2.5. Using “turn-on” fluorescence for the detection of SCN- using Hg>*@GQDs

The fluorescence of the samples, at 360 nm excitation, was measured for a 3 ml aliquot of the
GQD solution (1 mg/mL in PBS) mixed with 10 pL of the aqueous mercury (Il) nitrate (1 M).



Then 10 pL of sodium thiocyanate (1 M) was added to the cuvette and mixed with pipetting. Final
concentrations of analytes is 3.3 uM with 1 mg/mL of GQD. The emission spectrum of this

solution was then also recorded with an excitation wavelength of 360 nm.
3. Results and Discussion

3.1. FTIR analysis

A B

50

40 4

30

T%

Intensity (a.u.)

20 A

104 34453395

o— 7777777 T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400 10 20 30 40 50 60 70

Wavenumber (cm™) 2 Theta (degree)

Figure 1. A) FT-IR spectrum and B) XRD of the GQDs.

FT-IR analysis confirms the presence of the expected carboxylate functionalities in the
GQDs, showing the characteristic stretching vibrations of carboxyl and hydroxyl groups at 3600-
3300 cm™ and the asymmetric and symmetric carboxyl stretches at 1585 and 1389 cm
respectively (Figure 1A). These acids will be involved in binding the mercury ions. We also see
the expected aliphatic C=C stretches at lower wavenumbers indicative of the presence of aromatics
in the graphene. The powder X-ray analysis is also typical of graphene with a low intensity and

broad 26 value of approximately 23 degrees for the 002 face (Figure 1B).%°

3.2. FSEM analysis



SEM HV: 15.0 kV WD: 3.01 mm
SEM MAG: 2.00 kx Det: InBeam SE

Figure 2. A) FESEM and B) HRTEM images of the GQDs on mica

The FESEM images provide images of the dried aggregates formed by the GQDs, but as the
resolution of the instrument (20 um) is orders of magnitude greater than the size of the particles
(about 2 nm) but it still shows evidence that we are seeing aggregation rather than the presence of
bulk materials (Figure 2A). This was also proven by synthesis, as the only particles retained are
those that can pass through 3500 MWCO dialysis tubing but be retained by 1000 MWCO
membranes. The HRTEM on the other hand shows clear evidence of the nanoparticles at the
expected sizes and are represented as areas containing parallel lines as has been noted previously
in the literature (Figure 2B).546-70

3.4. AFM analysis
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Figure 3. AFM-acquired image of the GQDs and the height graph of a representative cross-section
of the image, corner of the picture shows the AFM image of the unfunctionalized mica surface.

GQDs were then characterized using atomic force microscopy (AFM, Figure 3). The average size
of the GQDs was calculated to be 1.8 nm based on the height of 50 particles from different images.
This sizing is consistent with experimental expectations, the synthetic and purification conditions,
and the HRTEM image. It is also largely consistent with the expected emission for particles of this
size considering the differential functionalization.”* The AFM image suggests that the dispersity
of the samples is low: the larger objects are likely the result of aggregation occurring on the surface

of the mica substrate.



3.5. Spectrometric analysis

The GQDs show a well-defined absorption band at 360 nm (Figure 4A); their maximum excitation
and emission wavelengths are at 360 and 460 nm, respectively. The fluorescence intensity however
is highly dependent on the presence of cations in solution (Figure 4B). All examined heavy metals,
TI*, Pb?*, Bi*" and Hg?", at least partially quenched GQD fluorescence emission: by about 10%,
52%, 70%, and 96% respectively. With the potential exception of bismuth,”? all of these metals
are toxic as they disrupt enzymatic function;”® however, the reduction of environmental lead,’*"
and the thankfully low levels of environmental thallium,’® mean that detection of mercury is likely

the most relevant application, aided by the high sensitivity of system for this metal over the others.
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Figure 4. A) UV-Vis and fluorescent spectra, fluorescence excitation (Aem =461 nm) and emission

(Aex = 360 nm), of the GQDs. Inset: Photographs acquired both under UV-lamp irradiation and



under normal lighting conditions. B) Emission spectra of GQDs alone (blue) and in the presence
of equal concentrations (3.3 uM) of TI* (red), Pb?* (pink), Bi** (yellow) and Hg?* (grey).
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Figure 5. Fluorescence emission spectrum of the GQD solution (blue); GQDs in the presence of
3.3 UM Hg*? (grey); and GQDs in the presence of 3.3 uM Hg*?followed by 3.3 uM SCN- (green).

Inset: Photographs of each solution under UV illumination.

The very high quenching efficiency of Hg?* is likely due to the very high affinity of
mercury for carboxylates. The selectivity of mercury over other heavy metals for carboxylates is
well established.””"”®* However, at the concentrations used, the GQDs are likely saturated in all
cases: the fluorescence quenching is due to the specific nature of the mercury ion, and is effectively
quantitative in the presence of Hg?*. However, Hg?* is known to bind far more strongly to SCN-
than to a carboxylate.®° Consequently, in the presence of the thiocyanate, the Hg?* ions desorb
from the GQD surface, almost completely restoring the fluorescence of the particles (Figure 5).

This reversibility is potentially useful.
Conclusion:

Carboxylate-functionalized GQDs with a diameter of 1.8 nm were synthesized using a bottom-up
strategy from citric acid and characterized by AFM, FT-IR and TEM. When exposed to heavy
metals, the fluorescence was quenched only in the presence of Hg?" making them a potentially
useful sensor. Fluorescence is readily restored by the addition of thiocyanate. The very simple
synthesis of these materials coupled with the “turn-on” detector for both mercury and thiocyanate,

pollutants of concern, shows the versatility of this approach and these materials.
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