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Abstract:

Carbon nanodots (CNDs) offer potential applications in photocatalysis, optoelectronics, bio-
imaging, and sensing due to their excellent photoluminescence (PL) properties, biocompatibility,
aqueous solubility, and easy functionalization. Recent emphasis on CNDs in the selective
detection of metal ions is due to the growing concern for human and environmental safety. In
this work, two types of fluorescent carbon nanodots (CNDs) are synthesized economically from
ethylene diamine (E-CNDs) or urea (U-CNDs) in a single step microwave process. The as-
prepared CNDs exhibit excellent PL at an excitation wavelength of 350 nm with a quantum yield
of 64% for E-CNDs and 8.4% for U-CNDs with reference to quinine sulfate. Both E-CNDs and
U-CNDs demonstrate high selectivity towards Fe (III) ions among different metal ions, by
fluorescence quenching in a dose dependent manner. The limit of detection of E-CNDs and U-
CNDs is observed to be 18 nM and 30 nM, respectively, in the linear response range of 0—

2000 uM with a short response time (seconds). The CNDs detect Fe (II1) ions in tap water and
serum sample with no spiking and the recovery was ~100% with the Fe (IIT) samples. Cellular
internalization studies confirm the localization of the CNDs and the optical imaging sensing of
Fe (II) ions inside living cells. A charge transfer fluorescence quenching mechanism,
specifically between the CNDs and Fe (III), is proposed and examined using cyclic voltammetry.
The overall characteristics of the E-CNDs provides a potential sensing platform in highly
sensitive and selective detection of Fe (III) ions.
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Article:
1. Introduction

Metal ions are an integral part in various biological and biochemical processes [1]. Iron is an
essential micronutrient for the human body and most biological electron transfer processes rely
on iron proteins [2]. Fe** is a major component of hemoglobin that facilitates oxygen transport in
blood [3]. Iron deficiency in pregnant women have increased risk of anemia and sepsis
associated with high mortality and morbidity rates [4]. Moreover, iron plays an important role in
brain development of new born babies [5], body temperature regulation [6], and muscle function
[7]. Also, overload of iron may lead to neurological diseases such as Parkinson's and Alzheimer's
[8]. Current detection techniques such as atomic absorption spectrometry and ion
chromatography rely on the use of complicated sample preparation and instrumentation [9].
Therefore, monitoring of iron levels is challenging and detection with high sensitivity and
selectivity is of great importance.

Use of fluorescent materials in the sensitive detection of biologically important metal ions has
tremendous potential in the field of biomedicine [10]. Quantum dots and organic fluorescent
dyes, due to their high quantum yield, are used widely as contrast agents for detection [11].
However, irreversible photobleaching and low optical absorption cross-section renders the
limitation of the organic dyes in detection. Quantum nanoparticles have replaced the usage of
organic dyes due to their broad absorption spectra [12] and quantum confinement effect [11], but
their instability [13] and the presence of toxic heavy metals limits their applications for detection
in living cells [14,15]. Moreover, despite all the recent advancements in the field of biosensing,
development of sensitive and selective fluorescence detection of Fe (III) ions is still a challenge.
With this regard, effort has been taken in search of small nanoparticles [16,17] with better
defined PL [18], higher quantum yield [19], and good biocompatibility for the detection of
biologically significant metal ions [20]. Fluorescent carbon nanodots (CNDs) in the nanocarbon
family offer superior aqueous solubility [ 18], robust chemical inertness, promising PL properties
[21] and better biocompatibility than heavy metal quantum dots [22,23]. Moreover, polarized
carbon atoms [24] and oxygen containing functional groups such as hydroxyl and carboxyl
groups in the CNDs contribute to the overall hydrophilicity providing a better platform for easy
functionalization of various organic, inorganic, and biological entities [[25], [26], [27], [28]].
High sensitivity, short response time, stable PL, and low toxicity [29] of the CNDs provides a
suitable platform for biosensing [30].

In recent years, several reports have been focused on detection of iron using CNDs. These
studies have shown that nitrogen-doping can effectively enhance fluorescence quantum yield,
resulting in high sensitivity and rapid response [[31], [32], [33], [34], [35], [36], [37]]. Various
CNDs exhibited sensitivity towards iron with limits of detection confined to ppm levels [38,39],
however increasing the quantum yield could result in even more sensitive detection. Few reports
demonstrated limit of detection (LOD) in nanomolar range using CNDs of a good quantum yield



[[40], [41], [42]]. Moreover, multiple researchers have synthesized biocompatible CNDs that
enable cell imaging along with iron sensing [40,[43], [44], [45], [46], [47]]. Despite all the recent
advancements, there is still a need for the economical synthesis of an appropriate nanoprobe that
offers high quantum yield, and improved sensitivity and selectivity. Additionally, the underlying
detection mechanism is less studied and needs to be explored.

Hydrothermal method or microwave-assisted CND synthesis has been well established to doping
different elements thus tuning the quantum yield [[48], [49], [50], [51], [52], [53]]. Herein we
use a facile, cost effective, one-step microwave synthesis of highly fluorescent, small, water-
soluble CNDs using two different precursor molecules, ethylene diamine (EDA) for E-CNDs and
urea for U-CNDs for a comparison study. The CNDs are well characterized and then used in the
Fe (III) detection studies. The as synthesized E-CNDs showed the LOD of 18 nM with a
quantum yield of 64% by incorporating a high amount of nitrogen (11-12%), comparable to
previously nitrogen doped CNDs-based sensing probes for iron detection [32,36,37,54]. Upon
addition of Fe (III) ions, the fluorescence intensity of the CNDs was quenched with a fast
response time within 1 min. The quenching of the CNDs upon addition of Fe (III) was evaluated
using the Stern-Volmer equation. Iron (III) detection in real samples such as tap water and
human serum was performed as an application demonstration. Moreover, optical imaging of
human endothelial (EA. Hy926) cells with Fe (III) incubation shows potential of using CNDs for
iron sensing in living cells. The current work demonstrates high quantum yield CNDs as a
fluorescence turn off sensor in the detection of Fe (III) with improved selectivity, fast response
time, and better limit of detection than traditional methods. Moreover, to further understand the
quenching reaction of CNDs by Fe (I1I), which is inadequately studied, an electrochemical
technique, cyclic voltammetry, was used to investigate the charge transfer between the CNDs
and Fe (IIT) by changing the concentration of CNDs in the Fe (III) solutions.

2. Experimental
2.1. Materials

Citric acid (ACROS Organics), Urea (Aldrich, 99% ACS reagent), Ethylenediamine (EDA,
Fisher Scientific), quinine sulfate dihydrate, KCl (ACROS Organics), CoCly, FeCl, (Alfa Aesar),
FeCls, CrCls, AgNO3, CuCly, CaCly, MgCl,, gold electrode, Ag/AgCl reference electrode,
platinum electrode (Fisher Scientific), DMEM media, EA. hy926 cell line (ATCC), pen/strep
solution, fetal bovine serum (Sigma Aldrich), CCK-8 assay kit (Sigma Aldrich), human serum.
These materials were used in the present work without any further purification.

2.2. Synthesis of CNDs

Fluorescent CNDs (E-CNDS & U-CNDs) were synthesized through a microwave-assisted
procedure. Briefly, 960 mg of citric acid (ACROS Organics) was mixed with 1 ml EDA and 1 ml
of DI water, and pyrolyzed in microwave synthesizer (CEM Corp 908005 Microwave Reactor)
for 18 min at temperature below 150 °C and 300 W power to synthesize E-CNDs. The brown
foamy solution was dissolved in 5 ml of DI water and dialyzed through MWCO 1000 membrane
(Scientific Fisher) for 24 h. Similarly, U-CNDs were synthesized by mixing 1 g of urea with 1 g
of citric acid and 1 ml of DI water and pyrolyzed in 150 W microwave for 12 min at 110°c. The



U-CNDs were dialyzed in the same way as done for E-CNDs. The cooled reactant mixture was
centrifuged at 3500 rpm for 20 min to remove large and aggregated particles. The two CNDs
solutions were freeze dried for 24 h using a freeze drier (Labconco Free Zone 6 Freeze Dryer).

2.3. CNDs characterization

The synthesized CNDs were characterized using Transmission Electron Microscopy (TEM, Carl
Zeiss Libra 120 Plus). The CNDs were dropped onto carbon coated copper grids for analysis.
The size was further characterized using Atomic Force Microscopy (AFM, Agilent 5600LS
AFM) in tapping mode. AFM samples were prepared by dropping CND solutions onto a freshly-
cleaved mica surface and vacuum dried. Fourier transform infrared (FTIR) spectroscopy (Agilent
FTIR) was used to investigate surface functional groups. XPS (Thermo Scientific ESCALAB
Xi") and EDX (Bruker Nano XFlash Detector 5030) were used to determine elemental
composition and atomic weight % of the as prepared CNDs. Zeta potential of the CNDs

(0.05 mg mL ') was measured using Malvern Zetasizer ZEN3600. The optical properties of the
CNDs were measured using UV—Visible spectroscopy (Varian Cary 6000i) and fluorescence
spectroscopy (Horiba FluoroMax-4). Excitation-dependent behavior of the as prepared E-CNDs
(0.01 mgmL™") and U-CNDs (0.1 mg mL™!) was determined using a fluorescence
spectrophotometer at different excitation wavelengths ranging from 330 to 450 nm.

2.4. Fluorescence quantum yield (QY) measurement

The fluorescence quantum yield of the as synthesized CNDs was measured with Quinine Sulfate
(QS) in 0.1 M H2SOq4 as a standard (QY: 54%) using the following equation [53,55,56]:

GradC  nC2 (1)

= X X
PC=P05 Grad QS nQS2

where, @ represent the quantum yield, Grad is the gradient from the plot of integrated
fluorescence intensity vs absorbance and n, refractive index (aqueous solution 1.33); the plots of
E-CNDs and U-CNDs as a comparison to the standard QS are shown in Fig. S1, respectively.
The subscript QS and C denoted quinine sulfate and CNDs respectively.

2.5. Time dependent detection of Fe (III) ions with CNDs

The decrease in the fluorescence intensity of the CNDs with addition of Fe (III) ions was carried
out for different time intervals ranging from 0.5, 1,2, 3,4,5,6,7, 8,9, 10, 15min. A 10 pl
aliquot of each types of E-CNDs (0.01 mg mL ™) and U-CNDs (0.1 mg mL ') was suspended in
100 pl of Fe (IIT) (10 uM) and 890 pl of water. The fluorescence intensity was calculated for each
time interval.

2.6. Stability and selective detection of Fe (III)
The stability of the CNDs in aqueous solution was measured for every 10 days up to 50 days

using a fluorescence spectrophotometer. The selectivity of the CNDs towards Fe (III) ions was
determined. Briefly, 50 uM of different metal ions (Ca**, Co?", Fe**, Ag", Cu*", K, Fe’",



Cr’* and Mg*") were mixed with 10 pl of E-CNDs (0.01 mgmL™") and U-CNDs (0.1 mg mL™).
The selectivity of the CNDs towards Fe (III) in the presence of competitive metal ions was
tested. The fluorescence spectra were measured for each type of the metal ions used.

2.7. Electrochemical Study

Cyclic voltammetry was performed using a three-electrode electrochemical cell with a working
gold electrode, 3 M Ag/AgCl reference electrode and platinum counter electrode. The electrolyte
solution is 10 mM Fe (II1) ions with different concentrations of CNDs in nitrogen-purged
deionized water. The samples were run at different scan rates at room temperature.

2.8. CNDs based sensing of Fe (III) in real samples

Human serum samples were centrifuged to remove protein content and the supernatant was
treated with CNDs at a concentration of 0.1 mg mL ™! to detect the levels of Fe (III). Then the
serum samples were spiked with different concentrations of Fe (III) and recovery rates were
calculated based on the standard curve of the Fe (III). Briefly, 10 pl of E-CNDs (0.01 mg mL™),
10 ul of different concentrations of Fe (III) and 80 pl of human serum were mixed together and
incubated for 5 min at room temperature and the emission spectra was recorded using an
excitation wavelength of 350 nm. Similar set of experiments were performed with U-CNDs at a
concentration of 0.1 mgmL ™.

2.9. Intracellular uptake and optical imaging of the CNDs

Human endothelial cells (EA. Hy926) were cultured in DMEM supplemented with 10% FBS and
1% pen/strep antibiotic solution. The cells were seeded on sterilized glass cover slips in 24 well
plates and incubated at 37 °C and 5% CO: for 24 h, followed by incubation with E-CNDs

(0.2 mgmL™") or U-CNDs (0.5 mg mL™!) for 6 h. The cells were washed twice with 1x PBS and
treated with 10 uM Fe (III) in DMEM media for different time intervals (5 min, 30 min and 1 h).
As a control, no Fe (III) ions were added. The cells were washed twice with 1x PBS and fixed
with 4% paraformaldehyde for 12 min. The cells were washed twice with 1x PBS and stained
with mitotracker green (stains actin filaments) 30 min. The cover slips were mounted on the glass
slides using mounting media and imaged under confocal microscope (Zeiss Z1 Spinning Disk
Confocal Microscope) at 20X magnification.

3. Results and discussion
3.1. Characterization of the CNDs

The AFM images show the even dispersion of E-CNDs (Fig. 1A) on the mica surface with an
average height of 7 nm. Similarly, U-CNDs (Fig. 1C) also show an even distribution on the mica
surface with an average height of 2.4 nm. Since both CNDs are smaller than the radius of
curvature for the AFM probe, only the height data can be used to determine size. The TEM
images demonstrate monodisperse, spherical E-CNDs (Fig 1B) and U-CNDs (Fig. 1D) with sizes
around 7 nm and 2.4 nm, respectively, which are in accordance with the height profiles of the



AFM images. The overall yield of E-CNDs and U-CNDs was found to be 8% and 5%,
respectively.
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Fig. 1. Atomic force microscopy (AFM) images of E-CNDs (A) and U-CNDs (C) with their
respective height profiles around 7 nm and 2.4 nm respectively, and the TEM images of E-CNDs

(B) and U-CNDs (D), respectively.

The XPS survey spectra of both the E-CNDs (Fig. 2A) and U-CNDs (Fig. 2C) show the presence
of peaks at 285.0, 400.5, and 532.0 eV attributing to Cls, Ols and N1s respectively. E-CNDs
present an intense N1s peak (Fig. 2A) in comparison to the U-CNDs (Fig. 2C) depicting higher
amounts of N incorporated into E-CNDs from EDA [57]. The Cls spectrum of U-CNDs (Fig.
2B) show C—C, O—C=0 and C—O-C surface groups whereas E-CNDs (Fig. 2D) gives one more
additional C-O functional group. The Ols and N1s spectra for both E-CNDs (Figs. S2A and
S2B) and U-CNDs (Figs. S2C and S2D) are observed at 531 and 400 eV respectively. EDX
analysis provides the weight and atomic ratios of C, H, O and N for both E-CNDs (Fig. S3A) and
U-CNDs (Fig. S3B), and higher nitrogen content in E-CNDs (11.3% wt) vs. U-CNDs (8.2% wt)
was observed. The reaction behind the incorporation of more nitrogen into the E-CNDs could be
attributed to the faster reaction between the amines of EDA with the carboxylic groups of citric
acid, compared to formation of U-CNDs. The reaction between amides of urea and carboxylic
groups of citric acid is slower due to the resonance from the double bonded carbon atoms of urea
[58].

The zeta potential showed the surface charge of the E-CNDs and U-CNDs to be —7.32+0.92 mV
and —38.50+2.72 mV, respectively. The more negative charge of the U-CNDs is attributed to
the higher ratio of COO™ groups and the less negative charge of the E-CNDs to the presence of
positive charged amine groups, which is in accordance with the XPS data. The FTIR (Fig. S4)
spectra of both types of CNDs show broad absorption bands at 3000-3500 cm ! assigned to
stretching vibrations of O—H and N—H corresponding to the carboxylic acid and amine groups,
respectively. The bands at 1538, 1432, and 1375 cm ™! of the E-CNDs can be assigned to the



bending vibrations of N-H, C-N, and C—H, respectively [59]. U-CNDs shows a peak at

1750 cm ™! which can be ascribed to the stretching frequencies of -C—O derived from —COOH.
Similarly, C—C bending peak at 1549 cm™' and characteristic O-H bending at 1655 cm™' are
observed [60]. The FTIR results clearly demonstrates the presence of amino, carboxyl and
hydroxyl groups on the surface of the two CNDs, which attributes to the overall hydrophilicity of
the CNDs.
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Fig. 2. XPS survey spectrum of E-CNDs (A) and U-CNDs (C) respectively. High resolution Cls
peaks of E-CNDs (B) and U-CNDs (D).

3.2. Optical properties of CNDs

The UV—Visible spectrum of E-CNDs (Fig. 3A) and U-CNDs (Fig. 3B) shows shoulder peaks at
250 nm and 245 nm which are attributed to n- 7* transitions of C—=C (aromatic sp’> domains)
[61]. Strong broad peaks at 350 nm and 337 nm are assigned to n-x transitions of C=0O bond
involving functional groups with electron lone pairs on the E-CNDs and U-CNDs respectively
[40]. The strong emission peaks of the E-CNDs (Fig 3A) and U-CNDs (Fig. 3B) are centered at
~450 nm with an excitation wavelength of 350 nm. Both the CNDs exhibit yellow/brown color
under daylight and emitted blue light under UV light irradiation (Fig. 3A & B inset). The
excitation dependence emission of E-CNDs and U-CNDs is observed at different wavelengths
starting from 330 to 450 nm with an increment of 30 nm (Fig. S5), which may be due to the
fluorescence origin of the CNDs relevant to the sizes, surface states, and functional groups. The



strongest emission peak is observed at an excitation wavelength of 350 nm for E-CNDs [62].
With the U-CNDs, strong emission peaks, but less than that of E-CNDs, were observed at broad
range of (360—420 nm) excitation wavelengths which correspond to the broad absorption
spectrum (Fig. 3B). The highest quantum yields of E-CNDs and U-CNDs are measured to be
64.0+ 1.2% and 8.4 £ 0.7%, respectively, with reference to quinine sulfate [63].
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3.3. Fluorescence sensing of Fe (III) ions

The fluorescence intensity of both the E-CNDs (Fig. S6A) and U-CNDs (Fig. S6B) quenches
rapidly within 30 s upon addition of Fe (III) ions (60 uM). The excitation wavelength was

350 nm for this experiment. At the time frame of 1 min, the decrease in the fluorescence intensity
stabilized and no significant change in the fluorescence intensity was observed even after 15 min.
This clearly shows that the CNDs can be used as a fluorescent probe in the detection of Fe (III)
ions rapidly within a minute. Note that no significant change is observed in the absorption
spectra of E-CNDs (Fig. S7TA) and U-CNDs (Fig. S7B) after the addition of Fe (III) (100 uM)
ions.

Fig. 4A and 4B are clearly evidence that, with increase in the concentration of Fe (III) (from top
to bottom: 0, 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000, 2000, 5000 uM), the fluorescence intensity
of both the E-CNDs and U-CNDs decreased significantly with concentration increase of Fe (III).
Moreover, there is a linear correlation between the quenching efficiency ((Fo—F)/F) and Fe (III)
ion concentration in both E-CNDs (Fig. 4C) and U-CNDs (Fig. 4D), where Fo and F represent
the fluorescence intensity of the CNDs in the absence and presence of Fe (III) ions, respectively.
The limit of detection (LOD) is calculated using the signal noise ratio S/N =3 for the CNDs
based on the plots with the low concentration below sub uM (Fig. S8). The LOD is determined
to be 18 nM and 30 nM for E-CNDs and U-CNDs, respectively. Table S1 lists a number of
publications using CNDs as PL probes for Fe (III) detection for a comparison to this work. This
work demonstrates good performance for Fe (III) detection in terms of the lowest detection limit,
sensitivity and a much larger dynamic detection range at the similar level of quantum yield to the
best performance in literature, such as in Refs. [[40], [41], [42],64,65].
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Fig. 4. PL intensity of E-CNDs (0.01 mgmL ™) (A) and U-CNDs (0.1 mg mL ') (B) upon
addition of different concentrations of Fe (III) ions. Linear plot of E-CNDs (C) and U-CNDs (D)
fluorescence quenching, (Fo—F)/F, versus Fe (III) concentration at 0.5-2000 uM for E-CNDs and
1.0-2000 uM for U-CNDs. Lower concentrations of Fe (III) are ploted in Fig. S8.

3.4. Stability and selectivity of the CNDs

The stability of the E-CNDs (Fig. 5A) & U-CNDs (Fig. 5B) was observed for 50 days with an
interval of 10 days at a concentration of 0.05 mg mL ™. There is no significant decrease in the
fluorescence intensity in both types of CNDs. This suggests the stability of the CNDs in the
aqueous solution, which can be a better entity for use in biological solutions. The selectivity of
the CNDs towards different metal ions (Ca>*, Co*", Fe?', Ag’, Cu*’, K, Fe*", Cr’", and Mg?") of
50 uM concentration was demonstrated using fluorescence spectroscopic measurements. Both E-
CNDs (0.05 mgmL™") (Fig 5C) and U-CNDs (0.1 mgmL™") (Fig. 5D) show significant decrease
in the fluorescence intensity upon addition of Fe (III) ions in comparison to the other metal ions.
The quenching efficiency of E-CNDs (Fig. S9A) and U-CNDs (Fig. S9B) towards Fe (III) was
found to be 87 + 4% and 70 + 3%, respectively, much higher in comparison to other metal ions.
The metal ions have no significant effect on the fluorescence quenching of E-CNDs (Fig. S9C)
and U-CNDs (Fig. S9D), but in the presence of Fe (III) ions, the decrease in the intensity is
obvious (Fig. 5SE & F). Note that the counter anions, such as NO*~, Cl” in this study show
insignificant interference. The insignificance of fluorescence interference with metal ions



suggests the high selectivity of both the CNDs as potential probes in the detection of Fe (I1I)
ions.
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Fig. 5. Stability of fluorescence intensity of 0.05 mgmL ™! E-CNDs (A) & 0.1 mg mL™! U-CNDs
(B) with time (days). Representative fluorescence emission spectra of the E-CNDs (C) and U-
CNDs (D) in presence of different cations at a concentration of 50 uM in water, and (E) E-CNDs
and (F) U-CNDs with mixed 50 uM Fe (III) ions with different cations (50 uM).

3.5. Detection of iron in real samples



To demonstrate detection of Fe (III) in real samples, the iron content in both tap water and
human serum samples were determined using the CNDs. When the E-CNDs (Fig. S10A) and U-
CNDs (Fig. S10B) were added to the tap water and human serum, there is a decrease in the
fluorescent intensity which indicated the presence of iron. With the help of the calibration curve
between Fe (III) concentration and the CNDs fluorescence intensity, E-CNDs and U-CNDs were
able to detect the iron content in tap water to be 3.8 pM and 1 puM, respectively. The iron content
in concentrated human serum sample was found to be 27.8 uM and 24.6 uM using E-CNDs and
U-CNDs, respectively. The ability of the CNDs to detect the iron content in real samples was
validated with inductively coupled plasma optical emission spectrophotometer (ICP OES).
Standard solutions of Fe (III) (0.1, 1, 5, 10 ppm) were prepared and a calibration curve was
plotted with Fe (III) concentration vs. emission intensity (Fig. S11). Samples of tap water and
serum in 3% HNO;3; were analyzed with ICP for iron content and was found to be 2.56 uM and
28 uM respectively which is in accordance with the fluorescence data of the CNDs (Fig. 4).
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Fig. 6. Fluorescence images of EA. hy926 cells incubated with E-CNDs (0.1 mgmL"!, right)

and U-CNDs (0.3 mgmL™, left) in the absence of Fe (III) ions (A). Fluorescence images of EA.

hy926 cells incubated with E-CNDs and U-CNDs in the presence of 10 uM of Fe (III) for
different time intervals of 5 min (B), 30 min (C) and 1 h (D).

3.6. Optical sensing of Fe (III) in living cells

The high quantum yield and excellent photostability allow the as-synthesized CNDs to be used in
bioimaging. The confocal images show the localization of both the CNDs inside the EA.

hy926 cells with bright blue fluorescence (Fig. 6). The cells were counter stained with Mito-
tracker green (MT green) to label the actin filaments. In the absence of Fe (III) ions, no
quenching of fluorescence intensity is observed in the cells incubated with either E-CNDs or U-



CNDs (Fig. 6A). Quenching of fluorescence is observed in the cells incubated with the CNDs
upon the addition of Fe (III) ions. At time interval of 5 min, there is not much decrease in the
fluorescence intensity when compared to the control (Fig. 6B), but after the incubation of Fe (III)
ions for 30 min, there is a significant decrease in the fluorescence intensity (Fig. 6C). The
fluorescence is almost completely quenched after incubation of Fe (III) ions for 1 h (Fig. 6D).

3.7. Fluorescence quenching reaction and electrochemistry of Fe (III) with CNDs

The possible quenching mechanism of the CNDs in presence of Fe (III) ions was investigated.
The quenching process may occur due to the formation of a non-fluorescent complex, when a
fluorescent molecule and a quencher interact together. The process can either be static or
dynamic quenching which can be fitted to the Stern-Volmer equation [66].

FO/F =1+ st[Q] (2)

where Fo and F represent the fluorescence intensity of the CNDs in the absence and presence of
Fe (III) ions, respectively, Ksy is the quenching constant, and Q is the concentration of the
quencher (Fe (III) ions).

Both the CNDs show good linear correlation with the Fe (III) ion concentration following the
Stern-Volmer plot. The quenching constant (Ksy) for the low concentration linear range (0.01—
0.5 uM) was determined to be 5.57 x 10* M ! and 3.76 x 10* M™! for E-CNDs (Fig. S8A) and U-
CNDs (Fig. S8B), respectively, by plotting the quenching efficiency ((Fo—F)/F) vs. Fe (III) ion
concentration. The Ky values for E-CNDs (Fig 4C) and U-CNDs (Fig. 4D) was calculated as

1 x10*M'and 2.3 x 10> M !, respectively, for the broader linear concentration range of 0.5—
2000 uM. The larger constant Ksy value suggests faster kinetics of the association of CNDs with
Fe (IIT) at lower concentration of CNDs. Upon addition of Fe (III) ions to the CNDs solution, the
strong blue fluorescence was quenched which was clearly evident from the decrease in the
fluorescence intensity spectra of both the CNDs (Fig. 4A & B). In the presence of Fe (III) ions,
the fluorescence intensity of the CNDs was quenched but this phenomenon was not observed
upon the addition of Fe (IT) ions (Fig. S12). In the presence of Fe (III) ions, the nitrogen rich
CNDs may donate an electron to the Fe (III) to an orbital in the half-filled d-shell, resulting in
the formation of a low or non-fluorescent complex. Hence, a fluorescence quenching reaction is
proposed that addition of CNDs to Fe (III) solution will form a complex of CNDs-Fe (III), then
followed with electron transfer between the optical active sites of CNDs and Fe (III) ions where
the Fe (III) is being reduced to Fe (II). As a result, the fluorescence of CNDs in the complex
CNDs-Fe (IIT)/(IT) is quenched.

To further verify the proposed charge transfer quenching process, electrochemistry using cyclic
voltammograms (CV) of Fe (III) ions in the presence and absence of CNDs was performed with
the potential window of —0.2 to 0.9 V vs. Ag/AgCl. The CV plots of Fe (III) ions have both
oxidation and reduction peaks, but the peaks started to decrease upon the addition of the CNDs.
Moreover, the redox peaks disappeared with the increasing concentration of the CNDs (Fig. 7).
This clearly states that, as the concentration of the CNDs increased and more CNDs-Fe (I1I)
complex formation, electrons from the CNDs are being transferred to the Fe (III) ions resulting
in the loss of redox peaks. The CVs for E-CNDs present much more decrease in peak current



than that of U-CNDs, even though the concentration of E-CNDs is much lower. The results
strongly support that the fluorescence of E-CNDs quenching reaction is kinetically faster than
the U-CNDs by Fe (III), a good agreement with the Ky value obtained by the Stern-Volmer
equation. Based on the observation, a quenching reaction of E-CNDs with Fe (III) is as follows:

E—CND + n(Fe(III)) - FE—CND — (Fe(III))n « F—CND — (Fe(ll))n 3)
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Fig. 7. Cyclic voltammograms of Fe (III) incubated with different concentrations of E-CNDs (A)
and U-CNDs (B) at a scan rate of 20mV s .

The n in Eq. (3) is the stoichiometric coefficient (a number greater than 1) of Fe ions combine to
a single CND through coordinating or chelating interactions due to large number of surface
functional groups for chelating [67]. When CNDs are added to the Fe (III) solution, a complex E-
CND-(Fe (III)), forms and participates in the redox reaction at the working electrode, resulting in
E-CND-(Fe (II))n complex. Note that, since the Fe (III) molar concentration is orders higher than
the CNDs, not all Fe (III) ions form the CND-Fe (III) complex. The CV redox peaks represent an
ensemble of both the free iron ions and the complex (Fig. 7). Due to the association of E-CNDs
with Fe (II) after the reaction, the diffusion of E-CND-(Fe(II)), complex to the working electrode
is slower than the free iron ions in the cyclic voltammetry, consequently a broadened oxidation
peak of Fe (II) in the CVs is observed. The larger separation of oxidation and reduction peaks
with more CNDs in the solution suggests slower electrochemical kinetics of redox reaction of
CND-(Fe (III))o/CND-n(Fe (II)) at the electrode surface because of more CNDs-(Fe (II/I11)),
complex formation and less free Fe (III) ions in the solution [68]. In a control experiment, the
cyclic voltammetry of Fe (II) treated with E-CNDs or U-CNDs presents insignificant changes of
the redox reaction at electrode surfaces (Figs. S13 and S14), suggesting that the chelating of
CND:s to Fe (II) is weak and electron transfer from Fe (IT) to CNDs is not in favor. This result
indicates the fluorescence quenching would be specifically electron transfer from the CNDs to
Fe (III) ions when the complex forms, namely oxidation of CNDs and reduction of Fe (III)
promoted by applied external voltage. Moreover, this control experiment also implies that it is
unlikely the adhesion of CNDs or a contamination to the electrode surface to cause the slower
electrochemical kinetics.

The selectivity of the CNDs can be attributed to the energy level match between the photo-
excited excitons (PL centers) in CNDs and the level of valence d state orbit of the Fe (IIT) when
the CND- (Fe(Ill)), complex forms, resulting the reduction of Fe(IIl) [67,69]. In this work, the



Fe (IIT) valence d state level as an electron acceptor matches the CNDs' PL centers, similar to
Ref. [67] for Fe (III) detection, while other metal ions don't, though CNDs might be able to form
a complex with other metal ions via chelating interactions. This can be further elucidated by the
difference of standard reduction potential of metal ions. For instance, the standard reduction
potential of Fe (III) to Fe (IT) and Cu (IT) to Cu (I) are 0.77 V (NHE) and 0.16 V (NHE),
respectively. The Fe (IIT) is a much stronger oxidizing agent (electron acceptor) than Cu (II).
Hence, one should not expect strong fluorescence quenching with addition of Cu (II) in this case,
though the CNDs-Cu (II) complex may form due to the presence of amine groups of CNDs. This
was confirmed by the CVs of Cu?" in water with and without addition of E-CNDs (Fig. S15) or
U-CNDs (Fig. S16), which don't show significant changes in shape of the CVs while the redox
peak currents decrease with addition of CNDs due to formation of CND- (Cu(Il),, which
indicates decrease of free Cu?*. Similarly, this principle is applicable to other metal ions that
their energy levels don't match the excitons (PL centers) in CNDs for charge transfer. As a result,
no significant interference was observed from Ca?", Co?*, Fe**, Ag®, Cu*", K*, Fe**, Cr** and
Mg?* ete.

4. Conclusion

In summary, E-CNDs and U-CNDs synthesized using one step microwave synthesis are able to
detect Fe (III) ions with high selectivity and sensitivity. The synthesized CNDs show good
aqueous solubility, excellent stability, and high PL with E-CNDs quantum yield as high as 64%.
A decrease in fluorescence intensity is observed with the increase of Fe (III) ions in the CND
solution. E-CND probes provide higher sensitive analysis of Fe (III) ions in comparison to U-
CNDs probe with limit of detection of about 18 nM for E-CNDs and 30 nM for U-CNDs, owing
to increase nitrogen content in E-CNDs. The CNDs are used as probes to detect Fe (III) in real
samples such as tap water and human serum without pretreatment, and the results are validated
by ICP element analysis. Both the CNDs are successfully internalized inside endothelial cells
with bright blue fluorescence and the phenomenon of fluorescence quenching is observed when
the cells are incubated with Fe (I1I), suggesting potential sensing of Fe (III) in living cells. The
fluorescence quenching of CNDs is attributed to a charge transfer mechansim specifically
between CNDs to Fe (III) which is further verified in the cyclic voltammetry studies. The energy
match of the excitons (PL centers) of the CNDs for electron transfer to the metal ions is critical
for allowed charge transfer quenching mechanism when the CNDs-metal ion complex forms. In
conclusion, these CNDs can be valuable nanoprobes in the sensitive and selective detection of Fe
(IIT) ions in a broad dynamic range concentration (0—2000 uM).
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