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A B S T R A C T   

The purpose of this study was to investigate the effects of nitrogen and sulfur derived from amino acids on the 
visible-light-driven (VLD) antimicrobial activity of carbon quantum dots (CQDs) and to establish an optimal 
doping form. Various CQDs were synthesized by combining malic acid as a carbon source, alanine containing N, 
and cysteine containing N and S through microwave heating. The results showed that the VLD antimicrobial 
activity of the CQD against Gram-positive (Staphylococcus aureus and Listeria monocytogenes) and Gram-negative 
pathogens (Escherichia coli O157:H7 and Salmonella Typhimurium) was improved by N and/or S doping, which 
increased as the ratio of S decreased. The doping of N and/or S made CQDs have a lower band gap energy, and 
CQD doped with only N (N-CQDs) exhibited greater specific surface area and fluorescence quantum yields 
(FLQYs), and longer photoluminescence (PL) lifetimes than CQD doped with N and S (NS-CQDs) even though NS- 
CQD and N-CQD had similar hand gap energies. Based on these results, the mechanism by which the VLD 
antimicrobial activity of CQD changes by doping was discussed. Furthermore, this study suggests that for CQD 
synthesis using food by-products, the more amino acids that can induce the doping of N and/or S, wherein the 
smaller ratio of S containing amino acids, the better VLD antimicrobial activity the synthesized CQD will have.   

1. Introduction 

Water is an essential resource for life activity, but when it is 
contaminated with pathogenic microorganisms, it poses serious harm to 
human health. Annually millions of people die from waterborne path
ogen infections, of which most are children under 5 years old [1,2]. 
Accordingly, the World Health Organization stipulates that the con
centration of pathogenic bacteria in drinking water should be <100 
colony forming units (CFU)/mL [3]. Over the last century, public 
infrastructure for drinking water, which consists of a centralized water 
treatment system and an underground water distribution network using 
pipelines, has been established to effectively suppress the occurrence of 
diseases and improve public health and welfare [1]. However, approx
imately 1 billion people, most of which are low-income people living in 
rural areas, do not have access to safe water because they do not have 
access to this basic drinking water system environment [4,5]. In 
particular, it is estimated that >80% of disease incidences in developing 

countries may be related to waterborne pathogens [6]. 
Conventionally, chemical disinfectants, such as chlorine, chlorine 

dioxide, chloramines, and ozone, are used for water disinfection as they 
effectively oxidize pathogens and eventually induce death [4]. Howev
er, these disinfectants pose an inherent problem as they can react with 
other substances to form toxic disinfection by-products [7]. Therefore, 
many drinking water facilities are switching to use ultraviolet (UV) 
disinfection [4]. However, UV technology requires a high upfront cost to 
build a facility or operate and consumes a large amount of energy that 
contributes to global warming [8–10]. Thus, it is necessary to develop a 
water disinfection technology that is sustainable, low in cost, eco- 
friendly, safe, and exhibits high microbial control effects [8]. 

Visible-light-driven (VLD) photocatalysis disinfection technology is 
regarded as a promising water disinfection technology because it can 
control pathogens using natural light, such as sustainable sunlight and 
indoor lights. This technology directly kills pathogens by generating 
highly reactive species, such as holes (h+), electrons (e− ), singlet oxygen 
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(1O2), superoxide anion radicals (∙O2
–), hydroxyl radicals (∙OH), and 

hydrogen peroxide (H2O2), that induce cell membrane destruction, DNA 
damage, protein oxidation, and lipid peroxidation, etc. by exciting e− in 
the valence band (VB) of the semiconductor photocatalyst to the con
duction band (CB) by photon energy [7,11]. Most of the studied catalysts 
that can effectively control pathogens under visible light are either 
single metal-based catalysts or co-catalysts containing more than one 
metal [12–19]. However, these metal-based photocatalysts are limited 
in practical applications because they are expensive to manufacture. 
Moreover, they have the potential to release toxic metallic ions under 
aqueous conditions [20]. Natural and synthetic photocatalysts can also 
be utilized for pathogen control, but they have several drawbacks, such 
as complex synthetic processes, difficulty in purification, high cost, and 
low water dispersibility and biodegradability [21]. 

As an alternative to these photocatalysts, carbon quantum dots 
(CQDs), which are a new type of carbon-based nanoparticle with pho
tocatalytic and optical characteristics, are attracting increasing atten
tion [22]. The first CQD was accidentally discovered in 2004 while 
separating and purifying single-walled carbon nanotubes [23], and in 
2006 it was scientifically designated as a CQD by the research team of 
Sun et al. (2006), who studied surface passivation to improve their 
fluorescence [24]. CQDs are quasi-spherical nanoparticles with di
ameters of 10 nm or less composed of a nanocrystalline nucleus formed 
mainly by sp2 hybridization of carbon that provides a quantum 
confinement effect to act as a semiconductor, a shell formed by sp3 

hybridized, and a functional group related to surface defects [25–27]. As 
CQDs have outstanding characteristics of high stability, eco-friendly, 
negligible toxicity, strong luminescence, biocompatibility, absorption 
of a wide range of wavelengths, high water dispersibility, and easy to 
synthesize on a large scale at low cost, research in various fields, 
including photocatalysis, electrocatalysis, chemical sensing, bio- 
imaging, drug delivery, and photodynamic therapy, has been conduct
ed [21,28–35]. In particular, CQDs have recently been shown to exhibit 
antimicrobial effects when activated in visible light, which means that 
pathogens can be controlled using light energy that can be easily utilized 
anywhere, such as sunlight or indoor light, by using CQDs [22]. 

CQD synthesis can be categorized into top-down or bottom-up 
routes. The top-down route is a method of splitting large-sized carbon 
materials, such as carbon nanotubes, graphite powder, carbon soot, and 
activated carbon, into small-sized CQDs via chemical oxidation, elec
trochemical carbonization, or laser-ablation. However, this method is 
expensive, complex, and not environmentally friendly [31,36,37]. 
Conversely, the bottom-up route is a method of synthesizing CQDs using 
small precursors, such as organic acids, amino acids, or natural mate
rials, that contain carbon through hydrothermal, chemical, plasma, 
microwave, and solvothermal treatments, etc. Compared with the top- 
down route, this method is preferred because it is more convenient to 
synthesize, can be produced in large quantities at low cost, and is 
environmentally friendly [31,36,38]. Specifically, because waste 
generated through food production is currently emerging as a global 
environmental problem, if these food by-products, which are not valu
able to use and cause environmental problems, are used for CQD syn
thesis, which is a material with high utilization value, it will not only 
help solve environmental problems but also generate significant eco
nomic benefits [39]. 

The intrinsic properties of CQDs, such as their electrical, optical, or 
chemical properties, change when the carbon framework or the chem
ical structure of the CQD surface is adjusted by doping with other ele
ments, such as nitrogen, boron, sulfur, phosphorus, and carbon [40,41]. 
Food by-products can contain various amino acids, of which all amino 
acids contain C and N, and two amino acids (methionine and cysteine) 
contain S [42]. This means that depending on the type of food by- 

product, the form in which N and/or S are doped varies, and thus, 
various forms of CQD can be synthesized. Therefore, establishing the 
optimal doping form of N and S for synthesizing CQDs with the most 
effective VLD antimicrobial activity is pertinent for selecting the most 
suitable form of food by-products. However, to date, studies on the 
antimicrobial effect of CQDs according to the doping types of N and S 
have not been performed. Therefore, this study aimed to suggest an 
optimal doping form by comparing and analyzing the antimicrobial ef
fects of undoped CQD, N-doped CQD, and N, S co-doped CQD against 
Gram-positive (Staphylococcus aureus and Listeria monocytogenes) and 
Gram-negative pathogens (Escherichia coli O157:H7 and Salmonella 
Typhimurium). 

2. Experiments 

2.1. Synthesis of CQD 

For CQD synthesis, DL-Malic acid (Sigma-Aldrich, St. Louis, MO, 
USA) was used as a carbon source, and L-alanine (Sigma Aldrich) con
taining N and L-cysteine (Sigma Aldrich) containing N and S were uti
lized for N and/or S doping. In particular, as cysteine has the same 
amount of C, H, O, N, as alanine, but more S, it is possible to change only 
the content of S without changing the amount of other atoms when 
synthesizing CQDs using only these two amino acids. For the synthesis of 
undoped-CQD, N-doped CQD, and N, S co-doped CQD, DL-Malic acid, L- 
alanine, and L-cysteine were combined, and their composition ratios are 
summarized in Table 1. Each combination was dissolved in 10 mL of 
ultrapure distilled water in a 50 mL Erlenmeyer flask and homogenized 
for 10 min by stirring. The completely homogenized solution was placed 
in a domestic microwave (700 W) and reacted for 5 min at maximum 
power, and then cooled to room temperature (22 ± 2◦C). Then, 10 mL of 
ultrapure distilled water was added to the reacted solid product, which 
was dissolved in a 70◦C water bath for 30 min, and centrifuged at 10,000 
g for 20 min to obtain the supernatant. The supernatant was filtered 
again with a syringe filter (0.22 μm), and then dialyzed against ultrapure 
distilled water for 3 d through a dialysis membrane (MWCO 500 – 1000 
Da), during which the ultrapure distilled water was changed every 24 h. 
The dialyzed solution was freeze-dried to obtain dried CQDs. 

2.2. Characterization 

Synthesized CQDs were characterized using various analytical in
struments. Transmission Electron microscope (TEM) micrographs of 
CQDs and bacterial morphology were obtained using 200 kV TEM (JEM- 
F200, JEOL, Japan) and 120 kV TEM (Libra 120; Carl Zeiss, Germany), 
respectively. The particle size distribution of CQDs were determined 
through dynamic light scattering (DLS) uisng a Zetasizer Nano ZS 
(Malvern Instruments Ltd., Malvern, UK). Chemical structures of CQDs 
were analyzed using X-ray photoelectron spectroscopy (XPS, K-alpha, 
Thermo Scientific, UK) and Fourier-transform infrared spectroscopy 

Table 1 
Composition ratios of DL-Malic acid, L-Alanine, and L-Cysteine for the synthesis 
of undoped-carbon quantum dot (CQD), N-CQD, and NS-CQD.  

Type of CQD DL-Malic acid (g, 
mmol) 

L-Alanine (g, 
mmol) 

L-Cysteine (g, 
mmol) 

Undoped- 
CQD 

1.34 g, 10 mmol – – 

N-CQD 1.34 g, 10 mmol 0.890 g, 10 mmol – 
NS-CQD 1.34 g, 10 mmol 0.872 g, 9.8 mmol 0.024 g, 0.2 mmol 

1.34 g, 10 mmol 0.801 g, 9.0 mmol 0.121 g, 1.0 mmol 
1.34 g, 10 mmol 0.445 g, 5.0 mmol 0.605 g, 5.0 mmol  
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(FTIR, Nicolet 6700, Thermo Scientific, USA). The Photoluminescence 
(PL) spectra of the CQDs were recorded using a spectrofluorophotometer 
(Spectramax M2e; Molecular Devices, Sunnyvale, CA, USA). The true 
density of CQDs were measured using a gas pycnometer (AccuPyc II 
1340, Micromeritics, Norcross, GA, USA). The Brunauer–Emmett–Teller 
(BET) analysis was performed using surface area analyzer (BELSORP- 
mini II, MicrotracBEL, Corp., Japan). The PL lifetime of CQDs was 
measured using a time-correlated single-photon counting (TCSPC) sys
tem (PicoHarp300, PicoQuant GmbH, Germany) and exponential fitting 
for the PL decays was achieved using Symphotime-64 software (Ver. 
2.2). 

2.3. Bacterial culture and inoculum preparation 

Three strains each of E. coli O157:H7 (ATCC 43890, ATCC 43889, 
and ATCC 35150), S. Typhimurium (DT 104, ATCC 19585, and ATCC 
43971), L. monocytogenes (ATCC 15313, ATCC 19111, and ATCC 
19115), and S. aureus (ATCC 27213, ATCC 27649, and ATCC 25923) 
were provided by the Food Safety Engineering Laboratory at Seoul Na
tional University (Seoul, Republic of Korea) for use in this study. Stock 
and working cultures were prepared in the same method described in 
our previous study [43]. All the strains were cultured individually in 5 
mL of tryptic soy broth (Difco, BD, Sparks, MD) at 37◦C for 24 h, and 
cultured cells were harvested by centrifugation at 4,000 rpm for 20 min. 
After washing thrice with phosphate buffer saline (PBS), the final pellet 
was resuspended in PBS, and the suspended solutions of all the patho
gens were combined to form a mixed culture cocktail containing 
approximately 109 – 1010 CFU/mL of each pathogen. This culture 
cocktail was used as the inoculum in this study. 

2.4. Antimicrobial effect of CQD under visible light irradiation 

Visible light was provided by a solar simulator (DXFL100, DTX Inc., 
Siheung, South Korea) with a xenon lamp (100 W) equipped with a UV 
cut-off lens (λ <400). Samples were prepared by placing 5.0 mL of ul
trapure distilled water containing CQD at a concentration of 2 mg/mL 
and 0.1 mL of inoculum in a Petri dish (35 mm × 15 mm), closing the lid, 
and placing it at a vertical distance of 5 cm from the visible light source. 
The integral light intensity in the range of 400 – 800 nm at the sample 
surface was 7.8 mW/cm2, which was measured with a fiber optic 
spectrometer (AvaSpec-ULS2048; Avantes, Eerbeek, Netherlands). The 
sample was treated with visible light at doses of 0 – 23.4 J/cm2 (0 – 50 
min) at room temperature (22 ± 2◦C) while being mixed via pipetting at 
10 min intervals. After treatment, 1 mL of treated sample was serially 
diluted 10-fold with 9 mL of sterile 0.2% peptone water (PW; Bacto, 
Becton and Dickinson) and 0.1 mL of diluent was spread onto the se
lective media. Sorbitol MacConkey Agar (Difco), Xylose lysine deoxy
cholate agar (Difco), Oxford agar base with Bacto Oxford antimicrobial 
supplement (Difco), and Baird Parker Agar (MB cell, Kisan Biotech Co., 
Ltd., Seoul, Korea) were used as selective media for the enumeration 
of E. coli, S. Typhimurium, L. monocytogenes, and S. aureus, respectively. 

All plates were incubated at 37◦C for 24 h, and the typical colonies 
formed on the media were counted and calculated as log10 CFU/mL. In 
addition, dark control, including CQDs, but without visible light treat
ment, and light control with only visible light treatment without CQDs 
were evaluated using the same procedure. 

2.5. Effect of reactive oxygen species (ROS) scavenger on CQD 

ROS production related to the VLD antimicrobial activity of CQDs 
was determined by examining the VLD antimicrobial activity of CQDs in 
the presence of the ROS scavengers; sodium pyruvate, mannitol, sodium 
azide, and trion, which are scavengers of H2O2, ∙OH, 1O2, and ∙O2

–, 
respectively [44,45]. CQD solutions at a concentration of 2 mg/mL each, 
containing 5 mM sodium pyruvate, 50 mM mannitol, 5 mM sodium 
azide, and 5 mM Trion, were prepared, and their VLD antimicrobial 
effects were verified according to the procedure described in Section 2.4. 

2.6. Destruction and lipid peroxidation occurrences in cell membrane 

Propidium iodide (PI; Sigma Aldrich) and diphenyl-1- 
pyrenylphosphine (DPPP; Sigma-Aldrich), which are fluorescent dyes, 
were used to quantitatively evaluate the incidence of destruction and 
lipid peroxidation in the cell membrane, respectively. Five milliliters of 
distilled water containing CQDs at a concentration of 2 mg/mL inocu
lated with inoculum to obtain an optical density of 0.3 at 600 nm (OD600 
= 0.3) was treated with visible light at a dose of 23.4 J/cm2 (50 min) at 
room temperature (22 ± 2◦C) while being mixed via pipetting at 10 min 
intervals. At this time, a light control that was treated with visible light 
without CQDs, and a dark control that included CQDs without visible 
light treatment were prepared. After treatment, cells were harvested by 
centrifugation at 10,000 g for 10 min, and washed three times with PBS. 
The final pelleted cells were incubated with PI or DPPP dye solutions at a 
concentration of 2.9 μM or 50 μM for 10 min or 20 min at 37◦C, 
respectively. The incubated cell suspensions were centrifuged to harvest 
the reacted cells, washed twice with PBS, and the fluorescence was 
measured with a spectrofluorophotometer (Spectramax M2e) at excita
tion/emission wavelengths of 493/630 nm for PI, and 351/380 nm for 
DPPP. Destruction or lipid peroxidation in the cell membrane was 
determined as follows: [(Fluorescence value of visible light treated cells) 
– (Fluorescence value of dark-treated cells). 

2.7. Band gap energy determination 

The band gap energy (Eg) of the CQDs was determined using the Tauc 
model with the following equation: 

αhv = A
(
hv − Eg

)n  

where A, α,h, and v are a constant, the absorption coefficient, Planck 
constant, and light frequency, respectively, and n = 1/2 and 2 are for the 
direct and indirect allowed transitions, respectively [46]. Specifically, 
for CQD, which is a direct allowed transition semiconductor, the (αhv)2 

Fig. 1. Particle size distribution (%) and high-resolution transmission electron microscopy (HRTEM) images of carbon quantum dots (CQDs) synthesized with malic 
acid, alanine, and cysteine at ratios of (A) 10:0:0 mmol (C-CQD), (B) 10:5:5 mmol (NS-CQD), and (C) 10:10:0 (N-CQD), respectively. 
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versus hv (the incident photon energy) plot (Tauc plot) using the UV–vis 
absorption spectrum of CQD was obtained using the UV–Vis absorption 
spectrum, and the band gap energy was determined by measuring the 
intercept of the incident photon energy axis by extrapolating the straight 
part of the plot [47]. 

2.8. Fluorescence quantum yield (FLQY) measurement 

The FLQY of the CQDs was measured with an established compara
tive method [48], wherein quinine sulfate (Sigma-Aldrich) dissolved in 
0.1 M H2SO4 was selected as the reference standard (FLQY is 54%). The 
PL spectra of CQDs dissolved in ultrapure distilled water and quinine 
sulfate dissolved in 0.1 M H2SO4 in a 10 mm quartz cuvette were 
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Fig. 2. X-ray photoelectron spectroscopy (XPS) spectra of carbon quantum dots (CQDs) synthesized with malic acid, alanine, and cysteine at ratios of (A) 10:0:0 
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obtained at an excitation wavelength of 360 nm, and the integrated PL 
intensities were derived from the spectra. The absorbance values of the 
CQD and reference standard samples were kept below 0.1 to minimize 
the re-absorption effect. A plot of the integrated PL intensity versus its 
corresponding absorbance value was obtained, and the FLQY (%) was 
calculated as follows: 

FLQYx(%) = FLQYs(Gradx/Grads)(ηs/ηx)

where × and s refer to CQD and quinine sulfate, respectively, Grad is the 
slope from the plot, η stands for the refractive index of the solvent, and ηx 
and ηs are both 1.33. 

2.9. Statistical analysis 

Experiments to evaluate the antimicrobial effect of CQDs under 
visible light irradiation, the occurrence of destruction and lipid peroxi
dation in the cell membrane, and the effect of reactive oxygen species 
(ROS) scavenger on CQD were independently repeated three times and 
the data were analyzed using an analysis of variance and the least sig
nificant difference (LSD) t-test using the Statistical Analysis System 
(SAS; Version 9.4. SAS Institute Inc., Cary, NC, USA). A probability level 
of P < 0.05 was used to determine significant differences. 

3. Results and discussion 

3.1. Characterization of synthesized CQDs 

Fig. 1 shows the particle size distribution determined using the DLS 
technique of CQDs synthesized with malic acid, alanine, and cysteine, at 
ratios of 10:0:0 mmol (labeled as C-CQD), 10:5:5 mmol (labeled as NS- 
CQD), and 10:10:0 mmol (labeled as N-CQD), and the corresponding 
TEM images. Size distribution of C-, NS-, and N-CQDs have a typical 
CQD size of<10 nm, and their average sizes were 2.58, 6.95, 4.83 nm, 
respectively. Furthermore, it was observed that C-, NS-, and N-CQDs 
which have spherical structures with 0.25, 0.36, and 0.32 nm lattice 
spacing, which are similar to the facet (100), (002), (002) of graphite, 
respectively [49–51], which indicates that the CQDs synthesized in this 
study have the characteristics of a graphite sp2 structure. 

The surface state and functionality of the CQDs were confirmed by 
XPS and FTIR analyses (Fig. 2). C-, NS, and N-CQD all showed C1s and 
O1s peaks, NS-CQD additionally showed N1s and S2p peaks, and N-CQD 
additionally showed N1s peaks. The high-resolution C1s spectra of C- 
CQD show peaks at 284.78/283.08, 288.68, 286.48, 283.98, and 
289.48 eV, corresponding to C = C, C = O, C-O, C–C, and O-C = O, 
respectively (Fig. 2B) [52–55]. For NS-CQD, the high-resolution spectra 
of C1s represent peaks of 284.68, 287.88, 286.08, 286.98, 288.88 and 
285.48 eV, corresponding to C = C/C–C, C = O, C-N, C-O, C-OOH, and C 
= C, respectively (Fig. 2D) [56–58]. For N-CQD, the high-resolution 
spectra of C1s shows peaks of 284.78/283.88, 288.18, 286.48/285.68, 
286.88, and 290.08 eV corresponding to C = C, C = O, C-N, C = O/C-O, 

and O = C-OH, respectively (Fig. 2F) [59–63]. The high-resolution 
spectra of N1s of NS-CQD revealed peaks at 399.98/399.08, 400.78/ 
401.78, 398.38 eV, corresponding to pyrrolic-, graphitic-, and pyridinic 
N (Fig. 2G), respectively [64–66], and the S2p high-resolution spectra 
revealed peaks of 161.79/162.27 and 162.93/163.53 eV corresponding 
to S2p3/2 and S2p1/2, respectively (Fig. 2H), which can be attributed to 
S2− [67–70]. The high-resolution spectra of N1s of N-CQD revealed 
peaks of 399.98, 401.38, 398.98, 398.28, and 402.38 eV, corresponding 
to C = N, graphitic, pyrrolic, pyridinic, and oxidized pyridinic N, 
respectively (Fig. 2I) [71,72]. Furthermore, FTIR spectrum analysis 
showed that C-CQD exhibited the absorption peaks of C = C bending 
(676 cm-1), C–H bending (874 cm-1), C-O stretching (1050, 1170, 1261 
cm-1), O–H bending (1430 cm1-1), C = C stretching (1569, 1591, 1634 
cm-1), C = O stretching (1717 cm-1) groups, N-CQD showed absorption 
peaks of C = C bending (696 and 965 cm-1), C–H bending (1702 cm-1) 
groups, while NS-CQD had absorption peaks of C = C bending (673, 801, 
841 cm-1), C–H bending (782, 801 cm-1), C-N stretching (1120 cm-1), 
C-O stretching (1204 cm-1), S = O stretching (1394 cm-1), and C = O 
stretching (1703 cm-1) groups. XPS and FTIR results verified that C-, NS 
-, and N-CQDs were synthesized in a form in which un-, NS-, and N- 
doping were effectively induced. 

3.2. VLD antimicrobial activity of C-, NS-, N-CQD 

Fig. 3 shows the results of the antimicrobial effect of CQDs synthe
sized by varying the ratio of malic acid as a carbon source, alanine 
containing N, and cysteine containing both N and S under visible light. 
For all pathogens (E. coli O157:H7, S. Typhimurium, L. monocytogenes, 
and S. aureus), the CQD synthesized only with malic acid did not exhibit 
antimicrobial effects under visible light treatment, but when alanine 
and/or cysteine were doped to it, antimicrobial effects were observed. 
Specifically, the CQD synthesized by adding only 10 mmol of alanine to 
10 mmol of malic acid exhibited the highest antimicrobial effect under 
visible light, and as the amount of cysteine added increased from 0.2 
mmol to 5.0 mmol, the CQD antimicrobial effect proportionally 
decreased (Fig. 3A, C, E, and G). Meanwhile, none of the CQDs syn
thesized in this study showed antimicrobial effects under dark condi
tions for 50 min, which is the maximum amount of time visible light was 
applied in this study (Fig. 3B, D, F, and H). This result indicates that the 
addition of amino acids during CQD synthesis increases the VLD anti
microbial effect of CQD, but the effect decreases as the ratio of amino 
acids containing S increases. Several studies have reported that CQDs 
are driven by visible light to exert bactericidal effects, and the CQDs 
used in those studies were synthesized by adding N-containing 2,2′- 
(ethylenedioxy)bis(ethylamine) (EDA) or polyethylenimine to carbon 
nano-powder, a carbon source [22,29,73,74]. In particular, Rabe et al. 
(2019) synthesized CQDs by mixing EDA with amino groups (–NH2) and 
3-ethoxypropylamine (EPA) with methyl groups (–CH3) with carbon 
nanopowder, respectively (referred to as EDA-Cdots and EPA-Cdots, 
respectively), confirming that EDA-Cdots showed greater visible light- 
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Fig. 3. Surviving populations (Log CFU/mL) of (A and B) Escherichia coli O157:H7, (C and D) Salmonella Typhimurium, (E and F) Listeria monocytogenes, and (G and 
H), Staphylococcus aureus subjected to treatment of 2 mg/mL of carbon quantum dots (CQDs) synthesized from various ratios of malic acid, alanine, and cysteine 
under visible light (A, C, E, G) or dark (B, D, F, H) treatments. Dark treatment was treated for 50 min, which is the same amount of time at which visible light was 
treated with 23.4 J/cm2. The data indicate an average of three independent experiments and the standard deviations are shown by error bars. 
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activated antimicrobial activity than the EPA-Cdots. Doping other ele
ments to CQD can improve its application properties by adjusting their 
structure, composition, and improving its optical characteristics as 
doping can effectively change the CQD electronic properties or energy 
state [75,76]. 

In order to confirm the cyclic stability of CQDs with improved VLD 
antimicrobial activity by N- and/or S-doping, a 23.4 J/cm2 treatment 
was performed as one cycle, and the stability change in NS- and N-CQD 
was confirmed over a total of five cycles of treatment. In this case, N- 
CQD was sampled after 18.72 J/cm2 treatment to facilitate comparison, 
because the 23.4 J/cm2 treatment of N-CQD reduced levels to almost 
below the detection limit. As shown in Fig. 4, neither NS- or N-CQDs 
exhibited significant (P > 0.05) changes in their VLD antimicrobial ac
tivity over five cycles, which means that N- and/or S-doped CQDs are 
highly reusable and can thus be utilized efficiently. 

3.3. PL spectra 

Fig. 5 shows the PL spectra of C-, NS-, and N-CQD. C-CQD showed 
that as the excitation wavelength increased from 300 nm to 400 nm, the 
peak emission wavelength hardly changed (from 458 nm to 464 nm, 
within 10 nm), and only the intensity changed (Fig. 5A). Meanwhile, NS- 
and N-CQD showed red-shifts in which the peak emission wavelength 
changed from 416 nm to 464 nm and from 416 nm to 460 nm, respec
tively, as the excitation wavelength increased (Fig. 5 B and C). Thus, 
with N and/or S doping, more surface defects as active sites with 
different energy levels are created, resulting in red-shift characteristics 
[77–79]. In particular, as these surface defects change the CQD prop
erties, the CQD form can be improved through heteroatom doping 
[80–82], it can be inferred that the VLD antimicrobial effect of CQDs 
improves by changing the characteristics of CQD through the doping of 
N and/or S derived from amino acids. 

3.4. Cell membrane damage 

We investigated which CQD properties changed by N and/or S 
doping in order to determine which increased the VLD antimicrobial 

effect, and the cause of different effects depending on the type of doping. 
Dong et al. (2020) reported that CQDs generated damage in bacterial 
cell membranes under visible light [83]. Therefore, in our study, the 
degree of the cell membrane damage inductions of C-, N-, and NS-CQD 
were compared. PI is a dye that does not passes through the intact cell 
membrane owing to its size and charge properties, and it can pass 
through the cell membrane where destruction has occurred [84,85]. 
Thus, cell membrane damage was quantified based on the degree of PI 
uptake of cells. As shown in Fig. 6(A), under visible light treatment, C- 
CQD showed similar cell membrane destruction values to those treated 
with only visible light without CQD, but NS- and N-CQD significantly (P 
< 0.05) increased the cell membrane destruction value (except for NS- 
CQD on S. aureus) and N-CQD showed a greater significant (P < 0.05) 
increase than that of NS-CQD. When this type of cell membrane damage 
occurs, the cell cannot maintain homeostasis and thus, eventually dies 
[86,87] The results of the cell membrane destruction were consistent 
with those of the antimicrobial effects of CQD. Therefore, it can be 
interpreted that N and/or S doping increases the activity that induces 
cell membrane damage under visible light of CQD, which in turn in
creases the antimicrobial activity, in which N doping induces a greater 
increase than NS doping. 

In addition, fatty acids are one of the most essential structures in 
cellular materials, and mainly exist in the cell membrane in the form of 
acyl of phospholipids [88]. When lipid peroxidation occurs in the cell 
membrane, the fluidity and potential difference of the fatty acid de
creases, and its permeability increases [89] Thus, it is likely that cell 
membrane damage is related to lipid peroxidation. Therefore, the inci
dence of lipid peroxidation in the cell membrane was measured using 
DPPP, a dye that selectively reacts with lipid hydroperoxide in the cell 
membrane and is oxidized to DPPP = O, which is fluorescent [90]. As 
shown in Fig. 6(B), the degree of lipid peroxidation incidence by C-CQD 
under visible light was not significantly (P > 0.05) different from that of 
the cells treated with only visible light without CQD. Moreover, NS- and 
N-CQD had a significantly (P < 0.05) increased incidence of lipid per
oxidation, wherein that of N-CQD was significantly (P < 0.05) greater 
than that of NS-CQD. This indicates that N and/or S doping increased the 
activity that induced lipid peroxidation under CQD visible light, and N 
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Fig. 4. Visible-light-driven antimicrobial activity of carbon quantum dots (CQDs) synthesized with malic acid, alanine, and cysteine at ratios of (A and B) 10:5:5 
mmol (NS-CQD), and (C and D) 10:10:0 (N-CQD) for (A and C) Escherichia coli O157:H7 and (B and D) Listeria monocytogenes over five cycles of treatment. One cycle 
was 24.3 J/cm2 (50 min) treatment, sampling was performed at 18.72 and 24.3 J/cm2 for the N-CQD and NS-CQD treatments, respectively. 

J.-W. Kang and D.-H. Kang                                                                                                                                                                                                                  



Chemical Engineering Journal 420 (2021) 129990

8

doping had a higher activity than doping of N and S together. 
In addition, the TEM image of E. coli O157:H7 after 23.4 J/cm2 was 

observed to qualitatively analyze cell membrane damage. Fig. 7 shows 
the TEM image results showing the change in morphology of E. coli 
O157:H7 following C-, NS-, and N-CQD treatment. C-CQD showed a 
shape that was not significantly different from the untreated control, 
whereas after NS- and N-CQD treatment, the cell membrane was 
noticeably destroyed. These TEM results further reinforce the reliability 

of the VLD antimicrobial activity and cell membrane damage results. 

3.5. Photocatalytic mechanism 

Mechanically, when CQD is excited by light energy, charge separa
tion that forms electrons and holes trapped in various passivated surface 
defect sites occurs extremely quickly, becoming an emissive excited 
state that is responsible for fluorescence emission via a radiative com
bination of these electron-hole pairs [22,83]. The photocatalytic reac
tion in the presence of water under aerobic conditions can generate 
several generating reactive oxygen species (ROS) from oxygen mole
cules and water [92]. It is known that excited photosensitizers can cause 
cell membrane damage by inducing lipid peroxidation by directly 
reacting with lipids or ROS that react with lipids [91]. Therefore, as 
CQDs can generate ROS through emissive excited states [22], the lipid 
peroxidation generated in this study was considered to be caused by the 
direct reaction of CQD excited by visible light and/or the ROS generated 
therefrom. To elucidate the photocatalytic mechanism of CQDs in detail, 
it is necessary to confirm the VB and CB energies, because the 
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Fig. 5. Photoluminescence (PL) spectra taken at excitation wavelengths of 300 
– 400 nm of carbon quantum dots (CQDs) synthesized with malic acid, alanine, 
and cysteine at ratios of (A) 10:0:0 mmol (C-CQD), (B) 10:5:5 mmol (NS-CQD), 
and (C) 10:10:0 (N-CQD), respectively. 

Fig. 6. . Values of (A) destruction and (B) lipid peroxidation incidence in cell 
membranes of Escherichia coli O157:H7, Salmonella Typhimurium, Listeria 
monocytogenes, and Staphylococcus aureus subjected to treatment of carbon 
quantum dots (CQDs) synthesized with malic acid, alanine, and cysteine at 
ratios of 10:0:0 mmol (C-CQD), 10:5:5 mmol (NS-CQD), and 10:10:0 (N-CQD). 
The values were obtained using: [(Fluorescence value of visible light treated 
cells) – (Fluorescence value of dark treated cells]. The data represent the av
erages of three independent experiments, and the error bars indicate the stan
dard deviations. Different letters within the same pathogen indicate significant 
differences (P < 0.05). 
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mechanism of ROS generation is different depending on the energy 
states of the separated electrons and holes [92]. Fig. 8 shows that C-, NS- 
, and N-CQD have band gap energies (Eg) of 4.03, 2.93, and 2.98 eV, 
respectively, and VB energy of 3.02, 1.21, and 2.55 eV (vs. NHE), 
respectively. By combining the Eg and VB energy data, the CB bands of C- 
, NS-, and N-CQD were − 1.01, − 1.72, and − 0.43, respectively (vs. NHE), 
respectively. Using these data, Fig. 9 shows a schematic diagram of the 
photocatalytic mechanism of each C-, NS-, and N-CQDs. C-CQD has an Eg 

of 4.03 eV, which indicates that photoexcitation cannot be achieved by 
visible light, because visible light has<3.10 eV (>400 nm). Conversely, 
NS- and N-CQD have Eg values of 2.93 eV and 2.98 eV, respectively, 
which means that they can enter the photoexcitation state by excitation 
from visible light. However, they exhibit different photocatalytic 
mechanisms. Specifically, in the case of NS-CQD, because the CB energy 
has a greater negative potential than the O2/∙O2

– pair, photo-activated 
electrons can transfer the π* orbitals of oxygen molecules to produce 

Fig. 7. Transmission electron microscope (TEM) micrographs of (A) untreated, carbon quantum dots (CQDs) synthesized with malic acid, alanine, and cysteine at 
ratios of (B) 10:0:0 mmol (C-CQD), (C) 10:5:5 mmol (NS-CQD), and (D) 10:10:0 (N-CQD) under visible light at dose of 24.3 J/cm2 treated Escherichia coli O157:H7. 

Fig. 8. Tauc plot [(αhv)2 versus hv] (A, B, and C) and XPS valence band spectra (D, E, and F) of carbon quantum dots (CQDs) synthesized with malic acid, alanine, 
and cysteine at ratios of 10:0:0 mmol (C-CQD), 10:5:5 mmol (NS-CQD), and 10:10:0 (N-CQD). α, h, and v are the absorption coefficient, Planck constant, and light 
frequency, respectively. 
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∙O2
–, and this ∙O2

– can subsequently be converted into several ROS, 
including H2O2 and ∙OH [92,93]. Because the VB energy shows a 
smaller positive potential than the ∙OH/H2O pair, the generated h+

cannot participate in the reaction to convert H2O into ∙OH. On the other 
hand, the CB energy of N-CQD is − 0.43 eV, which has a greater negative 
potential than the O2/∙O2

– pair and thus can generate ∙O2
– and a series of 

related ROS, and at the same time, VB energy also has a greater positive 
potential than the ∙OH/H2O pair, it is therefore possible to convert H2O 
into ∙OH. 

To verify the occurrence of ROS, VLD antimicrobial activity was 
observed using a scavenger (Fig. 10). In order to facilitate comparison, 
visible light of 23.4 and 18.72 J/cm2 was treated on NS- and N-CQDs, 
respectively. In the case of NS-CQD, the activity for E. coli O157:H7 was 
significantly (P < 0.05) decreased by H2O2 and 1O2 scavengers, and for 
L. monocytogenes, the activity was significantly (P < 0.05) decreased by 
H2O2, 1O2, and ∙O2

– scavengers (Fig. 10A). The VLD antimicrobial ac
tivity of N-CQDs was significantly (P < 0.05) decreased in the presence 
of H2O2, ∙OH, 1O2, and ∙O2

– scavenger, and the activity was markedly 
decreased by H2O2, ∙OH, and 1O2 scavengers for E. coli O157:H7 and by 
H2O2 and 1O2 scavenger for L. monocytogenes (Fig. 10B). This result 
indirectly confirmed that a series of ROS can be effectively generated by 
VLD NS- and N-CQDs. In addition, it was confirmed that the sensitivity 
to ROS differs according to the type of pathogen (E. coli O157:H7 was 
more sensitive to ∙OH and 1O2, while L. monocytogenes was more sen
sitive to H2O2 and 1O2). Similarly, a study by Huang et al. (2012) re
ported that Gram-positive bacteria were more sensitive to 1O2, while 
Gram-negative bacteria were more sensitive to ∙OH [94]. 

In terms of the band gap energy, N- and/or S-doped CQDs exhibited 
VLD antimicrobial activity, because the band gap energy of CQDs was 
reduced by N- and/or S-doping and thus became photo-excited by 
visible light. The decrease in the CQD bandgap energy by N- and/or S- 
doping could be explained as a reduction in the energy gap between the 
VB and CB by increasing the electron density near the CB by providing 
electrons to the CQD from the lone pair electrons of N or S [47,79,95]. 
Furthermore, the smaller the CQD bandgap energy, the more visible 
light can be harvested, and thus, light energy can be efficiently utilized, 
resulting in a higher antimicrobial effect. Indeed, Zhange et al. (2018) 
reported that chemically reduced graphene oxide quantum dots 
(rGOQDs), which are a reduced band gap energy form of graphene oxide 
quantum dots (GOQDs), produced a greater amount of ROS under visible 
light, resulting in a higher photodynamic therapy effect. However, this 
band gap energy result did not explain why N-CQDs exhibited a higher 
VLD antimicrobial effect than NS-CQDs, as the two had similar band gap 

energies (although NS-CQDs were slightly less than N-CQDs). Instead, 
unlike NS-CQDs, where photo-excited electrons convert O2 to ROS, but 
h+ does not react with H2O, N-CQDs can react with both O2 and H2O to 
produce ROS, and therefore, this different photocatalytic mechanism 
may be related to different VLD antimicrobial activities. 

3.6. Specific surface area 

Nanoparticles show greater photocatalytic activity as their specific 
surface area increases, because the large specific surface area provides a 
large number of reactive sites, ensuring effective absorption of the 
reactant and incident light [96–98]. Thus, we performed the BET gas 
adsorption method to measure the specific surface area of the NS- and N- 
CQDs. The specific surface areas obtained through BET analysis of NS- 
and N-CQD were 0.77 and 1.58 m2/g, respectively. Although this result 
showed that the specific surface area of N-CQDs was larger than that of 
NS-CQDs as expected, the specific surface area values of nano-sized N- 
and NS-CQDs were too small compared with CQDs synthesized in other 
study, which had a specific surface area of 200–500 m2/g, depending on 
the synthesis conditions [99]. This difference is likely due to the ag
gregation of nanoparticles during the high-temperature degassing pro
cess of the BET analysis, which produced erroneous results. [100]. 
Therefore, in order to obtain more reliable results, we attempted to 
theoretically calculate the specific surface areas of NS- and N-CQDs 
using specific surface area (m2/g) = 6000/(D*ρ), where D is the diam
eter of the particle in nm and ρ is the density of the particle in g/cm3. The 
diameters of the NS- and N-CQDs were derived from Fig. 1, and their 
densities were measured using a gas pyconometer. As shown in Table 2, 
the specific surface areas (m2/g) of NS- and N-CQD were estimated to be 
571.73 and 850.85 m2/g. Thus, it can be inferred that N doping acts to 
synthesize CQDs with a larger specific surface area than N and S co- 
doping, and reactive sites increase accordingly, thereby helping to 
show greater photocatalytic activity. 

3.7. FLQY 

CQDs can emit fluorescence through a series of processes, including: 
(1) electron-hole pairs generated by photoexcitation, which form 
emissive excited states while competing with other deactivation path
ways; and (2) emitting fluorescence from emissive excited states while 
competing with non-radiative decay pathway [101]. The combination of 
the yield of the former process (Φ1) and that of the latter (Φ2) is reflected 
in the observed FLQY (ΦF), which is determined using: ΦF = Φ1Φ2. 

Fig. 9. Schematic diagram of photocatalytic mechanism of carbon quantum dots (CQDs) synthesized with malic acid, alanine, and cysteine at ratios of 10:0:0 mmol 
(C-CQD), 10:5:5 mmol (NS-CQD), and 10:10:0 (N-CQD). VB and CB are valence band and conduction band, respectively. 
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Surface functionalization effectively induces a higher fluorescence 
quantum yield mainly through the Φ1 process, because it stabilizes the 
surface defect sites to facilitate the radiative recombination process 
[29,101,102]. This implies that for the same incident photon energy, the 
amount of emissive excited states involved in the antimicrobial activity 
varies according to the FLQY. Al Awak et al. (2017) showed that as the 

FLQY of EDA-CDs increased, the visible light-driven antimicrobial effect 
on Gram-positive and Gram-negative bacteria increased. Therefore, in 
this study, the FLQYs of C-, NS-, and N-CQD were measured and 

Fig. 10. Effects of ROS scavengers on photodynamic inacti
vation of Escherichia coli O157:H7 and Listeria monocytogenes 
treated with carbon quantum dots (CQDs) synthesized with 
malic acid, alanine, and cysteine at ratios of (A) 10:5:5 mmol 
(NS-CQD) and (B) 10:10:0 (N-CQD) under visible light. Sodium 
pyruvate (5 mM), mannitol (50 mM), sodium azide (5 mM, and 
Trion (5 mM) were used as scavengers of H2O2, ∙OH, 1O2, ∙O2

–, 
respectively. Data shown represent the averages of three in
dependent experiments, and the error bars indicate the stan
dard deviations. Different letters within the same pathogen 
indicate significant differences (P < 0.05).   

Table 2 
Specific surface area (m2/g) of carbon quantum dots (CQDs) synthesized with 
malic acid, alanine, and cysteine at ratios of 10:5:5 mmol (NS-CQD), and 10:10:0 
(N-CQD)  

CQD Average diameter 
(nm) 

Density (g/ 
cm3) 

specific surface area (m2/g) =
6000/(D*ρ) 

NS- 
CQD  

6.95  1.51  571.73 

N-CQD  4.83  1.46  850.85 

D and ρ is the diameter of the particle and the density of particle, respectively. 

Table 3 
Fluorescence quantum yield (FLQY) of carbon quantum dots (CQDs) synthesized 
with malic acid, alanine, and cysteine at ratios of 10:0:0 mmol (C-CQD), 10:5:5 
mmol (NS-CQD), and 10:10:0 (N-CQD).  

CQD Grad η FLQY (%) 

Quinine sulfate 5.00 × 106  1.33  54.0 
C-CQD 3.40 × 106  1.33  3.67 
NS-CQD 4.67 × 106  1.33  5.04 
N-CQD 1.00 × 106  1.33  10.8 

FLQY is calculated as follows: FLQYs(Gradx/Grads)(ηs/ηx), where ‘x’ and ‘s’ refer 
to CQD and quinine sulfate, respectively, Grad is the slope from the plot of the 
integrated photoluminescence intensity versus corresponding absorbance value, 
and η denotes the refractive index of the solvent. 
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compared. As listed in Table 3, the FLQYs of C, NS, and N-CQD are 
3.67%, 5.04%, and 10.8%, respectively, which are consistent with the 
antimicrobial effect results. Lu et al. (2015) synthesized undoped CDs 
with DL-Malic acid, N-CDs with a DL-Malic acid and Ethanolamine 
mixture, and S-CDs with a DL-Malic acid and Ethane sulfonic acid 
mixture, and found that the FLQYs of undoped CDs, N-CDs and S-CDs 
were 9.86%, 15.13%, and 5.51%, respectively [103]. They interpreted 
that these results were caused by N doping creating surface states in a 
form that facilitates radiative recombination, and S doping in the same 
manner but reversed [103]. Therefore, the results herein, in which N- 
CQD showed a higher visible light-driven antimicrobial effect than NS- 
CQD even though they have similar band gap energy, can be inter
preted as N-CQD having a more easily reactive radiative recombination 
process that forms emissive excited states related to antimicrobial ac
tivity than NS-CQD. 

3.8. PL lifetime 

Zhange et al. (2018) revealed that rGOQDs have a longer fluores
cence lifetime than GOQDs, resulting in higher photodynamic effects. 
Based on this, the PL lifetimes (τave) of C-, NS-, and N-CQD herein were 
measured and compared using a time decay curve. The time decay 
curves of C-, NS-, and N-CQD are shown in Fig. 11 and are fitted to the 
following triple-exponential function: I(t) = a1exp(-t/τ1) + a2exp(-t/τ2) 
+ a3exp(-t/τ3), where a1, a2, and a3 are the amplitudes as a normalized 
percentage (%) of the first, second, and third components, respectively, 
and τ1, τ2, and τ3 are the PL lifetime (ns) of these components, respec
tively. The lifetimes (τ) of C-, NS-, and N-CQD are (τ1: 8.7, τ2: 3.16, τ3: 
0.798), (τ1: 10.8 τ2: 0.46 τ3: 3.01), and (τ1: 13.0 τ2: 4.0 τ3: 1.03), 
respectively, and the calculated average lifetimes of C-, NS-, and N-CQDs 
are 4.72 ns, 6.40 ns, and 8.52 ns, respectively. These results indicate that 
the PL lifetime of CQDs increases with N and/or S doping, in which the 
increase by N doping is greater than that by NS doping. This increased 
PL lifetime may be related to changes in the surface states, which adjust 
the emission of the defect states [104]. Consequently, the duration in 
which the CQDs can maintain a photo-excited state can be suggested as 
another cause of the antimicrobial effect difference between NS- and N- 
CQD. That is to say, the shorter the duration of the photo-excited state, 
the higher the ratio to the ground state without reacting with pathogens 
and/or oxygen to generate ROS, thereby decreasing the antimicrobial 
effect. 

4. Conclusions 

The results of this study prove that N and/or S doping derived from 
amino acids (alanine and/or cysteine) enhances the VLD antimicrobial 
effect of CQD against Gram-positive and Gram-negative pathogenic 
bacteria. In particular, regarding N and S doping, as the ratio of S 
increased, the antimicrobial effect tended to decrease as a result of 
changes in the CQD characteristics that change to a photocatalytic 
mechanism that is disadvantageous for ROS generation, resulted in the 
reactive site being decreased (specific surface area increased), cause 
radiative recombination to be less favorable (FLQY decreased) and the 
photoexcitation state was less maintained (PL lifetime decreased). 
Consequently, the results of this study suggest that when synthesizing 
CQDs for high VLD antimicrobial activity using food by-products, it is 
useful to utilize those with a high amino acid content but a small pro
portion of S containing amino acids. 
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Fig. 11. The time-resolved photoluminescence (PL) decay measurements of 
carbon quantum dots (CQDs) synthesized with malic acid, alanine, and cysteine 
at ratios of (A) 10:0:0 mmol (C-CQD), (B) 10:5:5 mmol (NS-CQD), and (C) 
10:10:0 (N-CQD) with excitation and emission wavelengths at 375 nm and 350 
nm, respectively. Average fluorescence lifetime (τave) was calculated using: 
(a1τ1

2 + a2τ2
2 + a3τ3

2)/(a1τ1 + a2τ2 + a3τ3), where a1, a2, a3 are the amplitudes as 
a normalized percentage (%) of the first, second, and third components, 
respectively, and τ1, τ2, and τ3 are the PL lifetime (ns) of these components, 
respectively. 
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