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RESUMO 

Neste trabalho foram sintetizados pontos quânticos de carbono (PQC) utilizando um reator hidrotérmico. 

O precursor dos PQC foi o óleo da semente de Moringa oleífera, extraído com etanol 1:8 (m/v), via extração 

assistida por ultrassom (50 ºC, 30 min) e purificado através de um rotaevaporador (50 ºC, 50 rpm) para 

remoção do solvente e então centrifugado (12000 rpm, 10 min). O óleo foi transferido para uma cápsula de 

Teflon colocada em um reator inox e aquecida na mufla (210 ºC, 24 h).  Os PQC sintetizados foram 

centrifugados (12000 rpm, 10 min) e  filtrados em membrana de 0.22 μm, apresentando uma alta 

fluorescência em luz ultravioleta (365 nm) e  ativados fotodinamicamente com luz visível branca, 

promovendo uma inibição para a bactéria Gram-positiva Staphylococcus aureus, uma das causadoras das 

infecções de pele. Nas últimas décadas o uso inadequado de antibióticos promoveu um aumento da 

resistência de bactérias, aumentando a mortandade em humanos e animais, assim o desenvolvimento de um 

nanomaterial com propriedades antimicrobianas é essencial para a saúde e o bem estar da população. Esse 

processo foi realizado através de uma rota simples, barata e sustentável. 

Palavras-chave: Nanotecnologia; Oxigênio singleto; Drogas; Saúde. 
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ABSTRACT 

 

In this work, carbon quantum dots (CQDs) were synthesized using a hydrothermal reactor. The precursor 

for the CQDs was Moringa oleifera seed oil, extracted using a 1:8 ethanol-to-mass ratio through ultrasound-

assisted extraction (50 ºC, 30 min). The extract was then purified using a rotary evaporator (50 ºC, 50 rpm) 

to remove the solvent, followed by centrifugation (12,000 rpm, 10 min). Subsequently, the oil was 

transferred to a Teflon-lined capsule within a stainless-steel reactor and heated in a muffle furnace (210 ºC, 

24 h). The synthesized CQDs were then centrifuged (12,000 rpm, 10 min) and filtered through a 0.22 μm 

membrane. These CQDs exhibited high fluorescence and, when activated photodynamically with white 

visible light, showed the ability to inhibit the growth of the Gram-positive bacterium Staphylococcus 

aureus, a common cause of skin infections. In recent decades, the inappropriate use of antibiotics has led to 

increased bacterial resistance, resulting in higher mortality rates in humans and animals. Therefore, the 

development of nanomaterials with antimicrobial properties, through a simple, cost-effective, and 

sustainable route, is essential for public health and safety. 

Keywords: Nanotechnology; Singlet oxygen; Drugs; Health. 

 

 

INTRODUCTION  

Staphylococcus aureus (S. aureus) is a bacterial pathogen found on the skin, nasal 

passages, and mucous membranes of healthy individuals, which globally can promote 

human infection, especially in individuals with low immune resistance. These bacteria 

naturally exhibit the characteristic of producing biofilms composed of proteinaceous 

polysaccharides, impeding the action of leukocytes in the body's defense and the efficacy 

of antimicrobial agents (GRUNDMANN et al., 2006; WERTHEIM et al., 2005). LINZ 

and colleagues (2023) reported that, in 2019, 30.9% of the 7.7 million infectious deaths 

worldwide were associated with the bacterium S. aureus, along with Escherichia coli, 

Streptococcus pneumoniae, Klebsiella pneumonia, and Pseudomonas aeruginosa. 

Considering only the bacterium S. aureus, it represents the leading cause of death in 135 

countries, resulting in 1,105,000 deaths in 2019. 

The antimicrobial resistance of various drug types associated with the abuse and 

misuse of antibiotics by patients and livestock, or even released into the environment 

irresponsibly, has become a global health problem (ROCA et al., 2015). The development 

of new perspectives involving the prevention and treatment of infectious diseases is 

essential. Among them, the use of self-disinfecting materials such as antimicrobial 

photodynamic inactivation (aPDI) stands out. This method employs a non-toxic 

photosensitizer with a wavelength typically in visible light, resulting in the generation of 

singlet oxygen (1O2) and other reactive oxygen species (ROS) (ST. DENIS et al., 2011). 
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Nanotechnology has led to the development of materials with therapeutic 

applications, including bioimaging, photodynamic therapy, photocatalysis, and 

nanomedicine, such as quantum dots, doped nanoparticles, and polymer dots (GUPTA et 

al., 2019; NIE et al., 2020). Carbon quantum dots (CQDs) are zero-dimensional carbon-

based nanoparticles with a size smaller than 10 nm. They have rapidly evolved in recent 

decades, exhibiting distinctive characteristics, such as excellent photodynamic sensitizing 

potential for use in photodynamic inactivation, biocompatibility, adjustable 

photoluminescence, excellent optical and electronic properties, chemical stability, water 

solubility, easy surface functionalization, ease of production, low cost, high storage 

stability, and low toxicity (GAO et al., 2022; XIE et al., 2019). The Royal Swedish 

Academy of Sciences awarded the 2023 Nobel Prize in Chemistry for the discovery and 

synthesis of quantum dots to YU & SCHANZE (2023).  

There are two commonly used approaches for preparing CQDs (ZHENG et al., 

2015). The top-down technique involves the use of large-scale carbon materials, such as 

carbon nanotubes and graphite ashes, which are decomposed into small CQDs, ranging 

from macro to nano-scale. Among the top-down techniques, laser ablation, arc discharge, 

plasma treatment, electrochemical oxidation, and others are notable (JUNG et al., 2022; 

MENG et al., 2019). The bottom-up approach is carried out through the pyrolysis or 

carbonization of small organic molecules or by stepwise chemical fusion of small 

aromatic molecules. Chemical processes such as hydrothermal, pyrolysis, combustion, 

ultrasonic, microwave irradiation, thermal, and biogenic procedures are techniques within 

the bottom-up approach (SHEN et al., 2022; WANG et al., 2023; ZHUANG et al., 2021). 

Different precursors have been employed in the production of CQDs; however, in 

recent years, the pursuit of renewable, more affordable, and eco-friendly sources has been 

the subject of various studies due to their sustainable development (GOSWAMI et al., 

2022; HOAN et al., 2019). ARKAN and colleagues (2018) prepared carbon quantum dots 

from walnut oil with a high quantum yield through a hydrothermal synthesis. 

Moringa oleifera (MO) is a medium-sized, fast-growing tree native to northern 

India, introduced in tropical countries for its drought resistance and year-round 

productivity. It is one of the 13 species in the Moringaceae genus. Due to its versatility 

and properties, numerous studies have been conducted using its seeds, leaves, roots, and 

flowers with applications in the food, pharmaceutical, cosmetic, and nutritional fields. 

These compounds are rich in antioxidants and, therefore, possess protective and 
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therapeutic properties (FAKAYODE & AJAV, 2016; GHARSALLAH et al., 2021; 

UEDA YAMAGUCHI et al., 2021; VENTURA et al., 2021; ZHONG et al., 2018). MO 

seeds contain oil (35-45%) with a high concentration of oleic acid (>73%) (AYERZA(H), 

2019). 

In this study, the raw material used was the oil from M. oleifera seeds, and 

typically, during the process of CQD synthesis, some properties of the precursor material 

are retained, which favors the development of this new nanomaterial (WU et al., 2021). 

The literature presents few works involving the production of CQDs using vegetable oil 

as a raw material. 

The main objective of this study was to synthesize CQDs from Moringa oleifera 

seed oil using the hydrothermal method, in a sustainable manner, with antimicrobial 

photodynamic activity activated by visible light, targeting the bacterium Staphylococcus 

aureus.  

 

MATERIALS and METHODS 

Samples and reagents  

The seeds of Moringa oleifera (MO) were obtained from a supplier located in the 

city of Fortaleza, Ceará (latitude 3° 43' 6'' S and longitude 38° 32' 36'' W). Initially, the 

seeds underwent a manual peeling process, followed by grinding and sieving through a 

stainless-steel mesh with a 30-mesh size and 0.595 mm opening for powder extraction 

and classification. Ten grams of the powder were weighed and placed in an oven at 105 

°C until moisture removal. The powder was then transferred to polypropylene bags for 

storage and subsequent use. Absolute ethanol (99.5%) from Dinâmica, Brazil, was used. 

Mueller-Hinton agar (MH) and tryptic soy broth (TSB) were acquired from KASVI (São 

José dos Pinhais, Brazil). The bacterial standard culture used was Staphylococcus aureus 

ATCC 25923. 

 

Ultrasound-Assisted Extraction (UAE) 

The ultrasound-assisted extraction (UAE) process of Moringa oleifera oil was 

carried out and adapted according to the methodology of ZHONG and colleagues (2018). 

Ethanol was chosen for this process as it is an environmentally friendly and cost-effective 

solvent, generating minimal waste. An ultrasonic bath (100W, 40 kHz, Skymen, China) 

was employed for the oil extraction. Ten grams of powder were transferred to an 



 
507 

 

 
Erlenmeyer flask, and the solvent (ethanol) was added at a mass/volume ratio of 1:8, then 

placed in a water bath for 30 minutes. The bath temperature (50 °C ± 1 °C) was controlled 

using a water circulation system and a digital thermometer. The extract was allowed to 

settle for 12 hours and then filtered using Whatman filter paper to separate large particles. 

Subsequently, the ethanol removal process was conducted using a micro processed rotary 

evaporator (Quimis, W344M2, Brazil) at 50 °C (50 rpm) equipped with a vacuum pump, 

with the recovered ethanol being reused. The final solution containing the oil was placed 

in an oven at 45 °C for 24 hours to remove the remaining solvent. 

 

Synthesis of Carbon Quantum Dots (CQDs) 

The synthesis methodology employed in this study involved the bottom-up 

approach through the hydrothermal method to synthesize CQDs using M. oleifera oil. For 

each experiment, 3 g of oil were centrifuged in a centrifuge (Joanlab, MS-12Pro, China) 

at 12000 rpm for 10 minutes and then transferred to a 25 mL Teflon-coated stainless-steel 

reactor, heated in an oven at 210 °C, and cooled to room temperature. Five experiments 

were conducted with synthesis times of 2 hours, 4 hours, 8 hours, 12 hours, and 24 hours. 

The produced CQDs were centrifuged at 12000 rpm for 10 minutes and purified through 

a 0.22 μm membrane. They were then examined under an ultraviolet (UV) lamp with a 

wavelength of 365 nm, where fluorescence was observed, indicating the synthesis of 

CQDs. In this method, the synthesis was simple and direct, without involving 

sophisticated equipment. All experiments were conducted in triplicate. 

 

Bacterial Inactivation of S. aureus 

The Staphylococcus aureus ATCC 29213 microorganism was cultivated in TSB 

broth at 37 °C for 24 hours. Tests were performed using a standardized cell density in 

tubes with 0.9% sterile saline solution, with turbidity identical to that of the McFarland 

0.5 tube (1×10^8 CFU mL-1) from a serial dilution. Petri dishes with Mueller-Hinton Agar 

(MH) were prepared following the preparation and sterilization protocol. After 

solidification, 100 μL microbial suspensions were added to the plates, followed by surface 

spreading technique with a DRIGALSKI loop. After the suspension was absorbed by the 

agar, 10 μL of M. oleifera oil and CQDs were added at various points on the plate's 

surface. The plates were then incubated in a growth chamber at 37 °C, with a homemade 

white LED light source (OSRAM brand, 20W) placed 30 cm above the plates. Each plate 
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received light irradiation for a predetermined time (2 hours, 12 hours, and 24 hours) and 

then incubated for 24 hours at 37 ºC. Experimental groups with light irradiation were 

compared with their respective control groups that did not receive any light irradiation. 

All assays were performed in quadruplicate. Figure 1 illustrates the flowchart of the 

carbon quantum dots (CQDs) synthesis, starting with Moringa oleifera seeds. 

 

Figure 1 - Synthesis of carbon quantum dots (CQDs) derived from M. oleifera oil.

 

Sources: authors (2023). 

UV-Visible Electronic Absorption 

UV-Visible electronic absorption spectra were obtained by adding 2 mL of the 

sample to a quartz cuvette with a 1 cm optical path length, and measurements were 

conducted on the Cary 60 spectrophotometer (Agilent, USA) with a wavelength scan 

range from 200 to 800 nm. 

 

Fluorescence Emission 

Fluorescence emission spectra were acquired by adding 2 mL of the sample to a 

quartz cuvette with a 1 cm optical path length, and measurements were performed using 

the Cary Eclipse fluorescence spectrophotometer (Agilent, USA) with an excitation 

wavelength range from 320 to 550 nm, a slit width of 5-5, and a scan wavelength 

(excitation wavelength + 20 nm) up to 800 nm. 
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Instrumentation 

The UV-Visible absorption spectra of the CQDs were recorded using the Cary 60 UV-

Visible spectrophotometer (Agilent, USA) with a quartz cuvette having a 1 cm optical path length. 

The fluorescence spectrum was obtained using the Cary Eclipse spectrophotometer (Agilent, 

USA). The functional groups of the CQDs were analyzed by Fourier Transform Infrared 

Spectroscopy (FTIR) using a Shimadzu IRAffinity 1 instrument. 

 

RESULTS AND DISCUSSION 

M. oleifera oil was thermally treated at 210 °C for various durations (2 h, 4 h, 8 

h, 12 h, and 24 h) using the hydrothermal method. Characterization was performed on the 

pure oil sample and the CQD sample (24 h), as it exhibited the highest fluorescence 

intensity and was used for the antimicrobial photodynamic inactivation (aPDI) assay. 

Figure 2 displays the samples under visible light irradiation, and Figure 3 shows 

the samples under UV light irradiation (365 nm), illustrating the fluorescence emissions 

of the carbon quantum dots. 

Figure 2 - Sample of pure oil and CQD at different heat treatment times at 210ºC under visible 

light irradiation (white light). 

 

Source: authors (2023). 
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Figure 3 - Samples of pure oil and CQDs at different heat treatment times at 210 ºC under UV 

irradiation (365 nm). 

 

Source: authors (2023). 

M. oleifera oil exhibited a strong absorption band in the ultraviolet region, 

characteristic of C=O transitions, and a band in the 400 to 500 nm range related to 

carotenoid absorption, responsible for the oil's yellowish coloration (Figure 4). The CQDs 

have an absorption band that starts in the 500 nm region extending into the ultraviolet 

region. The optical absorption spectrum of quantum dots typically consists of two main 

bands, peaking around 250 and 350 nm. This spectrum is consistently reported for doped 

quantum dots, regardless of the synthesis procedure. However, in the case of simple 

samples where no heteroatoms are added as precursors or those atoms do not participate 

in the formation of specific optical centers, the near-UV band is not known 

(CARBONARO et al., 2018). 
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Figure 4 - UV-vis electronic absorption spectra of Moringa oleifera oil and CQD.  

 

Source: authors (2023). 

Figure 5 depicts the relationship between absorbance and light intensity as a 

function of the wavelength of the CQDs produced from M. oleifera oil. There is a peak 

in the fluorescence emission intensity at 436 nm. 

Figure 5 - UV-vis electronic absorption and fluorescence emission spectra of CQDs. 

 

 

 

Source: authors (2023). 
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The intensity of photoluminescence is directly associated with the excited 

absorption band, showing higher emission intensity when the π-π* band is stimulated. On 

the other hand, lower intensity occurs when the excitation takes place within the far 

ultraviolet range, particularly within the π-π* absorption band. In this context, the 

appearance of photoluminescence peaks depends on the structural composition of carbon 

dots and the presence of various elements on their surface (CARBONARO et al., 2019). 

Figure 6 presents the fluorescence emission spectrum of the CQDs. Between 

excitation wavelengths of 320 to 400 nm, there is an increase in fluorescence emission, 

and from 400 to 550 nm, there is a decrease in fluorescence emission. The excitation-

dependent emission property of the synthesized CQDs is attributed to the existence of 

different particle sizes, various defects and surface states, and the origin of CQDs' 

fluorescence still requires further discussion (ATCHUDAN et al., 2021; KALANIDHI & 

NAGARAAJ, 2021). 

Figure 6 - CQD fluorescence emission spectrum, excitation wavelength ranging from 320 to 550 

nm. 

Source: authors (2023). 

FTIR spectroscopy was used to identify the functional groups in M. oleifera seeds, 

before and after hydrothermal treatment, and no significant changes in their chemical 

structure were observed after thermal treatment. The spectrum in Figure 7 illustrates a 
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variety of functions of the groups forming the molecular complex of the CQDs. 

Figure 7 - FTIR spectra of the PQCs synthesized from Moringa oleifera oil. 

 

Source: authors (2023). 

The absorption band at 2922 cm-1 can be attributed to the fatty acids present in the 

oil as it corresponds to the symmetric and asymmetric stretching of CH(CH2) groups, 

commonly found in these types of compounds (BAPTISTA et al., 2017). The peak at 

1743 cm-1 corresponds to the stretching of C=O bonds in the ester functional groups of 

lipids and fatty acids (Timilsena et al., 2019), and a band at 1460 cm−1 is related to the 

C=C aromatic bond. The band at 1161 cm−1 is assigned to the esters of diacylglycerol and 

represents asymmetric stretches of C–C(=O), –O, and O–C–O bonds (WILTSHIRE et al., 

2022). The band at 722 cm−1 is due to the asymmetric deformation of the CH2 group 

(MOREIRA et al., 2020). 

To study the inhibition of Gram-positive bacterial growth using the CQDs, various 

experiments were conducted to optimize antibacterial photodynamic inactivation. 

Initially, colony-forming units (CFUs) of S. aureus were observed in an environment with 

visible light and in the absence of light, without the presence of M. oleifera oil and CQDs. 

In Figures 8a and 8b, the growth of CFUs is observed in the absence and presence 

of light irradiation, respectively, incubated at 37 °C for a period of 24 hours. 
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Figure 8 - a) S. aureus in an environment without light irradiation; b) S. aureus with visible light 

irradiation (24h). 

    

        (a)                                                                        (b) 

Source: authors (2023). 

The synthesized CQDs were added to Petri dishes containing S. aureus bacteria. 

The Petri dish was divided into two regions, with M. oleifera oil dripped on the left side 

and CQDs on the right side, each drop containing a volume of 10 μL. When exposed to 2 

hours of visible light irradiation (Figure 9a), CFUs developed in the areas of the CQDs, 

while in the oil area, there was a slight inhibition. This is due to the antioxidant properties 

present in M. oleifera oil (GUEDES et al., 2022). 

In Figure 9b (12 hours of visible light), there is inhibition of S. aureus in both the 

oil and CQD areas, with the effect being more predominant in the presence of visible light 

irradiation. The CQDs release high levels of 1O2 when exposed to white LED light, which 

can kill up to 97% of S. aureus (WU et al., 2022). 
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Figure 9 - a) S. aureus with 2 h of visible light irradiation and b) S. aureus with 12 h of visible 

light irradiation. 

   

        (a)                                                                        (b) 

Source: authors (2023). 

Figure 10a, without exposure to visible light, shows growth of CFUs in both oil 

(lower intensity) and CQD areas (higher intensity). When exposed to 24 hours of visible 

light, there is a significant inhibition of CFUs in the CQD areas, confirming their 

photodynamic bacterial inactivation effect, while in the region where M. oleifera oil was 

applied, there was a slight inhibition. 

Photodynamic antimicrobial activity (PAA) is based on the triggered generation, 

by visible light irradiation, of reactive oxygen species (ROS) and redox species, 

responsible for antimicrobial action against various pathogens. 

 

ROS, such as singlet oxygen, superoxide anion, and hydroxyl radicals, have a 

broad spectrum of activity and can simultaneously attack various biomolecular sites in 

microbial targets (e.g., proteins, lipids, and nucleic acids). This nonspecific damage 

makes it difficult for pathogens to develop resistance; therefore, PAA represents a 

promising strategy for destroying antibiotic-resistant microorganisms (RUIZ et al., 2022; 

WAINWRIGHT et al., 2017). 
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Figura 10 - a) S. aureus without visible light irradiation and b) S. aureus with 24 h of visible 

light irradiation. 

   

        (a)                                                                        (b) 

Source: authors (2023). 

Table 1 presents the CFU count conducted in the experiments, where exposure 

times to visible light (2 h, 12 h, and 24 h) were varied using both oil and CQDs, as well 

as the Control (without visible light). 

Table 1: Colony-Forming Units (CFUs) of S. aureus present in the oil and CQD areas at 

37°C, under different durations of light irradiation.  

Light irradiation 

time 

                          2 h             12 h       24h 

  UFC mL-1  

Oil  0.85x105  ± 0.16* 3.40x105 ±  0.30*  4.40x105 ± 0.34* 

 CQD (With light) 

Oil (Without light) 

- 

- 

- 

- 

5.40x105 ± 0.61* 

4.30x105 ± 0.73* 

CQD 8.10x105 ±  0.72* 2.10x105 ± 0.53* 0* 

*Averages performed in quadruplicate.  Source: authors (2023). 

With the increase in light exposure time (2 h to 24 h), CFUs showed growth in the 

oil areas. However, when observing the CQD areas, there was a decrease in CFUs with 
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the extended duration of visible light irradiation. After 12 h of visible light irradiation, 

CFUs were reduced by 74%, and after 24 h, there was 100% inhibition. 

 

CONCLUSION 

This study demonstrated the antibacterial effects of CQDs synthesized in a 

hydrothermal reactor using Moringa oleifera oil as a precursor, through a low-cost, easy-

to-operate, sustainable, and environmentally friendly process. CQDs exhibited high 

fluorescence and inhibition against the Gram-positive bacterium Staphylococcus aureus 

when activated by white light for a 24-hour irradiation period. CQDs show great potential 

for use in open environments where natural visible light predominates. 
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