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ABSTRACT: Carbon dots (CDs)�minute carbon nanoparticles with
remarkable luminescent properties, photostability, and low toxicity�show
potential for various applications. CDs synthesized using citric acid and urea
are the least toxic to biological environments. Here, we aimed to explore the
effect of CDs synthesized using citric acid and urea at 50, 33, and 25% (CDs
1/1, 1/2, and 1/3, respectively) weight ratios in a microwave on bacterial cell
fluorescence sensing and labeling. The nanoscale properties of CDs were
investigated via transmission electron microscopy and dynamic light scattering
particle size analysis. X-ray powder diffraction confirmed the graphitic
structures of CDs. X-ray photoelectron spectroscopy revealed that the
nitrogen content increased gradually with increasing urea ratios, indicating
functional group changes. Transient photoluminescence decay periods
demonstrated superior fluorescence intensity of CDs 1/3 under blue, green,
and red lights. The use of CDs was notably more efficient than traditional methods in staining bacterial cells. Fluorescence
microscopy of 10 g-positive and 10 g-negative bacteria revealed enhanced staining of Gram-positive strains, with CDs 1/3 presenting
the best results. The CDs exhibited excellent photostability, maintaining poststaining fluorescence for 100 min, surpassing the
performance of conventional dyes. CDs could serve as potential fluorescent dyes for the rapid discrimination of Gram-positive and
Gram-negative bacteria.

■ INTRODUCTION
The fluorescence mechanisms of carbon dots (CDs) and their
interaction with bacteria are intricate and multifaceted. CDs
emit a broad spectrum of light ranging from blue to red,
influenced by variables such as carbon and nitrogen sources,
synthesis conditions, and the carbon-to-nitrogen ratio.1−3

Notably, the urea-to-citric acid ratio has emerged as a pivotal
factor, affecting fluorescence emission with increased nitrogen
content correlating to a shift toward deeper red fluores-
cence.4−6 The fluorescence has been attributed to the radiative
recombination of electrons transferring to surface functional
groups upon excitation. In the context of bacterial binding, the
interaction is mediated through surface defects or functional
groups, thereby contributing to fluorescence emission upon
binding.7−9 The properties of CDs, including size, morphol-
ogy, and surface chemistry, are amenable to precise control by
manipulating critical reaction parameters such as precursor
ratios, solvents, and reaction temperature.10−13 This level of
control holds significance in tailoring CDs to specific
applications, ensuring their efficacy and safety. Citric acid
and urea, ubiquitous components in food and pharmaceuticals,
stand out as benign precursors for CD synthesis, ensuring
lower cytotoxicity and enhanced environmental safety.14 The
synthesis process involving these precursors yields smaller and
more stable CDs, minimizing potential adverse effects within

biological systems. Extensive studies have underscored the
efficacy of citric acid and urea as precursors, with ongoing
investigations delving into the nuanced underlying mecha-
nisms.15 Though CDs can stain both Gram-positive and Gram-
negative bacteria, they usually do not exclusively target Gram-
positive bacteria.16−18 Further, CDs can stain both live and
dead bacteria, aiding in their differentiation.19 CDs prepared
using mannose and ammonium citrate as precursors
demonstrate high specificity for Escherichia coli, as mannose
serves as a target ligand covalently bound to the CD surface.20

CDs modified with vancomycin substantially inhibit Gram-
positive bacterial growth, because of the receptor−ligand
interactions between the bacterial cell wall and vancomycin.21

Furthermore, CDs synthesized using ammonia citrate
effectively stain Gram-negative bacteria, showing specificity
for Helicobacter pylori.22 CDs@BONs have been prepared and
used as fluorescent probes for the ultrasensitive detection of
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Staphylococcus aureus. Anti-S. aureus antibody-modified CDs@
BONs have been used for specific labeling, with the CDs
released from BONs via NaBH4 reduction prior to
fluorescence detection, achieving a linear range of 1−200
cfu/mL.23 Traditional bacterial differentiation methods,
notably Gram staining, necessitate alternatives because of
inherent limitations. Enzyme-based assays, polymerase chain
reaction-based techniques, and chemical treatments have
emerged as promising avenues for swift and reliable bacterial
identification.24−28 These advancements not only pave the way
for real-time monitoring but also offer avenues for the
comprehensive assessment of bacterial viability. The inter-

action between CDs and bacteria involves a myriad of forces,
encompassing electrostatic and nonspecific binding to proteins.
The ζ-potential, indicative of bacterial negative charge,
crucially influences nanoparticle adsorption, elucidating a
straightforward adsorption mechanism in the bacteria−nano-
particle system.29 Additionally, functional groups quantified
using X-ray photoelectron spectroscopy (XPS) engage in
hydrogen bonding with proteins, augmenting effective cell
staining.30 In summary, using citric acid and urea as precursors
for CD synthesis is a safe and an effective strategy,
characterized by low cytotoxicity and high biocompatibility.
The fluorescence mechanisms and bacterial interactions are

Figure 1. Particle size analysis of carbon dots (CDs). Analytical transmission electron microscopy micrographs of CDs. The (a) CD 1/1, (b) CD
1/2, and (c) CD 1/3 particles are shown at a low magnification (100,000×). The average particle sizes are as follows: (d) CDs 1/1, 4.3 nm; (e)
CDs 1/2, 4.1 nm; and (f) CDs 1/3, 4.1 nm.

Figure 2. X-ray powder diffractometer analysis of the microstructure of carbon dots (CDs). (a) CDs 1/1 have a diffraction peak at 27.1°, (b) CDs
1/2 have a diffraction peak at 27.9°, and (c) CDs 1/3 have a diffraction peak at 27.8°. Raman spectra of CDs with different carbon-to-nitrogen
ratios: (d) CDs 1/1, (e) CDs 1/2, and (f) CDs 1/3.
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complex, influenced by surface states, functional groups, and
experimental conditions. Ongoing research on alternative
bacterial identification methods, along with real-time monitor-
ing ability of CDs in bacterial staining and sensing, highlights a
dynamic field that requires further exploration. To the best of
our knowledge, this is the first study to demonstrate the use of
CDs for Gram staining. We found that increasing nitrogen
content significantly influences the fluorescence properties of
CDs and the characteristics of fluorescent dyes. Bacterial

staining experiments revealed that CDs can act as a novel
fluorescent dye for rapid staining, and this approach could be
an alternative to the traditional Gram staining.

■ RESULTS AND DISCUSSION
To determine the structural characteristics of CDs with
different carbon-to-nitrogen ratios (CDs 1/1, 1/2, and 1/3),
we conducted characterization studies using transmission
electron microscopy (TEM), dynamic light scattering (DLS),

Figure 3. X-ray photoelectron spectra of carbon dot (CD) samples: (a−c) are the CD 1/1, 1/2, and 1/3 component peaks, respectively. (d−f) are
the CDs 1/1 C 1s, N 1s, and O 1s peaks, respectively, deconvoluted by a multiple Gaussian function. (g−i) are the CD1/2 C 1s, N 1s, and O 1s
peaks, respectively, deconvoluted by a multiple Gaussian function. (j−l) are the CD1/3 C 1s, N 1s, and O 1s peaks, respectively, deconvoluted by a
multiple Gaussian function.
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X-ray diffraction, Raman spectroscopy, and XPS. The
morphology and microstructure of the CDs (CDs 1/1, 1/2,
and 1/3) were observed using TEM. The self-synthesized CDs
1/1, 1/2, and 1/3 exhibited a spherical morphology and
aggregation phenomenon (Figure 1a−c). ImageJ was used to
measure the size of CDs 1/1, 1/2, and 1/3, and their average
sizes were 3.1, 4.1, and 5.2 nm, respectively (all were smaller
than 10 nm). The average size of the CDs in this study was
determined using DLS. The average size of CDs 1/1 was 4.3
nm (Figure 1d) and that of CDs 1/2 was 4.1 nm (Figure 1e).
The average size of CDs 1/3 was 4.1 nm (Figure 1f). The
findings indicate that all three types of nano CDs (CDs 1/1, 1/
2, and 1/3) were in the nanometer size range of 1−100 nm.
Generally, the (002) crystal plane diffraction peak of the

graphite carbon structure is located at around 27°. In Figure
2a, the diffraction peak of CDs 1/1 is at 27.1°, whereas in
Figure 2b, the diffraction peak of CDs 1/2 is at 27.9°. In Figure
2c, the diffraction peak of CDs 1/3 is at 27.8°. The diffraction
peaks of the three CDs with different carbon-to-nitrogen ratios
were within the range of the (002) crystal plane diffraction
peak of the carbon structure, indicating their graphite
structure. The diffraction peaks of the three CDs with different
nitrogen ratios in Figure 2a−c were within the range of the
(002) crystal plane diffraction peak of carbon, preliminarily
proving their graphite structure. Figure 2d shows that the
characteristic peak at 1,335 cm−1 in CDs 1/1 is attributable to
the D band and that the peak at 1529 cm−1 is attributable to
the G band, with an ID/IG intensity ratio of 1.24. Figure 2e
shows that the characteristic peak at 1335 cm−1 in CDs 1/2 is
attributable to the D band and that the peak at 1525 cm−1 is
attributable to the G band, with an ID/IG intensity ratio of 1.0.
Figure 2f shows that the characteristic peak at 1366 cm−1 in
CDs 1/3 is attributable to the D band and that the peak at
1525 cm−1 is attributable to the G band, with an ID/IG
intensity ratio of 0.84. The D band reflects lattice defects,
and the use of an improved stone milling structure reduces its
characteristic peak. The G band and ID/IG ratio reflect the
number or thickness of graphite layers and density of defects in
CDs, respectively. Generally, an ID/IG ratio of <1.0 indicates
the presence of a crystalline component in CDs and that of
<0.5 indicates a superior structure for CDs.31 The ID/IG value
for a graphite structure is around 1 ± 0.1. Based on the results
shown in Figure 2, the ID/IG intensity ratio of CDs 1/2 was
within this value, indicating a relatively good graphite structure.
Figure 3 shows the XPS analysis results of all three CDs,

revealing the functional groups present. Figure 3a−c shows the
C, N, and O content in the CDs 1/1, 1/2, and 1/3
nanocomposites, respectively, where a higher intensity
represents a higher content of that element in all CDs. Figure
3d shows the peaks of C−C/C�C and C−N at 284.58 and
285.25 eV, respectively, whereas the peaks of C�C, C�O,
and C−OH are at 283.93, 288.26, and 286.14 eV, respectively.
In Figure 3g, the characteristic peaks at 399.74, 400.50, and
401.61 eV indicate the presence of N oxides, pyrrolic/pyridinic
groups, and quaternary groups, respectively.32 In addition, the
high-intensity peaks at approximately 531.07, 533.01, and
531.96 eV represent O vacancies, C−OH, and C−O,
respectively (Figure 3j). Figure 3e shows that the peaks for
C−C/C�C and C−N are at 284.38 and 285.13 eV,
respectively, whereas the peaks for C−OH, C�O, and C−
O−O−H are at 286.06, 288.26, and 289.67 eV, respectively. In
Figure 3h, the characteristic peaks at 399.62, 400.45, and
401.18 eV indicate the presence of N oxides, pyrrolic/pyridinic

groups, and quaternary groups, respectively. Additionally, the
high-intensity peaks at approximately 531.54, 532.28, and
533.04 eV represent O vacancies, C−OH, and C�O,
respectively (Figure 3k). Figure 3f shows that the peaks for
C−C/C�C and C−N are at 284.58 and 285.62 eV,
respectively, whereas the peaks for C−OH, C�O, and C−
O−O−H are at 287.83, 288.97, and 289.86 eV, respectively. In
Figure 3i, the characteristic peaks at 399.55, 400.41, and
401.16 eV indicate the presence of N oxides and pyrrolic/
pyridinic and quaternary functional groups, respectively. In
addition, the high-intensity peaks at approximately 531.32,
532.05, and 532.49 eV represent O vacancy, C−OH, and C�
O, respectively (Figure 3l).
CDs are primarily composed of citric acid and urea, and they

possess distinctive chemical bonds such as C−N, pyrrolic/
pyridinic N, C�C/C−C, and C−OH or C�O.33,34 The
surfaces of CDs are abundant in −OH and −NH2 groups.

35

Although CDs exhibit similar levels of oxidation, the degree of
amide formation varies.36 The presence of pyrrolic/pyridinic N
suggests nitrogen−carbon bonding in the five-membered ring
systems of the synthetic material. Nitrogen-doped CDs are
likely to be sp2 aromatic and aromatic C−N, with abundant
nitrogen-containing functional groups that originate from the
urea component during the microwave synthesis process.37

With the increase in the level of urea, the intensity of the N 1s
peak also increased (Figure 3a−c). This increase may be
because urea is a source of nitrogen. As the proportion of urea
increased, the measured nitrogen content also increased,
resulting in an increase in the intensity of N 1s.
The results of XPS analysis are listed in Table 1. The results

of elemental analysis in CDs using an elemental analyzer

revealed that the nitrogen content increased gradually with the
addition of urea (Table 2), which was consistent with the
results of the XPS analysis.
Figure 4a shows the absorption peaks of CDs 1/1 at 338 and

410 nm, which may be attributed to the π−π transition of C�
O. Figure 4b shows the absorption peaks of CDs 1/2 at 330

Table 1. X-ray Photoelectron Spectroscopy Analysis
Showing Different Percentages of Bound Groups in the 1/1,
1/2, and 1/3 Carbon Dot Samplesa

synthesized sample element ratio (mol %)

CDs 1/1 CDs 1/2 CDs 1/3

C 1s peak
total 100 100 100
C−C or C�C 22.99 22.52 19.40
C−N 26.66 26.00 22.78
C−OH 29.56 29.07 29.41
C�O 20.79 22.41 28.41

N 1s peak
total 100 100 100
pyrrolic/pyridinic N 31.77 45.12 46.40
quaternary N 18.57 21.72 16.94
N oxides 49.66 33.16 36.66

O 1s peak
total 100 100 100
O vacancy 29.51 31.88 32.21
C−OH 45.37 50.46 43.08
C�O 25.12 17.66 24.71

aCD, carbon dot; C, carbon; H, hydrogen; O, oxygen; and N,
nitrogen.
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and 412 nm, which may also be attributed to the π−π
transition of C�O. Figure 4c shows the absorption peaks of
CDs 1/3 at 333 and 412 nm, which may also be attributed to
the n-π transition of C�O. Generally, absorption spectra have
only one maximum peak. However, two peaks can be clearly
observed in Figure 4a−c. This might be because of the
aggregation of different nitrogen-doped CDs (CDs 1/1, 1/2,
and 1/3), as observed in the TEM image in Figure 1. The
aggregation of the CDs formed a larger composite of CDs.
Therefore, when the instrument was used for analysis and the
light beam was irradiated onto the nanocarbon composite
formed by aggregation, two refraction peaks were observed.
As the excitation wavelength increased, the CDs exhibited

excitation-dependent emission. In Figure 4d−f, the emission of
the nanomaterials shifts toward the red end as the excitation
wavelength increases from 300 to 500 nm, indicating a red-
shift phenomenon, possibly because of the presence of C−N
bonds and cyanuric acid. Upon comparing the fluorescence
intensities of the four different nitrogen-doped CDs, we found
that the intensity of blue fluorescence was the highest for CDs
1/2, followed by CDs 1/3 and CDs 1/1; the intensity of green
fluorescence was the highest for CDs 1/3, followed by CDs 1/
2 and CDs 1/1; and the intensity of red fluorescence was the
highest for CDs 1/2, followed by CDs 1/3 and CDs 1/1. Upon
combining the fluorescence intensities of the four different
nitrogen-doped CDs, we found that the best CDs for blue,
green, and red lights were CDs 1/3 and CDs 1/2, indicating
that the nitrogen ratio affects the fluorescence effects and
characteristics. The individual quantum yield value was 13.45,
19.42, and 22.26% for CDs 1/1, 1/2, and 1/3, respectively.
The yield of CDs can increase with the nitrogen content;38

hence, increasing urea content results in the corresponding

increase of nitrogen content, thereby increasing the CD
yield.39

In Figure 5, it is evident that CDs 1/1, 1/2, and 1/3 do not
have the ability to stain Gram-negative bacteria, such as E. coli.
This observation was consistent for six different Gram-negative
bacterial strains, implying a general ineffectiveness of CDs 1/1,
1/2, and 1/3 in staining this bacterial type. Consequently, we
shifted our focus toward Gram-positive bacteria. Figures 6 and
7 illustrate that, under identical exposure times and a CD
concentration of 500 ppm, CDs 1/1, 1/2, and 1/3 manifest
discernible fluorescence in blue, green, and red lights for both
Bacillus subtilis NCIB 3610 and Lactobacillus plantarum.
Notably, in a comparison of pixel values of CDs 1/1, 1/2,
and 1/3 under red, green, and blue lights, CDs 1/3 exhibited a
significantly higher pixel value. This increased pixel value
indicates a brighter fluorescence of CDs 1/3, as corroborated
by the fluorescence intensity results depicted in Figure 8 and
detailed in Table 3. Moreover, this trend persisted for an
additional set of six Gram-positive bacterial strains, all of which
exhibited successful staining. The collective findings affirm that
although CDs 1/1, 1/2, and 1/3 lack staining efficacy for
Gram-negative bacteria, they demonstrate pronounced fluo-
rescence and efficacy in staining Gram-positive bacterial
strains; particularly, CDs 1/3 exhibit superior brightness
compared to CDs 1/1 and CDs 1/2.
Figure 8 shows L. plantarum (a Gram-positive bacterium)-

staining stability of the different nitrogen-doped CDs (CDs 1/
1, 1/2, and 1/3). Fluorescence stability was measured at 0, 10,
30, and 100 min after staining, and no fluorescence weakening
or quenching was observed. This finding indicates that the
nitrogen-doped CDs synthesized in this study has good
photostability. This finding may be attributed to electrostatic
interactions.40,41 In Gram-positive bacteria, peptidoglycan is
the outermost layer, carrying both positive and negative
charges.42−44 CDs also possess both positive and negative
charges, allowing them to interact with peptidoglycan and
facilitating Gram-positive staining.45 Upon entering the cell
membrane, the aromatic structures in CDs (comprising five- or
six-membered carbon rings) bind with the hydrophobic part of
peptidoglycan, and their hydrophilic ends engage in hydrogen
bonding, thereby inducing fluorescence.46 In contrast, the
outer layer of Gram-negative bacteria is composed of
lipopolysaccharides with strong negative charges, which

Table 2. Total Content of Nitrogen, Carbon, Hydrogen, and
Oxygen in Carbon Dots 1/1, 1/2, and 1/3, as Analyzed
Using an Elemental Analyzera

sample N% C% H% O%

CDs 1/1 22.13 39.14 4.716 37.96
CDs 1/2 28.28 33.928 4.223 34.5
CDs 1/3 30.52 32.187 4.148 33.44

aCD, carbon dot; C, carbon; H, hydrogen; O, oxygen; and N,
nitrogen.

Figure 4. Ultraviolet−visible absorption spectra of carbon dots (CDs): (a) CDs 1/1, (b) CDs 1/2, and (c) CDs 1/3. Emission spectra obtained at
excitation wavelengths of 300−500 nm for CDs: (d) CDs 1/1, (e) CDs 1/2, and (f) CDs 1/3.
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possibly repel the negative charges on CDs.47 Additionally,
Gram-negative bacteria have an outer membrane composed of
a lipid bilayer48,49 that is resistant to hydrophobic interactions.
The water solubility of CDs is hindered by the outer
membrane, preventing the staining of Gram-negative bacteria.
Furthermore, structural complexity is another factor contribu-
ting to differences in bacterial staining. Gram-positive bacteria

are more easily stained by CDs than Gram-negative bacteria
because of their simpler structures.50

Bacterial Staining Mechanism with CDs 1/1, 1/2, and
1/3. Figures 7 and 8 indicate the effective penetration of the
dye into the bacterial cells for staining. However, it is not clear
whether the staining is localized to the cell membrane or
involves the entire bacterial cell. The scanning electron
microscopy (SEM) image of B. subtilis NCIB 3610 without

Figure 5. E. coli K12 fluorescence images of CDs with different carbon-to-nitrogen ratios (CDs 1/1, 1/2, and 1/3) at a concentration of 500 ppm.
White dots are bacteria not stained with CDs 1/1, 1/2, or 1/3. The scale bar represents 10 μm. R, red; G, green; B, blue; and CD, carbon dot.

Figure 6. B. subtilis NCIB 3610 fluorescence images of CDs with different carbon-to-nitrogen ratios (CDs 1/1, 1/2, and 1/3) at a concentration of
500 ppm. White dots are bacteria not stained with CDs 1/1, 1/2, or 1/3. The scale bar represents 10 μm. R, red; G, green; B, blue; and CD, carbon
dot.

Figure 7. L. plantarum fluorescence images of CDs with different carbon-to-nitrogen ratios (CDs 1/1, 1/2, and 1/3) at a concentration of 500 ppm.
White dots are bacteria not stained with CDs 1/1, 1/2, or 1/3. The scale bar represents 10 μm. R, red; G, green; B, blue; and CD, carbon dot.
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CDs 1/3 presented in Figure 9a shows a uniformly smooth
bacterial cell surface. Similarly, the SEM image of cells with
CDs 1/3 shows a surface comparable to that of the control
group (Figure 9b). The TEM image of cells without CDs 1/3
shows pristine bacterial cells and membranes (Figure 9c).
Conversely, the TEM image of cells with CDs 1/3 clearly

shows that CDs 1/3 infiltrated both the bacterial membrane
and cells (Figure 9d). The conclusive evidence shown in
Figure 9 supports the notion that CDs effectively stain the
entire bacterial cell. Furthermore, we examined eight other
Gram-positive bacteria and eight Gram-negative bacteria. All
Gram-positive bacteria, with both high GC and low GC
content, were stained. However, not all Gram-negative bacteria
were stained with these CDs. These findings indicate that the
CDs selectively stain only Gram-positive bacteria.

ζ-Potential Analysis of CDs 1/1, 1/2, and 1/3. The
assessment of ζ-potential is crucial for evaluating the surface
electrostatic properties of CDs in a dispersed system and plays
a major role in the dispersion stability and interactions of
carbon. We determined the ζ-potential of CDs 1/1, 1/2, and
1/3 with different carbon-to-nitrogen ratios at 1000 ppm, an
electric field of −16.17 V/cm, and a mobility of −1.800e-004
cm2/(V·s). The measurements were conducted using a DLS
particle size analyzer and ζ-potential analyzer. CDs possess
both positive and negative charges. The ζ-potential analyzer
generated five potential values for the solution, which were
then averaged to determine the final ζ-potential of the CDs.
The ζ-potential values of the CDS were as follows: CDs 1/1 =
−27.12 mV, CDs 1/2 = −28.29 mV, and CDs 1/3 = −34.09
mV. These values indicate the predominance of negative
charges during CD measurements. A ζ-potential falling within
the ±10 to ±30 range suggests slightly stable suspension
particles (CDs), whereas that within the ±30 to ±40 range
indicates moderately stable suspension particles (CDs). Larger
values signify better solution stability and a reduced tendency
for aggregation and precipitation (Beibei Wang et al., 2014).
Therefore, it was concluded that the CDs 1/3 solution was
comparatively more stable, as its ζ-potential lies within the
optimal range.

Cell Toxicity Assessment of CDs 1/1, 1/2, and 1/3. The
cytotoxicity of CDs was evaluated in 3T3-L1 normal cells,
which are more sensitive than cancer cells. The toxicity of CDs
1/1, 1/2, and 1/3 against 3T3-L1 normal cells was measured
using the cell counting kit-8 method. Compared with that in
the control group, the growth of 3T3-L1 cells gradually
decreased with increasing concentrations of CDs 1/1, 1/2, and
1/3 (10, 100, 200, and 500 ppm). Typically, a more than 3-
fold decrease in values indicates significant toxicity. In our
study, the decrease in cell growth was minimal, ranging from 0
to 0.1, with no significant differences (data not shown),
indicating that the in-house generated CDs exhibited extremely
low cytotoxicity. Therefore, CDs 1/1, 1/2, and 1/3 produced
in this study are less likely to negatively affect the environment
and living organisms.

Figure 8. Determination of photostability of the Gram-positive bacteria L. plantarum with carbon dots of different nitrogen ratios. CD, carbon dot;
L. plantarum, Lactobacillus plantarum.

Table 3. Analysis of Fluorescence Intensity of 1/1, 1/2, and
1/3 Carbon Dot Samplesa

B. subtilis NCIB 3610 L. plantarum

exposure time phase 70 ms 70 ms
exposure time red 4000 ms 4000 ms
exposure time green 2000 ms 3500 ms
exposure time blue 930 ms 1400 ms

CDs 1/1
pixel value red 1127 1100
pixel value green 2256 3197
pixel value blue 1772 2874

CDs 1/2
pixel value red 1047 1022
pixel value green 2263 3233
pixel value blue 1877 2868

CDs 1/3
pixel value red 1148 1775
pixel value green 2678 3799
pixel value blue 1912 3121

aCD, carbon dot.

Figure 9. (a) Scanning electron microscopy (SEM) image of B.
subtilis NCIB 3610 without added carbon dots (CDs) 1/3. (b) SEM
image of B. subtilis NCIB 3610 with added CDs 1/3. (c)
Transmission electron microscopy (TEM) image of B. subtilis
NCIB 3610 without added CDs 1/3. (d) TEM image of B. subtilis
NCIB 3610 with added CDs 1/3.
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■ CONCLUSIONS
CDs 1/1, 1/2, and 1/3 were confirmed as nanoscale materials
using TEM and DLS analyses. The X-ray diffraction results
indicate a graphene-like structure in CDs 1/1, 1/2, and 1/3.
The Raman analysis highlighted the superior carbon
crystallinity of CDs 1/3. The time-resolved photoluminescence
(TRPL) findings showed that CDs 1/3 exhibited the strongest
fluorescence across blue, green, and red lights with an
impressive quantum yield of 22.26%. In the analysis of
practical bacterial staining applications, all three CDs efficiently
stained Gram-positive bacteria, with CDs 1/3 demonstrating
the brightest fluorescence at the same exposure time. SEM and
TEM provided visual evidence of CD-penetrating bacterial
cells, facilitating fluorescent staining. The toxicity evaluation in
3T3-L1 normal cells revealed negligible differences between
the CD and control groups, indicating minimal cytotoxicity of
CDs 1/1, 1/2, and 1/3. The ζ-potential analysis confirmed the
superior stability of CDs 1/3, with reduced tendencies for
aggregation or precipitation, compared with that of CDs 1/1
and 1/2. In summary, CDs 1/3 emerged as the best candidate
among the CDs with three different carbon-to-nitrogen ratios,
demonstrating superior characteristics. The experimental
results emphasize the influence of carbon content on the
fluorescence effects and characteristics of the CDs. The
bacterial staining experiment underscores the potential of
CDs as innovative fluorescent dyes for rapid staining,
potentially supporting traditional Gram staining methods.

■ MATERIALS AND METHODS
Synthesis of CDs. Nano CD composite materials with

different carbon-to-nitrogen ratios, namely CDs 1/1, 1/2, and
1/3, were prepared using microwave. Citric acid and urea were
added to 500 mL beakers at ratios of 1:1, 1:2, and 1:3,
respectively. Approximately 40 mL of distilled water was added
to each beaker, and the mixtures were stirred with a magnetic
stirrer until there were no visible particles. After confirming
that the solution was uniformly mixed, the mixtures were
placed in a microwave oven (800 W, 12 A) and microwaved
for 30 min until carbonization was complete. The beakers were
removed, and the black solid residue from the beakers was
scraped into a mortar, ground to a fine powder with a pestle,
and stored in tubes as 1/1, 1/2, and 1/3 nano CD composite
materials in a cool environment. Subsequently, the supernatant
of CDs was prepared. The ground CD 1/1, 1/2, and 1/3
nanomaterials were added to 100 mL of distilled water, shaken
thoroughly with a shaker, and centrifuged (6000 rpm). The
supernatant was then poured into a tube and stored. This
process was repeated twice, and the supernatant was then
passed through a 0.45-μL filter membrane to obtain the
supernatants of CDs 1/1, 1/2, and 1/3. The obtained
supernatant was freeze-dried to obtain the nanocomposite
materials of CDs 1/1, 1/2, and 1/3 with different carbon to
nitrogen ratios. Yield of CDs (%) = (mass of CDs produced/
mass of starting material) × 100

Characterization of CDs. TEM (JEM 3010; JEOL,
Tokyo, Japan) was used to analyze the shape, size, and
distribution of CD particles at 200 kV. A DLS particle size
analyzer (HORIBA, Japan) was used to determine the size of
CDs at 20 kHz. XPS (Fison VG ESCA210; West Sussex, U.K.)
equipped with a Mg−Kα radiation emitter was used to analyze
the chemical composition of the sample. C 1s, N 1s, and O 1s
spectra were deconvoluted using a symmetric nonlinear least-

squares algorithm with Gaussian functions. Ultraviolet−visible
spectroscopy (UV−vis; CARY60) was used to detect the
wavelength of the maximum absorption peak. A TRPL
spectrometer (Edinburgh Instrument/FS5, U.K.) was used to
detect the emission fluorescence intensity of CDs 1/1, 1/2,
and 1/3 after absorption at excitation wavelengths of 300−500
nm. All experimental data represent the results of three
independent experiments. An X-ray powder diffractometer
(XRD; Bruker D2 Phaser, Germany) with an 18 kW rotating
anode Cu target was used to analyze the microstructure of
CDs. A three-dimensional (3D) nanometer-scale Raman
photoluminescence (PL) microspectrometer system (Nano-
finder 30, Tokyo, Japan) was used to study the vibrational
modes of lattice molecules.

Fluorescence of CDs. A fluorescence microscope was used
to observe the luminescence of different nitrogen-to-carbon
ratio nanocomposites (CDs). The following bacteria were
used: Gram-positive bacteria: B. subtilis NCIB 3610,
Bifidobacterium bifidum ATCC 29521, Bifidobacterium longum
ATCC 15708, Lactobacillus rhamnosus ATCC 21052, L.
plantarum ATCC 14917, Lactobacillus acidophilus ATCC
4356, Williamsia piscinae CHRR-6, Bacillus methylotrophicus,
Bacillus aryabhattai CEO-66, and S. aureus Newman; and
Gram-negative bacteria: E. coli K12, Cavicella fluminis HSP-28,
Tabrizicola oligotrophica Kms-5, Pseudomonas spp., Novosphin-
gobium trapae TKW-15, Litoribrevibacter euphylliae Eupa-2,
Endozoicomonas acroprae Acr-14, and Thalassotalea euphylliae
Eup-16.
Luria−Bertani (LB) agar was used for culturing B. subtilis

NCIB 3610, S. aureus Newman, E. coli K12, and Salmonella; de
Man, Rogosa, and Sharpe (MRS) agar for B. bifidum, B.
longum, L. rhamnosus, L. plantarum, and L. acidophilus;
Reasoner’s 2A (R2A) agar for W. piscinae CHRR-6, B.
methylotrophicus, B. aryabhattai CEO-66, C. fluminis HSP-28,
T. oligotrophica Kms-5, Pseudomonas, and N. trapae TKW-15;
and MA agar for L. euphylliae Eupa-2, E. acroprae Acr-14, and
T. euphylliae Eup-16 overnight. Test tubes were prepared and 5
mL of LB, MRS, R2A, and MA media was added. An
inoculation loop to was used transfer the bacteria from agar
plates to the test tubes, which were then incubated overnight at
37 °C and stored in a shaking incubator at 200 rpm. One
milliliter of the cultured bacteria was centrifuged in an
Eppendorf tube at 10,000 rpm for 3 min. The supernatant
was discarded, and the pellet was washed with 1 mL of PBS,
suspended, and centrifuged again at 10,000 rpm for 3 min. The
supernatant was discarded and the pellet was used.

Preparation and Analysis of the TEM Chip. Carbon-
coated copper grid chips (Support Films, Formvar/Carbon
400 mesh, Cu, Prod No. 01754-F; Ted Pella, Inc.) were
prepared. Three different nitrogen-to-carbon ratio nano-
composites (CDs 1/1, 1/2, and 1/3) were prepared at a
concentration of 500 ppm in a clearing solution. A pair of
forceps was used to extract and fix the chip with a wooden
clamp. Four microliters of each prepared nanocomposite
solution was pipetted onto the carbon-coated copper grid chip
and allowed to dry at room temperature (surface drying). After
drying, the chip was placed in an empty Petri dish and
incubated in a 25 °C oven for 2 d to completely evaporate the
solution inside the chip. Finally, the chip was placed in the
carbon-coated copper grid box. TEM (JEM 3010; JEOL,
Tokyo, Japan) was used to determine the shape, size, and
distribution of carbon particles in CDs at 200 kV.
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DLS Particle Size Analysis. The DLS particle size analyzer
used here had a particle size measurement range of 0.01−5,000
μm and a highest accuracy of ±0.6%, which is ideal for
application to high concentration samples with a ppm of
approximately 40 wt %. The supernatants of the three different
nitrogen-to-CD nanocomposites (CDs 1/1, 1/2, and 1/3)
were separately prepared at 100 ppm, and 20 mL of the
samples was passed through a 0.45-μm filter in new tubes. The
solution was placed in the DLS particle size analyzer, and the
laser light generated scattered light upon impact with the
particles. Particle size distribution was evaluated by measuring
the variations in scattered light over time caused by the
Brownian motion of particles.

X-ray Powder Diffraction Analysis. Each of the three
different nitrogen-doped CD nanocomposites (CDs 1/1, 1/2,
and 1/3) was used at 0.5−1.0 g in the powder form to
determine the crystalline materials that are relatively abundant
in the sample using an XRD. The 2θ scanning range was 10°−
50°. The obtained diffraction data were compared with the
International Centre for Diffraction Data to obtain the crystal
structure.

3D Nanometer-Scale Raman PL Microspectrometer
Analysis. Each of the three different nitrogen-doped CD
nanocomposites (CDs 1/1, 1/2, and 1/3) at 0.05 g in the
powder form was measured using a 3D Nanometer-Scale
Raman PL Microspectrometer (Nanofinder 30). The Raman
shift range was 0−3500 cm−1, and the lattice vibration modes
were observed. The specifications were as follows: HeNe laser,
632.8 nm; semiconductor laser, 488 nm; inverted microscope,
Nikon Eclipse TE2000-U; XYZ scanning stage system, NT-
MDT; XY resolution, 2 nm; Z resolution, 1 nm (in close-
loop); and charge-coupled device detector, Andor DU401-BV.

UV−Vis Absorption Spectroscopy Analysis. The three
different nitrogen-doped CDs (CDs 1/1, 1/2, and 1/3) were
prepared as solutions at a concentration of 25 ppm, and 3 mL
of the solutions was transferred into a glass cuvette. The
samples were then subjected to UV−vis spectroscopy analysis
using a UV−vis spectroscopy instrument with a UV−vis
electromagnetic wave continuous spectrum as the light source.
The relative intensity of light absorption by the molecules was
studied, and qualitative analysis was performed to observe
electronic transitions and absorption bands of the samples.

TRPL Spectrometry Analysis. The supernatants of the
three different nitrogen-doped CD (CDs 1/1, 1/2, and 1/3)
were prepared by diluting the samples to 25 ppm and
transferring 3 mL of the supernatants into glass cuvettes. A
TRPL spectrometer was used to detect their excitation and
emission. This method is a powerful and nondestructive
technique for detecting the optical properties of luminescent
semiconductor materials. By analyzing the PL data, the type of
doping impurities, band gap size, and impurity activation
energy were determined from the spectral features.
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