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ABSTRACT: Graphene oxide quantum dots (GOQDs) with a high
quantum yield (50%) were synthesized using soot collected from a
motorcycle (petroleum vehicle) exhaust pipe and applied as sensors for
ferrocyanide ([Fe(CN)4]*") ions and as bioimaging agents in a cancer cell
line. X-ray photoelectron spectroscopy (XPS) data for the GOQDs
revealed a C/O ratio of 2.49, which was close to that of graphene oxide
(GO). The synthesized GOQDs exhibited strong blue fluorescence. High
sensitivity to detect [Fe(CN)¢]*~ was reported in GOQDs with a
detection limit of 0.46 nmol mL™', and a strong linear relationship was
achieved in the concentration range of 100—1100 xg L™'. The results
demonstrate the utility of GOQDs for detecting [Fe(CN)¢]*™ in a real
scenario. The GOQDs exhibited almost negligible cytotoxicity in cells and
were internalized within 4 h of incubation, emitting blue fluorescence in
the cytoplasm. This suggests that the GOQDs are promising bioimaging agents for biomedical applications. In general, these waste-
derived GOQDs appear to be good chemo- and biosensing probes for real-life applications.

[l Metrics & More ’ Q Supporting Information

Hydrothermal
a1 180 °C, 240 min

Decrease of fluorescence intensity
with increasing ferrocyanide
concentration

1. INTRODUCTION

Urbanization and population growth have contributed to an
increase in waste diversity, necessitating enhanced strategies

nanomaterials are one of them and important for sensor
. . 19 . . .

applications.”~ Carbon-based materials, including carbon
20-22 .

nanotubes, fullerenes, graphenes, graphene oxide, carbon

for waste disposal and management to maintain cleaner
environments. These wastes include paper, agriculture, food,
yard trimming, animal, glass, plastic, metal, leather, rubber,
textiles, and wood." Developing countries face challenges in
disposing large amounts of waste, leading to the need for
sustainable, cost-effective, ecological, social, and legally
permissible management. Waste rich in proteins, minerals,
carbohydrates, and carbon can be used as raw materials in
material science.” For example, eggshell membranes, which are
rich in proteins, are converted into carbon nanodots by
microwave-assisted carbonization.” In another example, carbon
quantum dots (CQDs) were made from sugar cane bagasse
pulp (rich in carbohydrates) using a hydrothermal technique.”
Carbohydrate-rich watermelon peel was used to synthesize the
fluorescent carbon dots .°> Here, we recycled fuel (petroleum)
waste to make graphene oxide quantum dots using an easy and
greener method.

Nanotechnology has provided a new approach in the field of
applied science. which includes areas like environmental
energy,6 catalysis,7 food safety,8 medicines, biotechnology,
sensors, electronics, and 0ptics.9_17 In recent years, nanoma-
terials have held the potential to create ground-breaking
technologies in the health sciences.'® Various carbon-based
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onions, carbon nanoribbons, graphene quantum dots, carbon
quantum dots, and graphene oxide quantum dots, have been
employed in the field of bio/chemosensors,™™ >’
treatment,”®”” and several other uses.”*™** Graphene oxide
quantum dots (GOQDs) are a type of carbon-based quantum
dots with exceptional photoluminescence characteristics that
make them attractive for applications such as nanoprobes and
bioimaging. Research has been conducted to enhance the
properties of GOQDs and broaden their range of applications.
GOQDs have shown outstanding quality and have diverse
applications in sensing and cytotoxicity research. The current
study explored the biosensing, cytotoxicity, and chemo-
sensitivity of GOQDs. Hela is a cervical cancer cell line,
whereas HepG2 is a liver cell line isolated from a
hepatocellular carcinoma. The International Cell Line

cancer
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Authentication Committee (ICLAC) identified 488 contami-
nated cell lines, with 116 cases caused by HeLa cells,
accounting for 24% of all known contaminated cell lines.*
Bioimaging techniques such as photoacoustic, X-ray, MRI, and
PET are used; however, they have drawbacks such as
dangerous radioactive materials, slow operation, and skilled
operators.”* Nanomaterials, such as gold nanoparticles, have
good sensing abilities but are expensive. In addition, most
current methods, such as MRI, are expensive and time-
consuming. Current sensing processes involve complicated
instrumentation setups, high temperatures, highly skilled
operators, and a small detection range of the solution
pH.***® Therefore, a more sophisticated and cheaper method
is required for accurate detection of harmful cancer cells. In
this regard, quantum dots can be efficient candidates, especially
GOQDs, because they have very good solubility in water,
excellent chemical stability, low toxicity, and good photo-
stability. GOQDs have a large number of oxygen-containing
functional groups, which can be easily functionalized by
various fluorophores.”” Hence, biosensing was applied to HeLa
cells and cytotoxicity was assessed in HeLa and HepG2 cell
lines.

Ferrocyanide ions ([Fe(CN)¢]*") are used in caking
processes, while sodium, potassium, and calcium ferrocyanides
are used as anticaking agents. Ferrocyanide ions are less toxic
but can break down at high temperatures, forming highly toxic
cyanides and converting them to sodium cyanide or virulent
hydrocyanic acid under alkaline and acidic conditions, causing
health risks. Improper use can cause Parkinson’s disease (PD),
mental deterioration, and neurodegenerative diseases. Food-
grade salts in the European Union (20 mg/ kg),38 United States
(13 mg/kg),*® China (10 mg/kg),”” and Japan (<20 mg/kg)>*
have different safe dosages. Therefore, it is crucial to develop
an accurate analytical approach for the detection of
ferrocyanide in food. Various methods have been developed,
but most of them have different drawbacks, as previously
discussed. Therefore, a spectrofluorimetric approach based on
quantum dots may be effective for detecting ferrocyanide;
however, more research is needed to fully exploit its benefits.

Based on this knowledge, we hypothesized using novel
recycled fuel waste-derived GOQDs as biosensors (toward
HeLa cells) and, at the same time, as a sensitive fluorescent
nanoprobe for the detection of [Fe(CN)¢]*" ions. The
fluorescence intensity of the GOQDs exhibited considerable
imaging of the respective cell lines along with a quenching
effect from [Fe(CN)4]*". The synthesized GOQDs were used
in HeLa and HepG2 cell lines to test their cytotoxicity. Our
proposed fluorescence approach is expected to open new
avenues for applications in cancer diagnosis and food quality
monitoring.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals were of analytical grade and
obtained from Sigma-Aldrich. Milli-Q water was used for the
preparation of each solution and synthesis. MitoTracker Red
CMXRos and DRAQS were purchased from Thermo Fisher
Scientific (Invitrogen). The optical properties were charac-
terized using an ultraviolet—visible (UV—vis) spectrometer
(Thermo Scientific Evolution 201) and fluorescence spec-
trometer (Hitachi, F-2700). Structural analysis was performed
using Fourier-transform infrared (FTIR) spectroscopy, and the
morphology of the GOQDs was analyzed using high-resolution

transmission electron microscopy (HRTEM) (JEM-F200,
JEOL).

2.2. Synthesis of GOQDs. Briefly, soot was collected from
a petrol-based motorcycle exhaust pipe. To synthesize
GOQDs, petrol-based motorcycle exhaust soot was collected
and thoroughly dried. Then, 12 mL of H,0O, solution [$% (w/
w)] was added to 120 mg of dried soot and heated at 180 °C
in a 25 mL Teflon-lined autoclave for 240 min. After cooling,
filtration was performed using Whatman No. 1 filter paper (to
remove the unreacted carbon source), followed by centrifuga-
tion at 15,000 rpm for 7 min to obtain a clear and light straw
yellow-colored solution. Under 365 nm UV light, this solution
produced strong blue fluorescence. The obtained straw-yellow-
colored GOQD solution was treated under reduced pressure
and heat to obtain solid GOQDs. The yield of the solid
GOQDs was approximately 11% by weight. The solid GOQDs
were wrapped in aluminum foil (to protect them from light)
and stored at 0—4 °C.

2.3. Detection of [Fe(CN)s]*~ lons. To demonstrate the
chemosensing ability of the synthesized GOQDs, various
concentrations of [Fe(CN)4]*~ were mixed and monitored by
fluorometry. K,[Fe(CN),] solutions with various concen-
tration (0—1100 g L™" or ng mL™") were prepared in Milli-Q_
water. A 150 mg L™ or 150 ng mL™' suspension of the
nanoprobes was created by adding 20 mL of Milli-Q water to 3
mg of GOQDs. Each concentration of [Fe(CN)4]*~ was added
to 1 mL of 150 mg L™' GOQDs solution. LOD and LOQ were
calculated using the equations given below (eqs 1-2)

SD

LOD =33 x —
m (1)

LOQ = 10 x 22

< ” @)

where SD; = Standard deviation of the intercept in the
calibration curve and m is the slope of the calibration curve.

After mixing the [Fe(CN)4]*™ solution with the GOQDs
solution, photoluminescence (PL) intensity was recorded at
418.5 nm with 4., = 308.5 nm.

2.4. Cellular Uptake Study by Confocal Microscopy.
For the cellular uptake study, HeLa cells were seeded on a 35
mm cover glass-bottomed dish (SPL Ltd., Pocheon, Korea) at
a concentration of 2 X 10* cells/dish. After incubation for 24 h
and removal of the cell culture media, GOQDs (0.1 mg mL™")
in serum-free media were added, and the cells were incubated
for 4 h at 37 °C. The cells were then washed three times with
PBS to remove any noninternalized GOQDs, and either 2 mL
of DRAQS (10 uM) or 2 mL of MitoTracker (100 nM) was
added and incubated for 10 min to stain the nucleus or
mitochondria. Confocal laser scanning microscopy (Carl Zeiss
LSM 710) with an oil immersion lens (NA 1.30, 100X) was
used to detect the fluorescence inside the cells. The GOQDs
were excited at 405 nm using a HeNe laser and blue
fluorescence was observed at 426—500 nm. DRAQS and Mito
Tracker were excited at 543 nm and red fluorescence was
observed at 649—808 nm.

2.5. Evaluation of Cytotoxicity of GOQD by 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide
(MTT) Assay. HeLa and HepG2 cells were seeded in 96-well
plates at a density of 1 X 10* cells/well in DMEM containing
10% fetal bovine serum (FBS, Welgene) and 1% penicillin-
streptomycin (Hyclone). After 24 h of culturing at 37 °C in a
CO, incubator, the culture media were removed and the cells
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Figure 1. Emissive light under 365 nm for the synthesized GOQDs at various time length: (a) 3 h, (b) 4 h, (c) S h, (d) 7 h and temperatures: (e)

150 °C, (f) 180 °C, (g) 200 °C.
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Figure 2. (a) UV—vis, excitation, and emission spectra; (b) PL spectra. (c) Aqueous suspension before (left vial) and after (right vial) irradiation
with UV-365 nm light. (d) Integrated fluorescence intensity vs absorbance plots for GOQDs and quinine sulfate (reference).

were washed with 200 pL of PBS. The GOQDs solutions were
treated with different concentrations ranging from 0 to 250 ug
mL™" in serum-free medium and incubated for 24 h at 37 °C.
The treated cells were rinsed with cold PBS and exposed to
MTT with media for 4 h. The media were removed, and
DMSO (180 uL) was added to each well to dissolve the
formazan crystals. The dissolved formazan was quantified using
VICTOR Nivo, Multimode plate reader to measure its
spectrophotometric absorbance at 540 nm. The percentage
of cytotoxicity was calculated based on the control (0 yg mL™
GOQD). All MTT assay experiments were conducted in
triplicate.

3. RESULT AND DISCUSSION

3.1. Synthesis of GOQDs. Upon extending the reaction
time from 4 to 7 h, the emission of the synthesized GOQDs
under 365 nm irradiation transitioned from blue to lemon-
yellow (Figure 1a—d). Optimal blue fluorescence was observed
when the reaction time was increased from 3 to 4 h,

14231

transitioning to light lemon-yellow begins after S h, and
reached maximum brightness after 7 h. Additionally, the
synthesis temperature of the GOQDs was varied at 150, 180,
and 200 °C for 4 h (Figure le—g). The results indicated that
the synthesized GOQDs exhibited the most intense blue
emission when the temperature was increased from 150 to 180
°C, with further heating resulting in GOQDs that emitted
lemon-yellow light emission.

In general, as the reaction time increases, there is a greater
probability of aggregate formation or surface oxidation,
resulting in a shift from blue to bright lemon-yellow light. As
the temperature increases, surface oxidation occurs, resulting in
an increase in the number of oxygen-containing groups on the
surface; thus, a redshift takes place.40 As mentioned in a
previous study, aggregation leads to a larger size, and with
increasing size, red shifting occurs, which is also observed
here.*’

3.2. Characterization Techniques. Various character-
ization techniques can be applied to obtain concrete evidence

https://doi.org/10.1021/acsomega.5c00229
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Table 1. Various Parameters for the QY Calculation of GOQDs

sl no. concentrations (% v/v) UV absorbance
1 25% 0.01 72,708
2 50% 0.03 136,699.7
3 75% 0.05 206,827.9
4 100%, 61 mg L™ 0.07 281,701.4

QYs (%) Solvent = Water
50.3%

area of PL spectra (GOQDs)

slope = 3.5 X 106, intercept = 35,063

area of PL spectra (Reference)
93,714.7
166,833.3
239,663
319,600
slope = 3.8 X 105 intercept = 54,856
54.6% (reported)

for the formation of GOQDs. These methods can be
categorized into three groups: morphological, skeletal, and
optical. For optical characterization, a dilute suspension of the
materials was characterized using UV—vis and fluorescence
spectroscopy. FTIR spectra and XPS analysis can be used for
skeletal or structural characterization, and HRTEM analysis
can be used to study morphological properties.

3.2.1. Study of Optical Properties. The optical character-
istics of the GOQDs were identified by UV—vis and PL
spectroscopy, and the results are shown in Figure 2a,b. The
UV—vis absorption spectra of the GOQDs exhibited a wide
absorption from 190 to 800 nm with one peak at 207.5 nm and
two shoulders at 261 and 336 nm. According to the literature,
the 207.5 nm transition is due to the z-7* of aromatic C=C,
while the transition for the n-7* of the C=0O bond occurs at
261 nm. A similar result was also found by Nugroho et al.** for
GOQDs. The PL spectra show peak intensities at various
excitation wavelengths, as illustrated in Figure 2b, which
reveals that the fluorescence of the produced GOQDs is
excitation dependent. From the results, it can be clearly
observed that with increasing excitation wavelength, the
emission intensity decreases and is maximized at 320 nm;
hence, a 320 nm excitation wavelength was used in every case.
Figure 2b also illustrates that when the excitation wavelength
increased from 320 to 480 nm, the emission peak shifted
toward longer wavelengths. This may be due to surface flaws,
more oxygen-containing functional groups, different particle
sizes, and emissive trap energy levels, which are also
responsible for the carbon dot type.*”** The maximum
emission intensity at 320 nm is in the range of 408—420
nm. Figure 2c shows the suspension of GOQDs under day-
light and UV-365 nm light. Strong blue-emissive light was
observed under 365 nm UV light.

The quantum yield (QY) for the GOQDs were calculated by
comparing the respective PL spectra of all aqueous GOQDs
with that of quinine sulfate using the following formula given
as eq 3. For the GOQDs and quinine sulfate, the QY
(@coqps) was estimated by plotting the integrated fluorescence
intensity against the absorbance (Figure 2d), and the resulting
slope is used in eq 3

MGoQDs » Ncoqps
ref ’/[ref (3)

X

Pooqps = Pt -

where Pcoqpy Pret = QY, Mgoqpy Mcoqps = slopes of Figure
2d, Ngoqpy Mwer = optical density of GOQDs, and quinine
sulfate. The QY calculation results are presented in Table 1.
The QY of the synthesized GOQDs was calculated and
found to be approximately 50% with respect to quinine sulfate
as the reference fluorophore, which had a QY of 54.6%. A
comparison of the QY of various biomass-derived carbon dots
and our reported GOQDs is presented in Table 2. From the
table, it can be said that our synthesized GOQDs had a much

14232

Table 2. Comparison with Various Reported Carbon-Based
QD Showing Blue Fluorescence

biomass source type of QDs QY (%) reference

Prawn shells carbon dots (CDs) 9 47

Fingernail CDs 42.8 48

Lotus root CDs 19 49

Orange peels CDs 36 50

Platanus waste CDs 32 S1

Rice husk GQDs 8 52
biomass

Spent tea GQDs 23 53

Dead neem GQDs 2 54
leaves

Used coffee GQDs 24 SS
beans

Waste tonner GOQDs 10.6 56

Waste diesel-soot Nonaqueous onion like 6 57

nanocarbons

Citrus limon Peel CQDs 49.5 58

palm kernel shells CQDs 2.4 59

diesel engine CDs 3 45
soot

diesel engine CDs 1.9 60
soot

kerosene fuel CDs 3 61
soot

Candle soot CDs 08-19 62

Petroleum soot GOQDs S0 this work

better QY than the other reported materials; hence, this was
used to sense ferrocyanide ions and for bioimaging purposes.

The stability of the fluorescence under different pH and
temperature conditions was observed, and the results are
presented in Figure 3ab. When the fluorescence intensity of
the synthesized GOQDs was investigated at various pH values,
it was found that the fluorescence intensity was highest at pH
7.

A significant number of ampholyte groups, including
—COOH and —OH (phenolic), attach to the surface of
GOQDs, which are very sensitive to pH and have variable
isoelectric points and dissociation constants.”> Thus, it is
reasonable to anticipate pH-dependent emission behavior.
From these results, it can be said that as the pH increased from
1 to 7, the fluorescence intensity also increased and reached its
maximum at pH 7; however, when the pH was further
increased from 7 to 11, the fluorescence intensity decreased.
However, the fluorescence intensity was affected when the
temperature was varied. As the temperature was elevated from
30 to S0 °C, the fluorescence intensity demonstrated a
concurrent increase. Similar results were obtained by Wang et
al. for carbon dots.®* In another study, Li et al.,65 designed the
synthesis of graphene quantum dots (GQDs) at various
temperature and found that PL intensity decreases with
increasing temperature. They claim that a common feature of

https://doi.org/10.1021/acsomega.5c00229
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Figure 5. (a) Multilayer, (b) Single layer, and (c) Lattice fringes in HRTEM images under resolution of 5 nm. (d) Area chosen from a HRTEM
image (under SO nm resolution) for size analysis, and (e) corresponding histogram for the GOQDs.

the PL signal of many QDs is the red shift or Stokes shift,
which is a result of increasing temperature and occurs due to
the nonradiative decay to the lowest vibrational energy level of
the excited state. The thermally induced volumetric displace-
ment of lattices, or the equilibrium spacing of atoms, may alter
the photon energy exchange during fluorescence excitation as a
result of temperature increase, altering the photon energy of
the excited fluorescence signal. The photostability of the
synthesized GOQDs was evaluated by continuously irradiating
the GOQDs in water with UV irradiation (365 nm, 8 W) for
120 min, and the PL intensity was measured; the results are
shown in Figure 3c. The normalized PL intensity was >94%
even after 120 min i.e., remains almost constant inducing the
excellent photostability of prepared GOQDs.°*®” We also
observed the fluorescence of GOQDs treated to HeLa cells
using confocal microscopy. The same localization of cells was
repeatedly observed at 2 min time intervals, demonstrating that
the fluorescence intensity was maintained even after 10 laser
scans by confocal microscopy (Figure S1). Therefore,
photobleaching of GOQDs does not occur, and GOQDs
exhibit excellent photostability for imaging purposes.

3.2.2. Structural Analysis. For structural analysis, the FTIR
and XPS results were investigated. In the FTIR spectra (Figure
4a), the aromatic C=C stretching vibration corresponded to
strong bands at approximately 1569 cm™.°® The C—H bond
exhibited stretching frequencies of 2930 and 2852 cm ™. The
presence of the —OH, C=0, C—OH, and C—-O groups is
shown by the clear characteristic peaks at 3203, 1746, 1393,
and 1087 cm™, respectively.”” The hydrophilic groups can
keep the GOQDs stable in an aqueous solution, and these
oxygen functional groups are typical of the oxidized forms of
graphene (ie, the GOQDs were generated). All stretching
frequencies matched well with those reported in the literature

for graphene oxide (GO); hence, it can be concluded that the
synthesized material had a GO-like structure.

The produced GOQDs were subjected to elemental analysis
using XPS spectroscopy, and the obtained C/O ratio was 2.49,
which is similar to the reported C/O ratio (=3 to 1) of
graphene oxide (GO).”" Whereas, the exhaust soot carbon had
a C/O ratio of 6.5. Hence, from Figure 4b, it can be clearly
seen that a large amount of oxygen was introduced during the
oxidation of soot carbon when treated with H,0O,. Peak at
283—290 eV corresponds to the C 1s peak, whereas for the O
1s spectra, a 5$30—53S eV range of peak was observed (Figure
4b). By analyzing the C s spectra, the following bonds were
identified: C=C (284.8 eV), C—OH (286.2 eV), C=0
(287.1 eV), and O—C=0 (288.9 eV).”””* Through analysis
of the O Is spectra, three distinct peak regions were identified
at 531.6, 532.6, and 533.2 eV, which correspond to C=0, C—
OH (or C—0), and H,0, respectively.”* Overall, these results
suggest that the sheet-like compound is actually composed of
very small-sized graphene oxide quantum dots (GOQDs),
which are commonly referred to as GO.

3.2.3. Morphology Analysis. For morphological analysis,
HRTEM was performed and the lattice parameter (d-spacing)
was measured. The lattice fringes are shown in Figure Sd.
According to HRTEM analysis, the average size of the GOQDs
was 7.08 nm. A histogram of the size analysis is shown in
Figure 5d.

The existence of a lattice structure in the GOQDs was
revealed by high-resolution transmission electron microscopy
(HRTEM) (Figure Sa,b). The lattice spacing was determined
to be 0.250 nm, which corresponds to the (1120) plane.”” A
multilayer structure is obtained, as shown in Figure Sa, and a
planar sheet-like structure is shown in Figure Sc.

3.3. Application as PL Sensor. The linearity of the
chemosensing process was assessed by examining how the
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Figure 6. (a) Decreasing fluorescence intensity with increasing concentration of the [Fe(CN)¢]*" ion-containing solution. (b) Relative
fluorescence intensity calibration curve as a function of [Fe(CN)¢]*~ concentration (Stern—Volmer plot) at ambient temperature. (c) Selectivity

study of GOQDs for sensing various anions (100 ymol).

fluorescence intensity of the GOQDs’ solution changed upon
addition of various amounts of [Fe(CN)4]*". Figure 6a shows
that increasing the concentration of [Fe(CN)6]* reduced the

Table 3. Comparison of LOD’s of [Fe(CN)]*~ Ions for
Various Sensing Probes

fluorescence intensity of the GOQDs, indicating the effective sensors LOD values references
quenching ability of [Fe(CN)6]*". To assess the linearity of N, §, Cl-CNPs 33 and 21.8 ng mL™" 38
this sensing system for [Fe(CN)6]4_, the F,/F ratio was amine functionalized silica on gold ~ 0.53 nmol mL™" 76
plotted against the [Fe(CN)4]*~ concentration (where F, and spectroelectrochemical sensor 50 nmol mL™" 77
F are the fluorescence intensities before and after interaction motorcycle soot derived GOQDs 046 nmol mL™! this work

with ferrocyanide). A linear relationship was observed in the
concentration range of 100—1100 ug L' or 100—1100 ng
mL™" (Figure 6b), following the Stern—Volmer eq (eq 4)

by +1
— = mx

F 4)
where x is the concentration of [Fe(CN)]*~ and m denotes
the slope of the calibration curve. The linear relationship

shown in Figure 6b, is % = 0.0022x + 1.0168. The computed

detection limit (3 X SD;/m, n = 11) is 169.0S ug L™" or169.05
ng mL ™" or 0.46 nmol mL™". It is determined that the limits of
quantity (10 X SD;/m, n = 11) are 563.5 ug L™" or 563.5 ng
mL™" or 1.53 nmol mL™". The standard deviation of the
intercept was calculated from the standard error of the
calibration curve using eq 5. The linearity and sensitivity of the
proposed fluorescence method were similar to those of
previously reported analytical methods.*® As shown in Table
3, the proposed fluorescence method achieved a considerably
higher sensitivity and wider linear range than previously
reported results. The proposed fluorescence approach offers
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the clear benefits of tremendous simplicity, quick analysis, ease
of application, and low cost, which undoubtedly open new
possibilities for the effective sensing of [Fe(CN)¢]*" ions.

SD, = SE x n'/? ()

To study the selectivity of the GOQDs sensor for
[Fe(CN)¢]*™ detection, the intensity ratios of F/F, for the
GOQDs in the presence of various anions, including
ferricyanide ([Fe(CN)4]*7), chloride (Cl7), bromide (Br~),
hydroxide (OH™), nitrate (NO;~), carbonate (CO;*”), and
sulfate (SO,*”), were obtained, as shown in Figure 6c. The
concentration of each anion, including [Fe(CN)]*", was 100
uM. The addition of [Fe(CN)4]*™ to the GOQDs solution
resulted in an apparent decrease in the fluorescence intensity,
whereas the remaining anions exerted no effect under the same
optimal conditions.”®

To study the sensing mechanism for [Fe(CN)¢]*~ detection,
the absorption spectrum of [Fe(CN)¢]*™ and the excitation
and emission spectra of GOQDs were compared. The
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Figure 7. Cell viability data for (a). HeLa and (b) HepG2 cells treated with various concentrations of GOQDs.

excitation spectrum of the GOQDs shows an excitation peak at
320 nm, and [Fe(CN)¢]*" exhibits two absorption bands at
269 and 326 nm, respectively;38 hence, a good overlap between
the excitation spectrum of the GOQDs and the absorbance of
[Fe(CN)4]*™ can be concluded. Thus, it can concluded that
the sensing mechanism is primary inner filter effect (PIFE). No
overlap was observed between the absorption spectrum of
[Fe(CN)g]* and the emission spectrum of the GOQDs
(Figure 2a). Therefore, the interaction between the GOQDs
and [Fe(CN)¢]*" does not result from Forster resonant energy
transfer (FRET) or the secondary inner filter effect (SIFE).

3.4. Cytotoxicity of GOQDs. The produced water-
dispersible GOQDs exhibited potential for use in biological
applications. To determine whether GOQDs could be used as
bioprobes, the toxicity and viability of HeLa and HepG2 cells
after treatment with various concentrations of GOQDs were
investigated. After 24 h of incubation, the cells were analyzed
using the MTT assay to determine cell viability. As shown in
Figure 7a,b, HeLa cells exhibited cell viability exceeding 96% at
the maximum concentration, while HepG2 cells maintained
viability above 83%, indicating that the GOQDs possess low
cytotoxicity toward both cell lines. Conventional QDs are
known to be highly toxic to humans because of the presence of
heavy metals such as cadmium. In contrast, GOQDs are not as
harmful as conventional QDs, implying that they could be
useful bioimaging tools in biological studies that require
photostable, bright, harmless, and cell-permeable agents.

3.5. Bioimaging of GOQDs. The cellular uptake of
GOQDs in live HeLa cells was examined using confocal
microscopy. Cells were treated with 10 yuM GOQDs for
different incubation times. We found that an incubation time
of at least 4 h was required for the GOQDs to be sufficiently
internalized into the cells and to observe the blue fluorescence
emitted by the GOQDs. Thus, a 4 h incubation time was fixed
throughout the rest of the study. After 4 h of incubation of the
GOQDs in HeLa cells, the cells were washed three times with
cell medium to remove any noninternalized GOQDs. The cells
were then treated with DRAQS (10 #M) which is a specific
marker of cell nuclei that emits red fluorescence. The GOQDs
were predominantly localized in the cytoplasm but not in the
cell nucleus, possibly because of their size (Figure 8a). To
confirm the cellular localization of GOQDs, GOQD-treated
cells were incubated again with another marker, Mito Tracker
(100 nM), which specifically stains mitochondria with red
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GOQDs DRAQS5 Merge
GOQDs Mitotracker Merge

Figure 8. Cellular uptake of GOQDs (10 yM, 4 h incubation) by
HeLa cells was observed using confocal microscopy. (a) HeLa cells
incubated with GOQDs (blue), DRAQS (red), and merged image
(right third), (b) HeLa cells incubated with GOQDs (blue), or
MitoTracker (red), and the merge image (right third), scale bar: 10

pm.

fluorescence. We observed that the GOQDs colocalized with
the Mito Tracker in the merged image (Figure 8b).
Mitochondria exist only in the cytoplasm, and the observations
above show that GOQDs do not enter the nucleus but diffuse
only into the cytoplasm, including the mitochondria. It has
been previously reported that conventional QDs do not
internalize into HeLa cells and that they need to undergo
surface modification to increase the cell membrane perme-
ability. Interestingly, the GOQDs were well taken up by HeLa
cells even without any chemical modification of the particle
surface. This suggests that GOQDs are a promising bioimaging
tool for cancer treatment.

4. CONCLUSIONS

This study demonstrates the synthesis of motorcycle soot-
derived GOQDs, which are used for chemo- and biosensing
applications. The GOQDs were characterized using several
techniques such as UV—vis spectroscopy, PL spectroscopy,
XPS, FTIR, and HRTEM. From the UV—vis spectra, the
GOQDs exhibited 7—x * transitions of aromatic C=C and
n—7* transitions of C=0. Under 365 nm UV light, a strong
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blue-emissive light was observed. The QY was also calculated
for the synthesized GOQDs and found to be approximately
50% relative to that of quinine sulfate (QY = 54.6%). In the
XPS spectra, the C/O ratio is 2.49, which is closer to that of
GO. By analyzing the C 1s and O 1s spectra, the following
bonds were identified: C=C, C—OH, C=0 O—-C=0, and
C—O0. Lattice fringes are clearly visible in the HRTEM images
of the GOQDs; the average size of the GOQDs was 7.3 nm in
average. Chemosensing experiments showed that, as the
ferrocyanide concentration increased, the fluorescence inten-
sity of the GOQDs decreased. The chemosensing of
ferrocyanide ion revealed that the LOD value was 0.46 nmol
mL™" which was quite better value compared to the reported
literature. The sensing mechanism involved was PIFE. While
conducting the bioimaging test (using Mitotracker and nucleus
tracker), it was found that the GOQDs could be spread over
the entire cell, except for the nucleus, probably because of the
size effect. As the GOQDs were not very toxic to HeLa and
HepG2 cell lines, they could be efliciently used for the
detection of cancer cells.
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HeLa cells were treated with GOQDs, and were
observed with confocal microscopy repeatedly with
time intervals. The fluorescence does not diminish
(Figure S1) (PDF)
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