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Abstract

Carbon quantum dots (CQDs) luminescent carbon nanostructures are typically synthesized using complicated procedures and toxic

reagents and feature insufficiently characterized structures. To address these limitations, we herein developed a simple and eco-friendly

top-down microwave-assisted synthesis of CQDs from household supplies (sugar, vinegar, and baking soda). Ultraviolet—visible ab-

sorption spectroscopy, X-ray diffraction (XRD), and transmission electron microscopy (TEM) were used for CQD characterization. The

average crystallite size of CQDs determined by XRD (50.627 + 4 nm) reasonably well agreed with the average particle size determined

by TEM (37 £ 5 nm), and the sample prepared under optimal conditions featured a fluorescence quantum yield of 0.247. Moreover,

CQDs were shown to competitively inhibit lactate dehydrogenase.
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1. Introduction

Quantum dots semiconductor nanoparticles with di-
ameters typically under 10 nm are widely used as markers
and sensors, photodetectors, and display components be-
cause of their advantageous fluorescence properties [1,2]
but typically contain heavy metals and are therefore toxic
to humans and the environment [3]. Consequently, con-
siderable attention has been drawn to carbon quantum dots
(CQDs), which exhibit the fluorescence characteristics of
conventional quantum dots but do not contain heavy metals
and are therefore nontoxic and highly biocompatible [4].

The photophysical properties of quantum dots, includ-
ing CQDs, are directly affected by their size and shape be-
cause of the quantum confinement effect [5], with smaller
particles typically having a wider band gap (i.e., a larger
energy difference between the lowest-energy conduction
band and highest-energy valence band) [6]. As a result,
quantum dots have higher emission efficiencies and excita-
tion energies than their bulk counterparts. The fluorescence
emission wavelength of quantum dots increases with their
size [7]. The size of quantum dots is positively correlated
with their fluorescence lifetime, e.g., electron—hole pairs in
larger dots are confined within closer-spaced energy lev-
els [8] and therefore have longer lifetimes [9]. A quantum
dot, similar to a molecule, has a quantized density of elec-
tronic states close to the bandgap edge and a quantized en-
ergy spectrum. Correlations exist among the fluorescence
lifetime, emission intensity, and shell thickness of quantum

dots. A major advantage of quantum dots is the high degree
of control over their size and hence, photophysical proper-
ties [10,11].

CQDs are nanoparticles that are primarily composed
of carbon, typically have diameters of <10 nm, and ex-
hibit fluorescence without necessarily displaying signs of
quantum effects [12]. Owing to their advantageous fluores-
cence properties, high water solubility, stability, and func-
tionalization simplicity, CQDs have attracted much atten-
tion and find numerous industrial (e.g., biomedicinal) ap-
plications [13]. However, CQDs are typically synthesized
using complicated procedures and toxic reagents and have
not been structurally characterized in detail. To address
these limitations, we developed a simple and eco-friendly
top-down microwave-assisted synthesis of CQDs, charac-
terized them using ultraviolet—visible (UV—vis) absorption
spectroscopy, X-ray diffraction (XRD), and transmission
electron microscopy (TEM), and examined their ability to
inhibit lactate dehydrogenase (LDH).

2. Materials and Methods
2.1 COD Synthesis

Table sugar (sucrose), white vinegar (Aqueous acetic
acid), and baking soda (sodium bicarbonate) were pur-
chased from a local market in Misan, Iraq. A solution of
table sugar (80 g) in distilled water (250 mL) was supple-
mented with white vinegar (100 mL) and microwaved in a
microwave oven (ONAX, Model:DB) at medium heat (525
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W) for 3 min. The resulting acidic solution of glucose and
fructose was neutralized to pH 7.62 with baking soda (30.0
g) and then microwaved for two equal intervals (total heat-
ing time = 10, 13, or 16 min) to afford three CQD disper-
sions (samples A, B, and C, respectively).

2.2 COD Characterization

TEM analysis (JEM-2100, JEOL, Tokyo, Japan) was
performed by an external laboratory. UV-vis measure-
ments were carried out in the 200-800 nm range using
a UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan).
XRD analysis (Bruker AXS D8 Advance, Karlsruhe, Ger-
many) was carried out using Cu K, radiation (1 = 1.5406
A). Fluorescence emission and excitation spectra were
recorded using a spectrofluorophotometer (RF-5301 PC,
Shimadzu, Kyoto, Japan).

LDH (BIOLABO SAS, Maizy, France) activity was
estimated according to manufacturer’s instructions using 80
mM Tris (pH 7.2) as a buffer, 1.6 mM pyruvate as a sub-
strate, and 0.2 mM nicotinamide adenine dinucleotide (BI-
OLABO SAS, Maizy, France) as a coenzyme. LDH activity
was defined as the enzyme quantity generating 1 uM of lac-
tate per minute at 37 °C. Dilute CQD solutions (10, 15, 20,
25, and 50 ppm) were used as LDH inhibitors [14,15]. Af-
ter incubating the substrate (1 mL) in a water bath at 37 °C
for 5 min, the inhibitor (20 pL) and a pool of serum from in-
dividuals with hereditary hemolytic disorders (20 pL) were
added. Absorbance was measured at 340 nm after 30 s, 1
min, and 2 min, and residual activity was determined as

AADbs
min

UI/L = x 8095 (M

where Ul and AAbs are units of enzyme activity per
liter and Change in absorbance per minute, respectively.
The percentage of inhibition was calculated as [16]

% Inhibition
Activity% with inhibitor
= X
Activity Y without inhibitor

—100

00) 2

3. Results
3.1 Photoluminescence

Solution color intensity increased with the increasing
microwaving time (Fig. 1). All samples exhibited green
fluorescence under 395-nm UV light (Fig. 2).

3.2 UV—Vis Analysis

Fig. 3 shows the UV—vis spectra of samples A—C and
tryptophan (reference used for the subsequent determina-
tion of fluorescence quantum yield). For sample C, the

Fig. 1. Images of samples (A—C) under normal light.

spectrum showed saturation rather than a distinct absorp-
tion peak; therefore, no reliable absorption maximum was
assigned, 267 nm (samples A and B), and 278 nm (trypto-
phan) and agreed with the fact that the deepest color was
observed for sample C.

3.3 Fluorescence Quantum Yield

To determine fluorescence quantum yields (Q values),
measurements were performed for aqueous samples in the
range of 300-900 nm using tryptophan as a reference.

E A

2
ETAsn; ®)

T

Qs = Qr x

where n is the refractive index of the employed sol-
vent, A is the solution absorbance at 278 nm, FE is the inte-
grated fluorescence intensity, and subscripts “r” and “s” de-
note the reference and unknown fluorophores, respectively.
The ng 2/n, % ratio equals unity if the reference and unknown
samples are dissolved in the same solvent, as in our case
(solvent = water).

The determination of fluorescence quantum yields us-
ing the above method is based on the assumption that two
solutions (reference and test sample) with the same ab-
sorbance at the excitation wavelength absorb the same num-
ber of photons.

The fluorescence spectra of tryptophan and the exam-
ined samples are provided in Figs. 4,5, respectively, and

the corresponding fluorescence quantum yields are listed in
Table 1 [17].
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Fig. 2. Images of samples (A—C) under 395-nm ultraviolet (UV) light.
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Fig. 3. Ultraviolet—visible (UV-vis) spectra of samples (A) A, (B) B, and (C) C and (D) tryptophan.

Table 1. Optical properties of samples A—C.

Compound  Amax (nm) A at 278 nm (0]

Tryptophan  278.00 1.576 0.15200
Sample A 267.00 0.600 0.24740
Sample B 267.00 2.900 0.11809
Sample C 354.50 4.000 0.09452

&% IMR Press

3.4 XRD Analysis

The XRD pattern of CQDs featured peaks at 26
= 16.819°, 22.036°, 28.973°, 30.382°, 32.359°, 33.693°,
33.843°, 39.995°, 44.672°, 47.467°, 50.843°, and 57.793°
(Fig. 6). The peak at 28.9735° was ascribed to the (002)
plane of graphitic carbon (JCPDS No. 41-1487), confirm-
ing the presence of CQDs [18,19].
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Fig. 4. Fluorescence spectrum of tryptophan.
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Fig. 5. Fluorescence spectra of samples (A—C).

Crystallite size D (nm) was determined using the
Debye—Scherrer equation:

RS
~ Bcosb

“4)

where 4 =0.15406 nm is the wavelength of X-ray radi-
ation, £ (rad) is the full width at half maximum of the peak
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Fig. 6. X-ray diffraction (XRD) pattern of carbon quantum
dots (CQDs).
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Fig. 7. Morphological characterization of CQDs. (A) TEM im-
age and (B) size distribution of CQDs with a Gaussian fitting
curve. TEM, Transmission Electron Microscopy; CNDs, Carbon
Nanodots. Scale bar = 100 nm.

of interest, @ (rad) is the Bragg (diffraction) angle of the
peak of interest, and K is Constant [20] (Table 2).

3.5 TEM Analysis

Fig. 7A shows representative TEM images of the
CQDs, which appear as dark spheres free from contami-
nants. The only technique for measuring particle size that
observes and measures individual particles directly is mi-
croscopy [21]. TEM images were processed using the Im-
agelJ software to determine the CQD sizes and size distri-
butions (Fig. 7B). The CQD size ranged from 10 to 70 nm,
averaging to 37 £ 5 nm (n = 20).
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Table 2. Crystallite sizes of CQDs calculated using different XRD peaks.

Peak position (26 (°)) 6 (°) 6 (rad) cosd pS[°2Th.] p(rad) D (nm)
16.8199 8.40995  0.1467 0.989 1.7698 0.0308 4.538
22.0366 11.01830 0.1922 0.981 0.4855 0.0084 16.672
28.9735 14.48675 0.2527 0.968 0.9192 0.0160 8.927
32.3596 16.17980 0.2822 0.960 0.7581 0.0132 10912
33.6935 16.84675 0.2938 0.957 0.9840 0.0171 8.436
39.9958 19.99790 0.3488 0.939 0.3372 0.0058 25.072
44.6729 22.33645 0.3896 0.925 0.1732 0.0030 49.590
47.4674 23.73370 0.4140 0.915 1.3776 0.0240 6.299
50.8430 25.42150 0.4434 0.903 0.0900 0.0015 97.733
57.7930 28.89650 0.5040 0.875 0.0900 0.0015 101.038

Average D = 50.627 = 4 nm.
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Fig. 8. Lineweaver—Burk plots obtained for lactate dehydro-
genase in the presence and absence of CQDs.

3.6 Inhibitory Effect of CODs on LDH

Fig. 8 presents Lineweaver—Burk plots for LDH ob-
tained in the presence and absence of CQDs. Upon the in-
troduction of CQDs, V. (Maximum velocity) remained
unchanged at 416.66 (umol/min), whereas K, (Michaelis
constant) decreased from 689.822 to 537.90 (mM), which
indicated competitive inhibition.

4. Discussion

Unlike previously reported CQD synthesis methods,
ours uses simple and nontoxic/noncorrosive materials and
household equipment and is energy-efficient. Under mi-
crowave irradiation, sucrose was hydrolyzed into glucose
and fructose, which were further converted into CQDs in
the basic solution [22]. The solution darkened with in-
creasing concentration of the CQDs [23]. The duration of
microwave heating markedly affected the properties of the
CQDs. Longer microwave exposures enhanced the CQD
formation, as evidenced by the corresponding changes in
absorption peak position, fluorescence intensity, and color
under normal and UV light. XRD analysis revealed that
the CQDs featured a crystalline structure with the (002)
graphitic plane, while TEM analysis revealed a uniform
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spherical morphology with a moderately broad size distri-
bution. Enzyme inhibition analysis showed that the CQDs
competitively inhibited LDH. Overall, our findings demon-
strate the efficiency of the employed method in producing
CQDs with controlled structural and optical properties.

Study limitations include the difficulty in controlling
synthesis conditions to obtain CQDs with high quantum
yields, as the quantum yield is sensitive to even small
changes in temperature or reaction time. In addition, sen-
sitive instruments were required for optical measurements,
and the results could be affected by changes in parameters
such as lighting or contamination.

5. Conclusion

A facile eco-friendly process for producing CQDs
from readily available precursors was developed. XRD,
TEM, and UV-vis spectroscopy analyses revealed the small
size, high crystallinity, and advantageous optical properties
of'the CQDs. The CQDs exhibited intense fluorescence and
high quantum yields and competitively inhibited LDH, thus
holding promise for biological and medicinal applications.
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