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Chemicals

Stock solutions of metal ions (at concentration of 1000 mg L") and crystal violet
were obtained from Merck (Darmstadt, Germany). Quinine hemisulfate monohydrate
was purchased from Alfa Aesar (Karlsruhe, Germany). Potassium chromate, sodium
chloride, potassium chloride, fetal bovine serum (FBS), Roswell Park Memorial
Institute medium (RPMI-1640), Dulbecco's Modified Eagle's medium (DMEM),
antibiotics (50 units mL~" penicillin and 50 ug mL™" streptomycin), phosphate buffer
saline (PBS), trypan blue, formaldehyde solution (37% w/v), Ribonuclease type A,
trypsin solution 0.05%, 3,5-Di-tert-4-butylhydroxytoluene (BHT), 1,1-diphenyl-2-
picrylhydrazyl (DPPH) and Triton™X-100 were obtained from Sigma Aldrich
(Steinheim, Germany). Propidium iodide staining solution (1.0 mg mL™ in water) was
obtained from Biotium (Fremont, California). Double distilled water (DDW) was used
throughout the experiments. The solvents used were of HPLC grade. The crystal
violet solution used for the estimation of cell number consisted of 0.4% w/v crystal
violet, 5 mL of 37% w/v formaldehyde solution, 0.25 g sodium chloride, 50 mL
methanol and 45 mL DDW. Trypan blue was diluted in PBS (0.04% w/v). Normal
saline was prepared by dissolving 0.9 g of NaCl in 100 mL of DDW.

Instrumentation

FTIR spectra were recorded on a Spectrum Two FTIR using an attenuated total
reflectance accessory (PerkinElmer, MA, USA). High resolution-transmission
electron microscopy (HR-TEM) images were obtained with a JEOL JEM-2100
microscope operated at 200 kV equipped with LaB6 filament. Samples for HR-TEM
measurements were prepared by depositing a drop of CNDs dispersion on carbon-
coated copper grids and drying at room temperature. The photoemission experiments
were carried out in an ultra-high vacuum system (UHV) which consists of a fast entry
specimen assembly, a sample preparation and an analysis chamber. The base pressure
in both chambers was 1x10~° mbar. Unmonochromatized MgKa line at 1253.6 eV
and an analyzer pass energy of 36 eV, giving a full width at half maximum (FWHM)
of 0.9 eV for the Au 4f7, peak, were used in all XPS measurements. The XPS core
level spectra were analyzed using a fitting routine, which can decompose each
spectrum into individual mixed Gaussian-Lorentzian peaks after a Shirley background
subtraction. The samples were in powder form and pressed into pellets (stainless
steel). Errors in our quantitative data were found in the range of ~10% (peak areas)
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while the accuracy for BEs assignments is ~0.1 eV. All fluorescence measurements
were performed on a RF 5301 PC spectrofluorometer (Shimadzu, Japan) with
excitation slit set at 5 nm band pass and emission at 5 nm band pass, in a quartz cell of
1x1 cm. The UV-Vis absorption spectra were recorded on a Lambda 35 UV-Vis
spectrometer (Perkin Elmer, Germany). Lyophilization of the samples was carried out
by an Alpha 1-4 LD freeze-dryer (Christ, Germany) and centrifugation of CNDs
suspension by a PrO-Research centrifuge (Centurion, Sci., West Sussex, UK). Digital
images for scratch assay and cell imaging were captured with an Infinity 2-2 digital
camera (Lumenera, Canada), mounted on an Olympus BX43 microscope, under U-
HGLGPS light guide-coupled illumination system. Fluorescent activated cell sorting
(FACS) was performed on a FACScan flow cytometer (BD FACS Aria). BD FACS
Diva software was used to analyze the resulting DNA histograms using a planimetrie

method.

Quantum yield

A standard solution of quinine sulfate dissolved in 0.1 M H,SO, [refractive index
(7)=1.33] was chosen as a reference, whose QY is reported to be 54%. Aqueous
solutions (#=1.33) of varying concentrations of the CNDs were prepared. The
absorbances of the solutions were measured at the excitation wavelength, using a UV-
Vis spectrophotometer. Fluorescence emission intensity was recorded for solutions,
whose absorption was lower than 0.1 a.u. The QY (@) for each of the two CNDs

were calculated using the following equation:

Slope,\ [ n?
D, =D, ([t ) (=
x st (Slopest) <n§t

where x and st denote the sample and the quinine sulfate, respectively. @ is the QY;
slope, is the slope of the integrated fluorescence emission intensity versus the

absorbance and n is the refractive index of the solvent.*

Cell culture conditions

The A549, MDA-MB-231 and HEK-293 cells were grown in RPMI-1640
supplemented with 1% antibiotics and 10% heat-inactivated FBS, while HelLa cells
were grown in DMEM medium. All cell lines were grown in a humidified 5% carbon
dioxide atmosphere at 37°C. Cells were maintained in 75 cm? flasks by passage every
2 to 3 days.
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Cell viability
Cells were seeded into 24-well plates at a density of 7x10* cells/well (short term
viability assay) or 4x10* cell/well (long term viability assay) in 0.5 mL of appropriate
growth medium and incubated for 5 h, so that a dense monolayer (70-80% confluent)
could be obtained, at the end of the experiment. After incubation, 0.5 mL of growth
medium containing different concentrations of CNDs was added to each well. Cells
incubated in the absence of CNDs were taken as control. In all cases, three parallel
samples were prepared for each tested concentration (including control). After
incubating for 24 h (short-term viability assay) or 48 h (long-term viability assay), the
culture supernatant was removed and the dead cells were washed off with PBS.
Afterwards, adherent cells were stained and fixed to the bottom of the plate by adding
200 pL of crystal violet solution and incubating for 30 min, at room temperature. The
excess crystal violet solution was removed by submerging the plates in DDW.
Thereupon, the plates were allowed to air-dry and the cells were destained twice, by
adding 1 mL of methanol and incubating for 20 min.? Finally, the optical absorbance
was measured at 570 nm and the % cell viability was calculated using the formula:

% cell viability = (0D treated/OD non — treated) * 100
where % cell viability represents the amount of alive cells, OD non-treated =
absorbance in control wells and OD treated = absorbance at different concentrations
of CNDs.

Trypan blue assay

Cells were seeded in 24-well plates and incubated for 5 h, as mentioned above. The
CNDs were then added to the cells and further incubated for 24 or 48 h. The cells in
the supernatant and the adherent cells (with trypsin) were collected and washed twice
with PBS. Next, cells were stained with trypan blue solution for 5 min. The live and

dead cells were counted using a hemocytometer.®

Cell cycle analysis

For cell cycle analysis, HEK-293 cells were firstly synchronized with serum
starvation. After serum starvation for 20 h, a high percentage of the cells were
inhibited at GO/G1 phase. Cells were then trypsinized and seeded in 24-well plates, as

mentioned before and restimulated to enter cell cycle in the presence of 10% FBS for
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24 h, prior treatment with CNDs.* After 24 h of incubation, CNDs (200 and 800 pg
mL™) were added to the cells and further incubated for 24 h. Then, the supernatant
was removed and cells were trypsinized, collected and centrifuged at 2200 rpm, for 6
min. The cell pellet was washed with PBS and centrifuged under the same conditions.
The washing step was repeated once more. After removal of the PBS, cells were fixed
by adding to the cell pellet 4 mL of 70% (v/v) cold ethanol dropwise, under vortex
shaking. Cells were stored at 4°C until measurement. Prior to flow cytometry, cells
were subjected to centrifugation (2200 rpm, for 6 min) to remove ethanol and the
resulting cell pellet was washed twice with PBS, according to the above mentioned
procedure. The cell pellet was resuspended in solutions of propidium iodide (final
concentration: 50 pg mL™) and Ribonuclease type A (final concentration: 100 pg mL’
1y and were kept in the dark, for 45 min, at 37°C, before transferred to special tubes
for flow cytometry analysis.> The experiment was conducted in triplicate and the
differences were plotted as error bars. A minimum of 30,000 events were recorded for
each analysis. The proportion of cells in the GO/G1, S, and G2/M phase of the cell
cycle was calculated from the resulting DNA histograms.

Cellular imaging

Cell imaging was performed according to our previous studies.™ ® In brief, HelLa,
A549, MDA-MB-231 and HEK-293 cells were seeded on 22x22 mm glass cover-
slips and placed inside a 6-well plate. Each cell line was incubated for 5 h in 1 mL of
appropriate medium, under the conditions described above. Afterwards, 1 mL of fresh
medium containing 200 pg mL™ of CNDs was added to each well of a chamber slide
and further incubated for 2 h. Prior to observation, cells were washed three times with
PBS.

Scratch assay

Cells at a density of 4x10* cells/well were seeded into 24-well plates, using an
appropriate growth medium, so as to produce a nearly confluent cell monolayer. An
elongated scratch was subsequently generated, using a sterile 200 pL tip on the
monolayer in each well. Wells were washed with PBS to remove cell debris. Serum-
free RPMI medium was used as negative control; RPMI medium with 8% FBS was

used as positive control (selected after evaluating cell migration with various
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concentrations of FBS, ranging between 1 and 10%). Cells incubated with 0.3% FBS
were selected as control, since this concentration was found to be adequate for cells to
migrate, but inadequate to promote cell proliferation. The CNDs were tested at a final
concentration of 200 pg mL™ in a medium containing 0.3% FBS. The distance of the
gap was observed under microscope, at the same three positions for each gap, for two
different time periods (i.e. 24 and 48 h post-treatment) to evidence the repair process
for control and CNDs-treated cells. Images were captured at a 4 x magnification using
a digital camera mounted on a microscope and they were further analyzed using
COREL DRAW X6 software.” The migration of cells toward scratch was expressed
as % percentage of wound closure:

ADBC, — ASBC,
Wound closure (%) = ADEC %X 100
0

where ADBC stands for the average distance between scratch at time 0 (ADBCy) and
at different time points (ADBC,).

Blood clot time

To assess blood clot time in the presence of CNDs, whole blood from healthy
volunteers was collected and incubated on clean glass slides, in the presence of CNDs
(0.1-1.0 mg mL™). After the addition of 25 uL of CaCl, (50 mM) to each sample, the
time needed to observe the first visible clot sign was recorded. Normal saline (control)
was used instead of CNDs, for comparison.®

Hemolysis assay

For the hemolysis assay, human blood samples were collected from healthy
volunteers, who did not undergo any medication. Trisodium citrate was added as
anticoagulant and blood was used without further treatment. Dispersions of CNDs in
normal saline were prepared at concentration of CNDs between 0.1 and 1.0 mg mL™

and were tested according to a previous report.’

Stability of CNDs solution

The synthesized CNDs exhibit stable fluorescence over the wide range of 4.0-9.0;
more acidic (pH < 4.0) or alkaline conditions (pH > 9.0) cause a dramatic decrease to
the fluorescence intensity. The alterations in the fluorescence intensity can be justified

by the variations in the deprotonation degree of the surface atoms of CNDs.!° The
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effect of ionic strength was also examined by adding NaCl and Na,SO,, separately, at
concentrations up to 1 mol L. The results showed that the CNDs exhibit stable
fluorescence, despite the increase in ionic strength. As regards the photobleaching of
the CNDs, relevant experiments revealed that the fluorescence of CNDs, irradiated
with a 150 W Xe lamp for 2 h was stable, bespeaking excellent photostability. Finally,
aqueous solutions of the CNDs, stored at room temperature, were found to emit
unaltered fluorescence for five days (reduction of fluorescence < 3%). According to
the aforementioned results, it can be concluded that the synthesized CNDs exhibit

excellent photostability, making them suitable for a wide range of applications.

Cr(VI) detection-Analytical figures of merit

Linear response was achieved between 1.7 and 67.5 nM, with a coefficient of
determination (R?) of 0.9981. The limit of detection, defined as a signal-to-noise ratio
= 3, was calculated to be 0.3 nM. The relative standard deviations (% RSD) of intra-
day and inter-day measurements (repeatability and reproducibility) were 1.9 and
2.5%, respectively. As a proof-of-concept, the applicability of the developed method
was tested by analyzing environmental water samples (lake, river and sea water) and
by performing recovery experiments. Highly satisfactory recoveries were achieved,

ranging between 95.0 and 99.2% in all samples.

FRET mechanism exploration

The contribution of the fluorescence resonance energy transfer (FRET) phenomenon
was examined. The criteria that need to be met according to Forster’s nonradioactive
energy transfer theory are: (a) the ability of the donor to produce fluorescence light,
(b) there is an overlap between the fluorescence emission spectrum of the donor and
the UV absorption spectrum of the acceptor and (c) the distance between the donor
and the acceptor is lower than 8 nm.** In our case, the first two criteria are met, so the
examination of the third criterion was necessary. To do so, the following equations
were used:
po1_F__R
Fy RS+
RS =8.79 x 1072°K?n~*@J
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0 Jy Fp(D)ea(DA*dA

J@) = f Fo e DA =

where, E is the efficiency of energy transfer between the donor and the acceptor, Ry is
the critical distance at which transfer efficiency equals 50%, r is the distance between
a donor and an acceptor, K? stands for the orientation factor related to the geometry of
the donor-acceptor dipole (=2/3), n is the refractive index of the medium (=1.33); ¢ is
the fluorescence quantum yield of the donor (=0.514), J expresses the degree of
spectral overlap of the emission of the donor (i.e. CNDs) and the absorption of the
acceptor (i.e. Cr(VI) at neutral pH), Fp(A) is the corrected fluorescence intensity of
the donor at wavelength 4 and &(1) is the molar absorption coefficient of the acceptor
at wavelength L. The distance (r) between the donor and the acceptor was found to be

16.6 nm, which is higher than the accepted distance of 8 nm.
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Figure S1: Fluorescence intensity at Aex /Aem: 330/380 nm of the CNDs from different

carbonization temperature and time combinations.
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Figure S2: XRD diffractogram of the synthesized CNDs.
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Figure S3: (A) TEM image and (B) size distribution of CNDs from carbonization of

human nails.

%T

4000 3500 3000 2500 2000 1500 1000 500400
=l
cm

Figure S4: FTIR spectrum of CNDs.



5.0
4.51

4.0

3.51

3.0

wf \_ 7
1.59 %

1.0
0.5
0.0
300 400 500 600 700 800
nm

Figure S5: UV-Vis spectrum of the synthesized CNDs.
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Figure S6: Fluorescence intensity of the CNDs in relation to the pH of an aqueous

dispersion.
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Figure S7: Fluorescence emission spectra of the CNDs in the absence and in the
presence of Cr(VI) up to 181.5 nM.
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Figure S8: Quenching of the CNDs emitted fluorescence in relation to the pH of a

solution.
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Figure S9: Fluorescence quenching caused by 100 nM various metal ions.
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Table S1: Analysis of environmental water samples and recoveries after spiking.

Added  Measured  Recovery

Sample
(nM) (nM) (%)
0 0 -
5.0 4.85 97.0
Lake water
25.0 24.8 99.2
0 0 -
river water 5.0 4.9 98.0
25.0 24.7 98.8
0 0 -
sea water 5.0 4.75 95.0
25.0 24.5 98.0
1.0 1
09 09
08 ——Excitation spectrum 08
goj —Emission spectrum 07 -
.:':J 0.6 Chromate absorption 0.6 ;
gos os.g
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éos \\\\/// 03 <
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0.0 — 0
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Figure S10: Normalized excitation and emission spectra of the CNDs and normalized

absorption spectrum of Cr(V1).
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Figure S11: UV-VIS absorption spectra of CNDs, Cr(V1), their mixture and the sum

of the first two spectra (inset: consecutive additions of Cr(VI) to a CNDs dispersion)
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Figure S12: Stern-Volmer plots of the developed fluorescent sensor in three different

temperatures, inset: linear range of the three Stern-VVolmer plots.
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Figure S13: Fitted Stern-Volmer plot for CNDs-Cr(VI) after correction for inner

filter effect.
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Figure S14: Cell viability of four epithelial cell lines after incubation with various
concentration of CNDs up to 200 ug L™, for 24 h (statistically significant differences
at p<0.05 are denoted with *).
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Figure S15: Cell viability of four epithelial cell lines after incubation with various
concentration of CNDs up to 200 ug L™, for 48 h (statistically significant differences
at p<0.05 and p<0.01 are denoted with * and **, respectively).
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Figure S16: Cell viability of HEK-293 cells after incubation for 24 h with different
concentrations of CNDs, derived from carbonization of human fingernails, citric acid

and cysteine and citric acid and thiourea.
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Figure S17: Cell viability of HEK-293 cells after incubation for 48 h with different
concentrations of CNDs, derived from carbonization of human fingernails, citric acid

and cysteine and citric acid and thiourea.
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Figure S18: DNA histograms of (a) control HEK-293 cells and after 24 h of
incubation with (b) 200 and (c) 800 ug L™'of CNDs.
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Figure S19: Scavenging activity of the synthesized CNDs and BHT for the DPPH
free radical.

Figure S20: Whole blood samples incubated with Triton-X (a), CNDs at 100 (b), 200
(c), 400 (d), 800 (e), 1000 (f) pg L' and normal saline (g).

S-17



Table S2: Comparison of the developed probe for Cr(V1) detection, with other CNDs-based fluorescent probes

QY (compared ] ]
Aex/Aem o ] recoveries LOD linear
carbon source to quinine matrix reference
(nm) (%) (uM) | range (nM)
sulfate)
Pineapple juice 370/453 10.06 - - 0.052 1-18 1
degrease cotton 355/440 10.2 water, soil 94.15-99.20 | 120/190 | 1000-6000 3
citric acid and cystamine "
) ) 420/478 39.7 - - 0.86 1-80
dihydrochloride
1,2-ethylenediamine and glucose 403/502 9.6 - - 0.023 1.5-30 B
Ammonium citrate 350/439 20.05 - - 0.01 0-50 1o
1-(2-Pyridylazo)-2-naphthol 370/430 6.2 tap water, fish | 83.69-106.96 | 1.17 5-125 1
tap and lake 18
pomelo 380/450 18.7 92-107 0.52 0-40
water
) tap, mineral 19
glutathione 394/585 2.1 94.9-102.8 15 0-45
and lake water
glucose 360/450 7.6 - - 0.02 0-0.2 20
cysteine 390/460 18.1 lake water - 0.0014 0.5 -
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22

citric acid and diethylenetriamine 360/450 88.6" - - - 0.01-50
citric acid and reduced glutathione 370/440 69.4 water and soil 90-107 0.03 0.10-12 3
dopamine, citric acid and ammonium ) 1x10"" | 2x10 " to 0

331/495 93 - - 10

persulfate M 3x10 "M
_ _ lake, river, sea 1.7-67.5 )
Human fingernails 330/380 81.4 95.0-99.2 0.0003 This work
water nM

referenced to cumarin 1
%referenced to rhodamine B
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