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Abstract 

Carbon dots (𝐶𝐷𝑠) with an average diameter of 6.3 nm were synthesized from the medicinal seed 

extract of Syzygium cumini L. using one-pot hydrothermal synthesis. The prepared 𝐶𝐷𝑠 exhibited 

excitation-dependent emission characteristics with photoluminescence (𝑃𝐿) emission maxima at an 

excitation of 340 nm. The 𝐶𝐷𝑠 at 500 pg/mL displayed antimicrobial activities against four common 

pathogens. Both Staphylococcus aureus and S. epidermidis were completely eradicated by 𝐶𝐷𝑠 within 

12 h, compared to 24 h for Escherichia coli and Klebsiella pneumonia. The release of various oxygen 

species (ROS) was postulated to play a critical role in bacterial eradication. The 𝐶𝐷𝑠 decorated on 

cotton fabric by ultrasonication also displayed good antibacterial activities against the above bacteria. 

The finding opens a plausible use of 𝐶𝐷𝑠 in biomedical textiles with potent antimicrobial properties 

against both Gram-negative and Gram-positive bacteria. 
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1 Introduction 

In this era of growing infectious diseases, the lack of alternative antibacterial agents is an important 

cause of innumerable deaths. Infectious diseases are spread by infections caused by various pathogens 

such as bacteria, viruses, and parasites. Due to the misuse of antibiotics, antibiotic resistance by 

pathogens has raised concerns for human health [1]. Antibiotic resistance to pathogens has had a 

global impact, resulting in higher medical expenses and a decrease in the discovery and development 

of new antibiotics [2]. Different ways of treatments have been adopted to prevent the spread of 

pathogens such as the use of disinfectants; however, excessive use leads to some side effects [3]. 

Hence, the quest to obtain less toxic and more functional antibacterial materials is highly needed. 

Carbon-based materials can efficiently interact with bacteria because of their enhanced membrane 

permeability [4, 5]. Antimicrobial carbon-based nanomaterials include graphene sheets [6], graphene 



oxide [7], carbon nanotubes [8], and 𝐶𝐷𝑠 [9, 10]. 𝐶𝐷𝑠 have then emerged with their outstanding 

characteristics such as ease of synthesis and modification, optical properties, biocompatibility, low 

cost, and sustainability. 𝐶𝐷𝑠 are zero-dimensional luminescent nanoparticles with diameters below 10 

nm [11]. Since their accidental discovery in 2004 [12], 𝐶𝐷𝑠 have been explored widely to bring out 

their unexplored characteristics. They can be prepared via two approaches namely top-down and 

bottom-up [13]. The top-down approaches include laser ablation [14] and arc discharge [15] whereas 

the bottom-up counterparts focus on hydrothermal [16] and microwave methods [17]. The 𝐶𝐷𝑠 

obtained through these approaches consist of an sp2/sp3-hybridized carbon core with surface 

functional groups [18]. 𝐶𝐷𝑠 are prepared from various precursors including natural fruits [19] and 

plants [20], polymers [21], biomass wastes [22], and chemical compounds [23, 24]. The intimate 

contact between 𝐶𝐷𝑠 and microorganisms is determined by a variety of factors including their 

composition, size, shape, and surface chemistry, as well as their structure. The mechanisms through 

which 𝐶𝐷𝑠 interact with the bacteria are mostly attributed to the release of reactive oxygen species-

induced stress [25] and electrostatic interactions [26]. Some of the frequently tested bacteria by the 

𝐶𝐷𝑠 include 𝐸𝑠𝑐ℎ𝑒𝑟𝑖𝑐ℎ𝑖𝑎 𝑐𝑜𝑙𝑖 and 𝑆𝑡𝑎𝑝ℎ𝑦𝑙𝑜𝑐𝑜𝑐𝑐𝑢𝑠 𝑎𝑢𝑟𝑒𝑢𝑠 (𝐸𝐶 and 𝑆𝐴) [27, 28]. Pristine and 

functionalized 𝐶𝐷𝑠 have been used for antibacterial applications. 𝐶𝐷𝑠 of 100 𝜇g/mL synthesized from 

raw shrimp shells are effective against Gram-positive and Gram-negative bacteria [29]. 𝐶𝐷𝑠 prepared 

from 𝐶. sativa leaf extract and decorated with silver are 90% effective against 𝑆𝐴 and 𝐸𝐶 with a 

minimum inhibitory concentration (𝑀𝐼𝐶) of 42 𝜇g/mL [30]. 𝐶𝐷𝑠 obtained from medicinal precursors 

have been given much attention for their efficacy against multidrug-resistant pathogens [31, 32]. 

Syzygium cumini 𝐿. (𝑆𝐶𝐿) is a natural seed that belongs to the tropical and subtropical family of 

Myrtaceae, commonly referred to as Indian blackberry or Jamun. These seeds with high contents of 

phenolic acids and flavonoids [33] are frequently used in biological applications due to their low cost, 

non-toxic properties, and healing potential. Diabetes, allergies, viral infection, inflammation, and 

gastric ulcers have all been successfully treated with 𝑆𝐶𝐿 seeds. These seeds are particularly of great 

interest in human health because of their antibacterial, antiinflammatory, antioxidant, and 

antidiabetic characteristics. All these properties make it an effective candidate for antibacterial 

applications. 

This study focuses on the synthesis of 𝐶𝐷𝑠 from 𝑆𝐶𝐿 seed extract by a hydrothermal procedure. The 

𝐶𝐷𝑠 are characterized and tested for their antimicrobial activities against four 𝑊𝐻𝑂 high-priority 

pathogens: Escherichia coli (𝐸𝐶), 𝐾𝑙𝑒𝑏𝑠𝑖𝑒𝑙𝑙𝑎 𝑝𝑛𝑒𝑢𝑚𝑜𝑛𝑖𝑎𝑒 (𝐾𝑃), 𝑆𝑡𝑎𝑝ℎ𝑦𝑙𝑜𝑐𝑜𝑐𝑐𝑢𝑠 𝑒𝑝𝑖𝑑𝑒𝑟𝑚𝑖𝑑𝑖𝑠 (𝑆𝐸), 

and 𝑆𝑡𝑎𝑝ℎ𝑦𝑙𝑜𝑐𝑜𝑐𝑐𝑢𝑠 𝑎𝑢𝑟𝑒𝑢𝑠 (𝑆𝐴). Our group has conducted several studies to foster the use of 𝐶𝐷𝑠 

as a new class of antimicrobial agent [34, 35] including the 𝐶𝐷𝑠 prepared from Piper betel leaves [36]. 

This study unravels that the newly synthesized 𝐶𝐷𝑠 can inhibit the bacteria at a much lower 

concentration (500 𝜇g/mL) within 12-24 h. Also, the scope of this work is extended to study 𝑆𝐸 and 

𝐾𝑃, which opens a wider scope of further studies from these 𝐶𝐷𝑠. Nontoxicity, absence of additional 

chemicals, lower minimum inhibitory concentration, and high antimicrobial activity make the newly 

synthesized 𝐶𝐷𝑠 to be distinctive. Based on ultrasoni-cation, as-prepared CDs are coated onto the 

surface of pure cotton textiles without the use of chemicals. This procedure can be applied to textiles 

[37] and polymers [38] with excellent coating durability after 65 washing cycles at 75 °C [39]. 

 

2 Experimental section 

2.1 Materials 

𝑆𝐶𝐿 seeds collected from Tamil Nadu, India, were dried and ground with a mixer to obtain the powder. 

For the synthesis of 𝐶𝐷𝑠, ultrapure water from Alfa Aesar (Haverhill, MA, USA) was used. 𝐸𝐶 (ATCC 



25,922), SA (ATCC 29,213), 𝑆𝐸 (ATCC 12,228), and KP (ATCC 700,603) were attained from Dr. Banin’s 

Lab, The Mina and Everard Goodman Faculty of Life Science, Bar Ilan University, Israel. A commercial 

100% cotton fabric was obtained from a local store. 

 

2.2 Instrumentation 

The transmission electron microscope with the model number TEM-JEOL-2100 (Peabody, MA, USA) 

was used to capture the image of the particle size. A few drops of the 𝐶𝐷𝑠 solution were dropped on 

the copper grid and dried overnight at 60 °C. The UV-visible spectrophotometer-type Varian Cary 100 

Bio Spectrophotometer was used for the absorbance studies. The emission studies were obtained 

using a Varian Cary Eclipse fluorescence spectrophotometer. Fourier transform infrared (𝐹𝑇𝐼𝑅) spectra 

were collected ranging from 500 to 4000 cm-1 from a Tensor 27 spectrometer (Bruker, Germany). The 

surface charge was observed on Malvern Zetasizer Nano-𝑍𝑆 (Malvern, UK). 𝑋-ray photoelectron 

spectroscopy was conducted by an 𝑋𝑃𝑆, Nexsaspectrometer (England). For all elements, the binding 

energies were set by the C1s peak at 285 eV. The reactive oxygen species (𝑅𝑂𝑆) generation of 𝐶𝐷𝑠 

was recorded on a Bruker 𝑋-band spectrometer (121 𝐸𝑃𝑅 100d) with 𝐷𝑀𝑃𝑂 (5,5-dimethyl-1-pyrroline-

𝑁-oxide) as a spin trap. The 𝐶𝐷𝑠 solution (40 𝜇L) was taken and mixed with 10 𝜇L of 𝐷𝑀𝑃𝑂 (0.01 M) 

for electron paramagnetic resonance (𝐸𝑃𝑅) measurement. The blank was measured using deionized 

water without 𝐶𝐷𝑠. 

 

2.3 Preparation of Carbon dots (𝐶𝐷𝑠) 

The powder of 𝑆𝐶𝐿 (1 g) was added to 60 mL of water and subjected to stirring at 650 r/m and 90° C 

for 60 min. After centrifugation at 9000 r/m, the supernatant was poured into a Teflon container and 

incubated at 200° C for 8 h. After cooling at room temperature, a dark brown solution was obtained. 

The solution was then filtered using a 0.22-𝜇M filter, followed by dialysis for 24 h. The dialyzed solution 

was again filtered using a 0.22-𝜇M filter and stored in the fridge until needed. 

 

2.4 Antibacterial activity of 𝐶𝐷𝑠 

𝐸𝐶, 𝑆𝐴, 𝑆𝐸, and 𝐾𝑃 were grown overnight with agitation at 120 rpm in lysogeny broth (𝐿𝐵) at 37 °C. 

The bacterial concentration during incubation was analyzed by taking the absorbance or optical density 

(𝑂𝐷) at 595 nm (𝑂𝐷595). Based on the obtained values, the bacterial concentration was adjusted to 

105. For the antibacterial studies with 𝐶𝐷𝑠, 500 pL of 𝐶𝐷𝑠 and 500 pL of 105 bacterial solutions were 

mixed and incubated at various time intervals with constant shaking at 120 r/m. The control consisted 

of only bacterial solution and deionized water for comparison. To observe the time-dependent activity 

of the 𝐶𝐷𝑠, 3-time intervals of 0 h,12 h, and 24 h were selected. After each time interval, an 

appropriate amount of the incubated sample was taken and plated in a 96-well plate and subjected to 

7 dilutions. After dilution, 5 pL of each dilution was taken and plated on an agar plate and incubated 

at 37 °C along with the control. A similar procedure was carried out for various concentrations of the 

CDs for 24 h. The colony-forming unit (𝐶𝐹𝑈) method was used to calculate the rate of bacterial growth 

observed in the agar plate. 

 

  



Scheme 1 The schematic illustration of synthesis and fabrication of carbon dots/cot-ton coated with carbon dots 

 

2.5 Fabric coating 

For the decoration of 𝐶𝐷𝑠 on textile, a commercial cloth (1 cm × 1 cm) with 100% cotton was 

submerged and sonicated in 20 mL of 𝐶𝐷𝑠 [40, 41]. The probe ultrasonica-tion step was carried out 

for 1 h with an amplitude of 30%. The resulting cloth was dried in an oven at 70 °C overnight and used 

for antibacterial studies against the aforementioned bacterias. The schematic illustration is given in 

Scheme 1. 

 

2.6 Antibacterial activity of 𝐶𝐷𝑠 on fabric 

The 𝐶𝐷𝑠-decorated fabric was incubated with 1 mL of bacterial suspension overnight at 37° C with 

constant shaking at 120 r/m. After 24 h, an appropriate amount was taken and diluted in a 96-well 

plate with up to 7 dilutions. From each dilution, 5 pL is taken and plated on an agar plate and incubated 

overnight at 37° C. The 𝐶𝐹𝑈 method was utilized to observe bacterial growth. 

 

3 Result and discussion 

As-prepared 𝐶𝐷𝑠 displayed a spherical shape (Fig. 1A) with an average diameter of 6.3 nm (Fig. 1B). 

ImageJ software was used to analyze the size of the particles. The 𝐶𝐷𝑠 exhibited good blue 

luminescence with two peaks in the UV absorption spectrum (Fig. 2A). The peaks observed at 252 and 

285 nm were attributed to the 𝜋-𝜋∗ transition of the 𝐶 =  𝐶/𝐶 =  𝑁 bonds [42]. The peak around 

363 nm was mainly due to the 𝑛-𝜋∗ energy transition of the 𝐶 =  𝑂 bonds [43]. 

The CDs show excitation-dependent emission characteristics with photoluminescence (PL) emission 

maxima at an excitation of 340 nm (Fig. 2B). Among various plausible mechanisms, the most well-

known ones are related to the quantum confnement efect [44], surface state [45], and molecule 



fuorophore [46]. SCL is rich in phenolic groups and favonoids, thus, such groups should also be present 

on CDs [47]. 

The presence of many oxygen groups on 𝐶𝐷𝑠 can create defects due to surface oxidation, resulting in 

different emission sites on their 𝐶𝐷𝑠 and fluorescence behavior. Typically, the ability to trap excitons 

(i.e., electrons and holes) increases with the number of surface imperfections. Consequently, the red-

shifted emission is caused by the radiation produced by the recombination of entrapped excitons. 

Various functional groups were observed through the 𝐹𝑇𝐼𝑅 spectrum (Fig. 1C). The 𝐹𝑇𝐼𝑅 peak 

observed at 3698 cm-1 attested to the presence of a strong 𝑂𝐻 group. 

Fig. 1 A 𝑇𝐸𝑀 image of 𝐶𝐷𝑠, B particle size distribution of 𝐶𝐷𝑠 

Fig. 2 A UV spectrum of 𝐶𝐷𝑠, B 𝑃𝐿 emission characteristics of 𝐶𝐷𝑠, and C 𝐹𝑇𝐼𝑅 spectrum of the 𝐶𝐷𝑠 

 

The broad peak observed from 3378 to 2159 cm-1 represented 𝑂𝐻 vibrations of the carboxylic acids 

and 𝑁 − 𝐻 stretching vibrations. The peak around 1700 cm-1 was attributed to the 𝐶 =  𝑂 stretching 



of the conjugated system of aldehydes and acids. The peak at 1590 cm-1 was assigned to the cyclic 

alkenes 𝐶 =  𝐶 stretching. Aromatic amines having 𝐶 − 𝑁 vibration, 𝑆 =  𝑂 stretching, and 𝑂 − 𝐻 

bending of phenol groups were affirmed by the peak around 1317 cm-1, whereas the peaks between 

1000 and 1200 cm-1 were related to 𝐶 − 𝑂 bonds. 

The 𝑋𝑃𝑆 provides detailed information including the chemical composition, surface properties, and 

electronic configuration of the 𝐶𝐷𝑠. The 𝑋𝑃𝑆 of 𝐶, 𝑁, 𝑂, and 𝑆 are exhibited in Fig. 3. The peaks at 

284.9, 399, 178, and 530 eV were attributed to C1s, N1s, S2p, and O1s functional groups respectively, 

and the atomic ratios (%) of the 𝑂, 𝑁, and 𝐶 are 25.95, 1, and 73.02 as calculated from the full 𝑋𝑃𝑆 

survey. The high-resolution C1s spectra were deconvoluted into three component peaks at the binding 

energies of 284.9 eV (𝐶 − 𝐶), 285.8 eV (𝐶 − 𝑁, 𝐶 − 𝑂, 𝐶 − 𝑆), and 288.9 eV (𝐶 =  𝑂) assigned to 

adventitious carbon species (Fig. 3A). The XPS spectrum of O1s exhibited four predominant peaks at 

the binding energies 530.9 eV, 531.8 eV, 532.7 eV, and 533.2 eV, which were associated with oxygen 

in the states of 𝐶 − 𝑂 − 𝐶, 𝐶 =  𝑂, 𝐶 − 𝑂𝐻, and 𝐶 − 𝑂 (𝑁 =  𝑂), respectively (Fig. 3B). The high-

resolution spectra of the N1s are depicted in Fig. 3C and the existence of the peaks at the binding 

energies 399.4 eV, 400.3 eV, and 401.5 eV corresponded to the presence of 𝑁 − 𝐻, 𝑁 − 𝐶3, and 𝐶 −

𝑁 − 𝐶 configuration states [48]. The two peaks located at the binding energies of 168.38 eV and 169.50 

eV shown in Fig. 3D were corresponding to S2p 3/2 and S2p 1/2 electrons, respectively, indicating the 

presence of the free 𝑆𝑂4
−2 and 𝑆𝑂3

−2 functional groups [49, 50]. 

Fig. 3 𝑋𝑃𝑆 spectrum of biomass-derived 𝐶𝐷𝑠, A C1s spectrum; B O1s spectrum; C N1s spectrum; D S 2p spectrum 

 



The ultrasonication coating process used ultrasonic waves to coat the 𝐶𝐷𝑠 on the cotton textile. As 

shown in Fig. 4A, the surface morphology of the pure cotton was smooth without any disruptions. 

However, the disruptions due to ultrasonic waves and the cavitation ultrasonic force used to embed 

the 𝐶𝐷𝑠 on the fabric can be seen in Fig. 4B. The breaches on the fabric surface were attributed to the 

incorporation of 𝐶𝐷𝑠 into the fabric by ultrasonica-tion and the 𝐶𝐷𝑠 might be entrapped in the 

intermolecular spaces of the cotton textile [51]. The 𝑆𝐸𝑀 micrograph was slightly not clear due to the 

beam charging effect. 

Fig. 4 𝑆𝐸𝑀 image of A uncoated cotton fabric, B carbon dot-coated fabric 

 

3.1  Applications 

3.1.1 Antibacterial aktivity 

The antibacterial experiments were conducted by various concentrations of 𝐶𝐷𝑠 within 24 h of the 

incubation period. This experiment demonstrates the minimum inhibitory concentration (𝑀𝐼𝐶) against 

the bacteria which was determined to be 500 𝜇g of 𝐶𝐷𝑠 in 0.250 mL of an aqueous solution. This low 

concertation level was used for the complete eradication of all four bacteria. The eradication effect of 

𝐶𝐷𝑠 against 𝑆𝐴 and 𝑆𝐸 was effective in 12 h (Fig. 5B and C) and the growth inhibition was completely 

controlled at 12 h. For 𝐸𝐶 and 𝐾𝑃, the effect of 𝐶𝐷𝑠 on bacterial growth was observed after 12 h with 

a complete eradication at 24 h (Fig. 5A and D). The antibacterial tests on agar plates for 𝐸𝐶, 𝑆𝐴, 𝑆𝐸, 

and 𝐾𝑃 are provided in Figs. 6 and 7. 

The antimicrobial activities of the synthesized 𝐶𝐷𝑠 were compared with other hetero-doped 𝐶𝐷𝑠 and 

𝐶𝐷𝑠 composites [8, 49]. As-synthesized 𝐶𝐷𝑠 show comparable or better antimicrobial effects without 

any additional chemical reagents, compounds, and passivated atoms (Table 1). The comparison shown 

in Table 1 is based on the required incubation time and 𝑀𝐼𝐶/𝑍𝑂𝐼 to completely eradicate the growth 

of different bacteria. 

 

3.1.2 Antibacterial activity on 𝐶𝐷𝑠-coated fabric 

The antibacterial effect of 𝐶𝐷𝑠-coated fabric was tested against 𝐸𝐶, 𝑆𝐴, 𝑆𝐸, and 𝐾𝑃. The uncoated 

fabric displayed normal cell growths for 𝐸𝐶, 𝑆𝐴, 𝑆𝐸, and 𝐾𝑃 as expected. In contrast, no cell growth 

on the coated fabric was observed for 𝐸𝐶, 𝑆𝐴, and 𝑆𝐸. For 𝐾𝑃, only 40% of growth inhibition was 

observed, indicating the requirement for higher 𝐶𝐷𝑠 loading on the fabric (Fig. 8). Figure 9 indicates a 



series of experiments with agar plates performed to assess the antimicrobial effect of the 𝐶𝐷𝑠-coated 

fabric against the four tested pathogens. 

  



Fig. 5 The antibacterial activity of 𝐶𝐷𝑠, A 𝐶𝐷𝑠 against 𝐸𝐶, B 𝑆𝐴, C 𝑆𝐸, and D 𝐾𝑃 

 

3.2 A proposed antibacterial mechanism 

It is generally accepted that 𝐶𝐷𝑠 kill bacteria by cell wall/ membrane disruption, reactive oxygen 

species (𝑅𝑂𝑆) generation, and 𝐷𝑁𝐴 damage [5]. Gram-negative bacteria are surrounded by a thin 

peptidoglycan cell wall and an outer lipopolysaccharide membrane, which is highly hydrophobic. The 

binding of 𝐶𝐷𝑠 to bacteria is somewhat intriguing as the positive, negative, or neutral 𝐶𝐷𝑠 also exhibit 

antibacterial activities. The zeta potential of the prepared 𝐶𝐷𝑠 with the free 𝑆𝑂4
2− and 𝑆𝑂3

2− functional 

groups was estimated to be - 16 mV as shown in Fig. 10A. However, since the bacterial cell membrane 

should carry a negative charge at physiological pH, the electrostatic interaction of negatively charged 

𝐶𝐷𝑠 with bacteria is not anticipated. In this context, hydrophobic interactions are envisioned between 

the hydrophobic domains of 𝐶𝐷𝑠 with bacterial membrane lipids. Owing to the structure and 

composition difference of the bacterial surfaces of Gram-positive and Gram-negative bacteria, 𝐶𝐷𝑠 

interact with these two types of bacteria differently [24]. There is a significant difference in the 

hydrophobicity of the two types of bacteria as Grampositive bacteria have less complicated cell 

wall/mem-brane structures, compared to Gram-negative bacteria [28]. Therefore, Gram-positive 

bacteria are much more sensitive to lipophilic molecules than Gram-negative ones [10]. 𝐶𝐷𝑠 with 

hydroxyl groups can also form hydrogen bonds with accessible groups of lipopolysaccharide (Gram-

negative) or peptidoglycan (Gram-positive). 

  



Fig. 6 Agar well plates of 𝐸𝐶 and 𝑆𝐴 at A 0 h with and without 𝐶𝐷𝑠, B 12 h with and without 𝐶𝐷𝑠, C 24 h with and without 

𝐶𝐷𝑠 

 

Fig. 7 Agar well plates of 𝑆𝐸 and 𝐾𝑃 at A 0 h with and without 𝐶𝐷𝑠, B 12 h with and without 𝐶𝐷𝑠, C 24 h with and without 

𝐶𝐷𝑠 

 

  



Table 1 Comparison of antibacterial activity with previous reports 

𝐻, hydrothermal; 𝑀 microwave; 𝑅, reflux 

 

Fig. 8 Antimicrobial activities of the pristine cotton and 𝐶𝐷𝑠-decorated cotton on A 𝐸𝐶, 𝑆𝐴 and B 𝑆𝐸, 𝐾𝑃 

 

Fig. 9 A Agar well plates of 𝐸𝐶 and 𝑆𝐴 and B agar well plates of 𝑆𝐸 and 𝐾𝑃 at 24 h with and without coated 𝐶𝐷𝑠 on cotton 

 

After the binding interaction, the lone pair of electrons on the 𝐶𝐷𝑠 eradicates bacterial cell walls [31], 

𝐶𝐷𝑠 produce reactive oxygen species (𝑅𝑂𝑆) such as singlet oxygen (O2), H2O2, hydroxyl radical (-𝑂𝐻), 

and superoxide (𝑂2
−), whereas 𝑁𝑂 and peroxynitrite (𝑂𝑁𝑂𝑂−) are stemmed from 𝑁@𝐶𝐷𝑠 (Fig. 10B). 

The reactive species will adhere and then penetrate the microbial cell wall to provoke oxidative stress 

and 𝐷𝑁𝐴/𝑅𝑁𝐴 fragmentation, resulting in corruption or inhibition of the gene expression. The 

reactive species also cause mitochondrial dysfunction, inactivation of intracellular protein inactivation, 

and lipid peroxidation, resulting in eventual cell death. The induction of oxidative stress with damages 



to 𝐷𝑁𝐴/ 𝑅𝑁𝐴, leading to the alterations or inhibitions of important gene expressions, and the 

induction of oxidative damages to proteins and other intracellular biomolecules [59-61]. 

Fig. 10 A Zeta potential of 𝐶𝐷𝑠, B 𝐸𝑆𝑅 spectra, and C a schematic illustration of 𝑅𝑂𝑆 destroying the membrane 

 

The presence of nitrogen in the synthesized 𝐶𝐷𝑠 also participates in bacterial eradication as amine and 

amides of 𝑁-doped 𝐶𝐷𝑠 play a vast role in enhancing bactericidal properties. 𝐶𝐷𝑠 with a zeta (𝑍) 

potential - 11.06 effectively eradicate 𝑀𝑅𝑆𝐴 [62]. The binding of 𝐶𝐷𝑠 to pristine cotton deserves a 

brief discussion here as negatively charged 𝐶𝐷𝑠 bind strongly to cation-ized cotton via electrostatic 

interaction [63]. As a linear-chain carbohydrate polymer with the repeated connection of 𝐷-glu-cose 

building blocks, cellulose carries numerous hydroxyl groups. Therefore, 𝐶𝐷𝑠 with surface hydroxyl 

groups can also bind to pristine cotton via hydrogen bonds with the accessible hydroxyl groups of 

cellulosic building units [64, 65] to form a complex. While mechanistic details on the generation of 𝑅𝑂𝑆 

by different types of 𝐶𝐷𝑠 and their corresponding antibacterial activities are still unclearly understood, 

the experimental results obtained in this work have shown great promise for 𝐶𝐷𝑠 as a new class of 

effective antibacterial agents (Fig. 10C). 

Among four reactive oxygen species, H2O2, about 3%, has been used as an antiseptic since the 1920s 

because it kills bacteria cells by destroying their cell walls. H2O2 is fairly stable while the half-life of 

other 𝑅𝑂𝑆 is very short: 10-6 s or 1 𝜇s for both dioxygen (singlet) or dioxidene (1O2) and superoxide 

anion (O2
•−) and only 10-9 s or 1 ns for hydroxyl radicals (𝐻𝑂•) [66]. 𝑅𝑂𝑆 are natural byproducts of 

cellular oxidative metabolism and play important roles in the modulation of cell survival, cell death, 

differentiation, cell signaling, and inflammation-related factor production [67, 68]. 



These low concentrations of 𝑅𝑂𝑆 enable their role as second messengers in signal transduction for 

vascular homeostasis and cell signaling. Under normal circumstances, 𝑅𝑂𝑆 concentrations are tightly 

controlled by antioxidants, keeping them in the picomolar range [69]. When excessively produced, or 

when antioxidants are depleted, 𝑅𝑂𝑆 can inflict damage on lipids, proteins, and 𝐷𝑁𝐴. 𝐶𝐷𝑠 are 

generally safe as confirmed by cytotoxicity assays for various cell limes; however, small changes in the 

synthesis conditions can have significant effects on the properties of 𝐶𝐷𝑠 [70]. Nonetheless, in vivo 

safety analyses of 𝐶𝐷𝑠 remain unclear, which is worthy of future evaluation. 

 

4 Conclusion 

𝐶𝐷𝑠 with antimicrobial properties were successfully synthesized from 𝑆𝐶𝐿 seed extract by one-pot 

hydrothermal synthesis. The production of reactive oxygen species was postulated to play an 

important role in the bacterial eradication of both Gram-positive and Gram-negative bacteria. The 

antibacterial application was taken one step forward by coating cotton textiles with 𝐶𝐷𝑠 by 

ultrasonication. The process yielded a good coating of 𝐶𝐷𝑠 on the cotton without the use of any 

additional or toxic chemicals. Albeit an exact mechanism of microbial activities of 𝐶𝐷𝑠 decorated 

cotton is a subject of future endeavor, this study suggests a potential fabrication of textiles with 

excellent microbicide activity. 
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