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Abstract 

The widespread of bacterial infections including biofilms drives the never-ending quest for new 

antimicrobial agents. Among the great variety of nanomaterials, carbon dots (CDs) are the most 

promising antibacterial material, but still require the adjustment of surface properties for enhanced 

activity. In this contribution, we report a facile functionalization method of carbon dots (CDs) by 

tetraalkylammonium moieties using diazonium chemistry to improve their antibacterial activity 

against Gram-positive and Gram-negative bacteria. CDs were modified by novel diazonium salts 

bearing tetraalkylammonium moieties (TAA) with different alkyl chains (C2, C4, C9, C12) for the 

optimization of antibacterial activity. Variation of the alkyl chain allows to reach the significant 

antibacterial effect for CDs-C9 towards Gram-positive Staphylococcus aureus (S. aureus) 

(MIC=3.09±1.10 µg mL
-1

) and Gram-negative Escherichia coli (E. coli) (MIC=7.93±0.17 µg mL
-1

) 

bacteria. The antibacterial mechanism of CDs-C9 is ascribed to the balance between the positive 

charge and hydrophobicity of the alkyl chains. TAA moieties are responsible for enhanced 

adherence on the bacterial cell membrane, its penetration and disturbance of physiological 

metabolism. CDs-C9 were not effective in the generation of reactive oxygen species excluding the 

oxidative damage mechanism. In addition, CDs-C9 effectively promoted the antibiofilm treatment 

of S. aureus and E. coli biofilms outperforming previously-reported CDs in terms of treatment 

duration and minimal inhibitory concentration. The good biocompatibility of CDs-C9 was 

demonstrated on mouse fibroblast (NIH/3T3), HeLa and U-87 MG cell lines for concentrations up to 

256 µg mL
-1

. Collectively, our work highlights the correlation between the surface chemistry of CDs 

and their antimicrobial performance. 

 

Keywords: Carbon dots; diazonium chemistry; tetraalkylammonium salts; antibacterial activity; 

biofilms 
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1. Introduction 

There is a global challenge in the overcoming of bacterial resistance caused by increasingly 

ineffectiveness of common antibiotic molecules - in 2019, only 6 of 32 clinical developed antibiotics 

were classified as innovative  [1]. In most cases, all the current antibiotics are not able to treat 

bacteria biofilms that are responsible for causing a broad range of chronic diseases [2]. Therefore, 

there is an urgent need to develop new alternative antimicrobial agents to prevent extending drug-

resistance and biofilm-related infections.  

In the last decade, great attention has been focused on the development of nanomaterials with 

antimicrobial properties including antibiofilm characteristics [3,4]. Recent investigations on 

efficiency of noble metal nanoparticles [5,6], semiconductor nanoparticles [7–9], 2D materials 

[10,11], metal-organic frameworks [12,13] and  carbon-based nanomaterials [14,15] as antibacterial 

agents have represented a worth potential for the treatment of bacterial infection. However, the 

application of metal-based nanomaterials is hindered by bio-toxicity, high cost and even emergence 

of bacterial drug resistance [16]. The application of semiconductor nanomaterial, 2D and 3D 

materials is limited by potential health risks related to the antibacterial effect: finite lifespan, action 

radius of ROS, and risk of normal tissues damage in the case of higher ROS production and 

hyperthermia. That has opened the door for wide practical application of carbon-based antibacterial 

agents, particularly, carbon dots (CDs). CDs are highly attractive due to their structural features 

associated with “zero-dimensional” size. CDs can be readily prepared by environmentally-friendly 

and low-cost methods. Particularly important is that CDs form stable aqueous suspensions and are 

non-toxic nanomaterials, especially in comparison with metal nanoparticles [5,6]. These features 

make CDs one of the close-to-perfect platforms for wide applications in the healthcare field.  

The application of CDs as antibacterial agents is often limited by their low activity in pristine 

form. In order to enhance the efficacy of antibacterial treatment, the implementation of special 

synthetic or post-synthetic modification procedures is required [17,18]. A widespread method for 

the synthesis of antibacterial active CDs is  based on the solvothermal treatment of nitrogen-rich 

feedstock [19–24].  All these N-containing precursors enhance the affinity to the bacteria membrane 

and further killing via electrostatic/hydrophobic interactions, generation of reactive oxygen species 

(ROS) or DNA/RNA damage [22,25]. Nevertheless, the solvothermal approaches do not allow to 

fine tune the surface properties and predict the properties of the produced CDs.  

A more careful control of the surface properties and functionality can be achieved using surface 

modification methods [19]. Among the different functionalization schemes [26–28], diazonium 
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chemistry is highly appealing owing to the high reactivity of diazonium salts, versality of chemical 

structure and formation of strong covalent bonds with the surface [29–32]. CDs can be readily 

functionalized by aryl radicals, generated from appropriate diazonium salts, which allow to 

introduce specific surface properties [33,34]. Unfortunately, the diazonium surface chemistry has 

been widely applied for the modification of surfaces for sensing related aspects [35,36] as well for 

stabilization of graphene suspensions [37,38], but not for endowing nanomaterials with antibacterial 

properties [35,36,39].  

In this contribution, we propose a versatile approach for the surface modification of CDs by 

novel diazonium salts bearing tetraalkylammonium moieties (TAA) of different alkyl chain lengths. 

Variation of the alkyl chain length allows to establish a relationship between the structure of surface 

functional groups and antibacterial performance for the preparation of effective antibacterial agents 

for both Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria and 

their biofilms. To the best of our knowledge, this study represents the first report on CDs 

functionalization with diazonium salts bearing quaternary ammonium moieties with varying alkyl 

chain lengths for antibacterial and antibiofilm applications, opening more opportunities for the 

application of CDs in the field of biomedicine.  

 

2. Experimental part 

2.1 Synthesis of amine-functionalized carbon dots (CDs) 

CDs were synthesized following a slightly modified method reported in [26]. In brief, citric acid 

(2.1 g) and ethylenediamine (670 μL) were dissolved in Milli-Q water (20 mL). Then, the solution 

was transferred in a 30 mL reaction vessel of a microwave reactor (Monowave 450, Anton-Paar). A 

total of 2 min was required to elevate the temperature of the reaction vessel up to 200°C and 

maintained at this temperature for 5 min and then cooled to room temperature (20-22°C). The 

resulting solution was dialyzed in DI water through a dialysis membrane (Biotech CE N°131093, 

MWCO = 500–1000 Da) for 24 h with changing MQ water every 3 h in order to remove unreacted 

small molecules. Then, a dry mass of 200 μL solution was weighted by microbalance (XPR6UD5, 

Mettler Toledo) for the estimation of the concentration. 

 

2.2 Modification of carbon dots with diazonium salts (CDs-C2, CDs-C4, CDs-C9 and CDs-C12)  

A solution of freshly synthesized CDs (1 mL, 2 mg mL
-1

) in water was mixed with methanol (water 

for CDs-C2) solution of ADT-N
+
(Alk)3 (1 mL, 12 mg mL

-1
), ultrasonicated for 1 h and stirred for 3 
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h at room temperature (20-22°C). Then, the desired product (CDs-C2, CDs-C4, CDs-C9 and CDs-

C12) was purified by dialysis against MQ water during 24 h using 3.5 kDa regenerated cellulose 

membrane [30].  

CDs-C4, CDs-C9 and CDs-C12 were additionally purified twice for removing unreacted diazonium 

salts by centrifugation (8000 rpm, 20 min) after dialysis and dissolution in water prior to 

lyophilization. 

 

2.3 Characterization of CDs and modified CDs (Mod-CDs) 

Size and zeta-potential measurements were performed using a Zetasizer Nano-ZS (Malvern 

Instruments Inc. Worcestershire, UK). CDs and Mod-CDs (10 μg mL
−1

) were diluted in type 1 

ultrapure water at pH 7.0. 

Atomic force microscopy (AFM) measurements (Bruker Dimension 3100) were carried out in 

ambient air, in the tapping (Intermittent contact) mode, using commercial standard silicon tip with a 

radius of approximately 10 nm (Bruker NCHV-A). The sample was prepared by dropping an 

aqueous CDs or Mod-CDs suspension onto a freshly cleaved mica surface and dried at ambient 

temperature.  

UV-vis spectroscopic measurements were carried out using a SAFAS UVmc2 spectrophotometer 

(Safas S.A., Monaco) operating at a resolution of 1 nm. The UV–vis spectra were recorded in quartz 

cuvettes of 1 cm path length between 200 and 600 nm. 

Emission and excitation fluorescence spectra were recorded between 250 and 650 nm using a 

Xenius XC spectrofluorometer (Safas S.A., Monaco). Fluorescence measurements of CDs (30 µg 

mL
-1

) were performed in water (excitation and emission bandwidth=10 nm, step=1 nm, PMT 

voltage=270 V, scan). 

Fourier-transform infrared (FTIR) spectra were recorded using a ThermoScientific FTIR instrument 

(Nicolet 8700) in the range between 650 and 4000 cm
−1

 at a spectral resolution of 4 cm
−1

. 1 mg of 

dried CDs or Mod-CDs was mixed with 200 mg of KBr powder in an agar mortar. The mixture was 

pressed into a pellet under 7 tons of load for 2–4 min, and the spectrum was recorded immediately. 

A total of 64 accumulative scans were collected. The signal from a pure KBr pellet was subtracted 

as a background. 

X-ray photoelectron spectroscopy (XPS) measurements were performed with a Theta Probe 

spectrometer (Thermo Fisher Scientific) using a monochromatic Al Kα X-ray source (1486.6 eV) 

under a vacuum of about 2×10
−6

 Pa at a photoelectron take-off angle of 45°. 
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Transmission electron microscopy (TEM) and high resolution TEM (HRTEM) were investigated by 

using a FEI TECNAI G2-20 operated at an accelerating voltage of 200 kV with a resolution of 1.9 

Å. 

 

2.4 Quantum yield measurements 

The fluorescence quantum yields of pristine and Mod-CDs were determined by the slope method 

[40], by comparing the integrated photoluminescence intensity and absorbance of each sample with 

that of a reference. Quinine sulfate (in 0.1 M H2SO4 as a solvent; QY = 0.54) was chosen as the 

reference. The quantum yield was calculated using the following equation: 

 

ϕx = ϕst (Kx/Kst) (ηx/ηst)
2 

 

where ϕ is the quantum yield, K is the slope determined by the curves and η is the refractive index 

of the solvent. The subscript “st” refers to the standard with the known quantum yield and “x” for 

the sample. In order to minimize re-absorption effects, absorption in the 10-mm fluorescence cuvette 

was kept below 0.10 at the excitation wavelength (350 nm). For these aqueous solutions, ηx/ηst = 1. 

A series of concentrations of the reference and sample were measured to obtain the slopes of the 

curves. 

 

2.5 Cell culture, cytotoxicity assay and cellular uptake 

2.5.1 Cytotoxicity assay 

In vitro cytocompatibility of pristine and modified CDs was assessed on mouse embryonic fibroblast 

3T3-L1 (ATCC CL-173™ NIH/3T3), following a standard protocol already reported in a previous 

work [41]. Cytotoxicity test was conducted according to the EN ISO 10993-5 standard with 

modification. Dulbecco's Modified Eagle's Medium (Gibco, USA) containing 10% calf serum (One 

Shot ™, Thermo Fisher Scientific, Brazil), supplemented with glutamine supplement (GlutaMAX, 

Gibco, USA), and penicillin/streptomycin at 100 U/mL (Paneko, Russia) was used as culture 

medium. The CDs were diluted to concentrations from 0 to 64 µg mL
-1

 (for 24 h) and to 512 µg mL
-

1
 (for 2 and 6 h) in the culture medium. The cells were pre-cultivated for 24 h, and the culture 

medium was subsequently replaced with dilutions of the samples. As a reference, cultivation in pure 

medium without CD samples was carried out.  
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To assess the cytotoxic effect, MTT assay (Invitrogen Corporation) was performed after 2, 6 and 24 

h of cell cultivation in the presence of the samples. All tests were conducted in quadruplicates. The 

absorbance was measured at 570 nm on an Multiskan™ FC Microplate Photometer – (Thermo 

Fisher Scientific). Dixon’s Q test was applied to remove outlying values. Cell viability is displayed 

as the percentage of cells present in respective sample with CDs relative to cells cultivated in pure 

medium in absence of CDs (100% viability)  

 

The HeLa [ATCC® CCL-2™, ECACC, Sigma Aldrich, Saint-Quentin Fallavier, France] and U-87 

MG [ATCC® HTB-14™, ECACC, Sigma Aldrich, Saint-Quentin Fallavier, France] cell lines were 

cultured and maintained in Dulbecco’s Modified Eagle’s medium (DMEM, Gibco®) supplemented 

with 10% fetal bovine serum (FBS, Gibco®) and 1% penicillin-streptomycin (Gibco®) in a 

humidified incubator at 37°C and 5% CO2. Cells were seeded at a density of 10
4
 cells/well in a 96-

well plate and grown for 24 h before assay. The culture medium was replaced with a fresh medium 

that contains the CDs. The final concentration of CDs, CDs-C2, CDs-C4, CDs-C9 and CDs-C12 in 

the well was 12.5, 25, 50 μg mL
−1

. After 24 h, the old medium was aspirated and cells were washed 

three times with PBS. The cell viability was evaluated using Uptiblue (Interchim) method. Briefly, 

100 μL of the resazurin solution (11 µg mL
-1

) in DMEM with 10% FBS were added to each well 

and the plate was incubated for 4 h in the humidified incubator. The fluorescence emission of each 

well at 590 nm was measured using a microplate reader (PHERAstar FS, BMG LABTECH GmbH, 

Germany). Each condition was replicated five times and the mean absorbance value of non-exposed 

cells was taken as 100% cellular viability. 

 

2.6 The antibacterial activity of pristine and modified CDs 

2.6.1 Bacterial culture and preparation 

The bacteria used in this study were S. aureus ATCC® 43300™ (Gram positive) and E. coli K12 

MG1655 (Gram negative) strains. A single E. coli or S. aureus colony from LB/BHI agar plate was 

inoculated overnight in MHB medium at 37°C with moderate shaking. The pre-culture was diluted 

50-fold and allowed to continue for another 3–4 h, until the optical density at 600 nm (OD600) had 

reached 0.6–1.  

 

2.6.2 Determination of minimum inhibition concentration 
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The pre-culture of S. aureus ATCC® 43300™ and E. coli K12 MG1655 (10
8
 CFU mL

-1
) was then 

diluted by 1:100 in MHB broth (10
6
 CFU mL

-1
). 50 µL of the bacterial suspension was then added 

to all wells containing CDs and to the control wells, resulting in 5 ×10
5
 CFU mL

-1
. To perform the 

minimum inhibition concentration (MIC) test, different concentrations (0.25, 0.5, 1, 2, 4, 8, 16, 32, 

64, 128 µg mL
-1

) of pristine and modified CDs were prepared by serial dilution into 96-well 

microplates containing 50 µL of the inoculum. The as-prepared bacterial suspensions were 

incubated at 37°C without shaking for 18-24 h. The MIC was determined by reading the OD600 with 

the multiplate reader.  

The lowest concentration (highest dilution) required to arrest the bacterial growth was regarded as 

the MIC value. All the concentration values were analyzed three times and the relative standard 

deviation was less than 1% [42].  

The determination of MIC under light irradiation was investigated by irradiating a suspension of 

bacteria (10
6
 CFU mL

-1
) in the presence of CDs at different concentrations for 20 min at 0.41 W cm

-

2
. 

 

2.7 Biofilm assay 

2.7.1 Biofilm formation and quantification 

S. aureus and E. coli bacteria strains were cultured in TSB at 37°C for approximately 3-4 h in order 

to reach mid-log phase (OD 0.5-0.6). Cells were pelleted by centrifugation (5000 g, 5 min, 20°C) 

then washed twice with Potassium Phosphate Buffer (PPB; 100 mM, pH 7). Bacterial suspensions 

were adjusted to 10
8
 CFU mL

-1
 in PPB (OD 600 nm = 0.1) or to 10

9 
CFU mL

-1
 in PPB (OD 600 nm 

= 1). Biofilm formation was initiated in 24-well plate (Nunclon™) by covering polystyrene (PS) 

surface with 1 mL of the cell suspension adjusted to 10
7
 CFU mL

-1
 and incubated at 20°C for 2 h (S. 

aureus) and 3 h (E. coli) to allow the bacterial adhesion. Afterwards, the wells were rinsed with 

PPB, to remove loosely attached cells. Each well was covered with 2 mL of TSB and incubated 

statically at 37°C for 72 h (S. aureus) and 120 h (E. coli) (change medium every 24 h). After the 

biofilm matured, the grown biofilms were gently washed (3-4×) with PPB solution to remove any 

non-adherent bacteria for subsequent experiments [43,44]. 

Evaluation of biofilm formation was investigated by several methods: (1) crystal violet staining 

experiments; (2) direct brightfield microscopy; (3) live/dead staining assay. 

(1) Crystal violet (CV) staining experiments: Briefly, the biofilms were fixed by 200 µL of 

methanol for 15 min, stained with 200 µL of CV solution (0.1 wt%) for 10 min, and washed with 
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PBS (3×) to remove the unbound dyes and dried for 15 min. Next, the biofilms were treated with 

200 µL of ethanol for 15 min, and the biofilm biomass of each sample was quantified by measuring 

the absorbance at 570 nm using the microplate reader (Multi-mode reader, CYT5MV, Biotek). Each 

sample was tested in triplicate, and three independent experiments were performed. The same 

procedure for 3 control wells without any bacteria was carried out. 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑜𝑓 𝑏𝑖𝑜𝑓𝑖𝑙𝑚 =
𝑂𝐷570𝑛𝑚 (𝑠𝑎𝑚𝑝𝑙𝑒)

𝑂𝐷570𝑛𝑚 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
× 100 % 

 

(2) direct brightfield microscopy; 

(3) Live/dead staining assay: Briefly, to investigate the states of bacteria in biofilms, live/dead 

staining assay was conducted using the LIVE/DEAD BacLight bacterial viability kit containing 

green-fluorescent SYTO 9 (Ex = 488 nm) and red-fluorescent nucleic acid dye (propidium iodide, 

PI, Ex = 552 nm). The culture media were replaced with PBS solutions containing SYTO 9 and PI 

dyes (1 µL+ 1 µL per 1 mL), which stained live bacteria in green and dead bacteria in red, 

respectively. The live/dead staining experiments were carried out according to the manufacturer’s 

instructions. After that, the samples were imaged using a microscope (Multi-mode reader, 

CYT5MV, Biotek) with 20× objective magnification and with the corresponding excitation and 

emission filters (469-35/525-39 nm for SYTO
TM

 9 and 586-15/647-57 nm for propidium iodide). 

 

2.7.2 Biofilm destruction assay and quantification 

The obtained biofilms of S. aureus and E. coli were incubated with 1 mL of  different concentrations 

of CDs-C9 (0, 16, 32, 48, 64,128, 256 μg mL
−1

) for different times (2, 6 h) in PBS medium at 30°C, 

followed by washing (3-4×) the remaining biofilms with PPB. 

Quantification: 

(1) To intuitively observe the biofilm destruction performance, the treated and non-treated 

biofilms were covered by a solution of TSB approximately for 6-8 h for bacteria growth at 37°C 

(control OD600 ⁓0.3-0.4). The bacteria growth of each biofilm was measured using the microplate 

reader at the absorbance of 600 nm [45]. 

(2) To investigate the states of bacteria in treated/non-treated biofilms, live/dead staining assay 

was conducted (described above). 

(3)  To evaluate the biomass of treated/non-treated biofilms, CV staining assay was performed 

(described above). 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



10 
 

(4) Colony forming assay: Following the removal of the planktonic cells by washing with PPB, 

the wells were vigorously scratched from the surface with sticks, pipetted and carefully vortexed to 

disperse the biofilms. After being diluted with PPB, the samples (200 µL) were separately spread on 

agar plates (BHI agar for S. aureus and LB agar for E. coli). After incubation at 37°C for 18 h, the 

colony-forming units (CFU) formed on the plates were counted and photographed. 

 

2.8 Mechanism investigation 

2.8.1 Determination of reactive oxygen species (ROS) of CDs 

In order to examine the production of intracellular ROS, 2′,7′-dichlorodihydrofluorescein diacetate 

(DCFH-DA) was used [23]. One colony from the plates was transferred into 3 mL TSB and 

incubated at 35 °C, 200 rpm in an orbital shaker incubator (Labnet 211DS) until it reached the 

exponential growth phase (OD600=0.5-1.0; GeneQuant pro, Amersham Biosciences). The cell 

suspensions were stained with 10 μM DCFH-DA (from DMSO solution) for 30 min and then 

washed once by centrifugation (3500 g for 5 min; Eppendorf 5804) with PBS (pH 7.4; Gibco®). The 

pellets were resuspended in PBS and the final bacterial concentration was adjusted to 10
7
 CFU mL

-1
. 

After that, the bacteria samples were treated with CDs (64 µg mL
-1

) in PBS for 30 min. Treated 

cells, cells alone stained with DCFH-DA served as the negative controls and 1% H2O2 as the 

positive control. Relative fluorescence intensities were recorded in a 96-well cell culture plate from 

the bottom using a Cytation™ 5 Cell Imaging Multi-Mode Reader (BioTek Instruments SAS, 

France) at an excitation/emission wavelength of 485-20/528-57 nm. 

2.8.2 Bacteria interaction study 

The bacterial suspensions of E. coli or S. aureus (≈10
9
 CFU mL

−1
, 1.0 mL) were centrifuged (RCF 

3000 g, 10 min, 25 °C) and washed twice with sodium phosphate buffer solution (PBS, pH 7.4). 

Aliquots of S. aureus and E. coli (10
7
 CFU mL

−1
) were cultured with CDs (128 µg mL

-1
) for 15 min 

and washed with phosphate buffered solution (PBS, pH = 7.4). The samples were imaged using a 

microscope (Multi-mode reader, CYT5MV, Biotek) with 20× objective magnification and with the 

corresponding excitation and emission filters (469-35/525-39 nm). 

 

2.8.3 The staining assay of live/dead bacteria  

The bacterial suspensions of E. coli or S. aureus (≈10
9
 CFU mL

−1
, 1.0 mL) were centrifuged (RCF 

3000 g, 10 min, 25 °C) and washed twice with sodium phosphate buffer solution (PBS, pH 7.4). 

Aliquots of S. aureus and E. coli (10
7
 CFU mL

−1
) were treated with CDs (CDs, CDs-C2 and CDs-
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C4 at 256 μg mL
−1  

for both strains; CDs-C9 at 16 μg mL
−1

 for S. aureus and 32 μg mL
−1

 for E. coli; 

CDs-C12 at 128 μg mL
−1 

for  S. aureus and 256 μg mL
−1

 for E.coli) for 4 h. After treatment, the 

solution was washed with PBS (pH 7.4), followed by staining with SYTO 9 and PI for 15 min and 

washing to discard excess dye. After that, the samples were imaged using a microscope (Multi-mode 

reader, CYT5MV, Biotek) with 20× objective magnification with the corresponding excitation and 

emission filters (469-35/525-39 nm for SYTO
TM

 9 and 586-15/647-57 nm for propidium iodide). 

 

2.8.4 TEM characterization of bacteria morphology 

The bacterial suspensions of E. coli or S. aureus (≈10
9
 CFU mL

−1
, 1.0 mL) were centrifuged (RCF 

3000 g, 10 min, 25 °C) and washed twice with sodium phosphate buffer solution (PBS, pH 7.4). 

Aliquots (50 μL) of E. coli or S. aureus suspensions (1.0 × 10
7
 CFU mL

−1
) were incubated with the 

CDs and CDs-C9 (CDs at 256 μg mL
−1 

for both strains; CDs-C9 at 16 μg mL
−1

 for S. aureus and 32 

μg mL
−1

 for E. coli in PBS (pH 7.4)) for 4 h and then washed with sodium phosphate solution (pH 

7.4; 1.0 mL) to remove the matrix. The samples were carefully deposited on 300-mesh carbon-

coated Cu grids followed by fixation with 2.5% glutaraldehyde solution and washing with PBS (pH 

7.4). Then, the samples were dried at room temperature for 1 h, and images were observed and 

collected via TEM.  

 

Statistical Analysis. The one-way ANOVA Dunnett’s multiple comparisons test with a single pooled 

variance with a confidence level of 95% is used. The data were analyzed using GraphPad Prism 

(version 9.3.0) by comparison between treated and untreated groups. P values of 0.05 were 

considered to be significantly different from the control. 

 

3. Results and discussion 

3.1 Synthesis and characterization of CDs, CDs-C2, CDs-C4, CDs-C9 and CDs-C12 

In the first stage, we synthesized arenediazonium tosylates (ADT-N
+
Alk3) bearing different alkyl 

moieties (ethyl (C2), butyl (C4), nonyl (C9) and dodecyl (C12)) with the aim to estimate and clarify 

the influence of the alkyl chain length on antibacterial properties (Figure 1). The different alkyl 

chains were chosen for the analysis of relationship between the structure of organic functional 

groups on the CDs surface and antibacterial activity. The short chain groups (ADT-C2 and ADT-

C4), owing to their positive charge, are expected to interact with the negatively-charged bacterial 

cell membrane. The longer chains bring additional hydrophobic interactions. The second reason is 
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related to the commercial availability of the starting materials for the preparation of diazonium salts 

and related CDs. The synthesis started from the commercially available 4-nitrobenzyl bromide 

precursor, followed by alkylation with triethylamine (formation of the corresponding 

triethylammonium salt) or dimethylamine. The N,N-dimethyl-N-(4-nitrobenzyl)amine was subjected 

to a second alkylation using appropriate alkyl bromide to yield tetraalkylammonium salts. The 

simple reduction of NO2 group by Zn-powder in formic acid led to the formation of the desired 

amine, which was diazotized in the presence of 4-toluenesulfonic acid. The isolated salts ADT-C2, 

ADT-C4, ADT-C9 and ADT-C12 showed enhanced stability at storage and can be used during at 

least 3 months after the preparation [46].  

 

Figure 1. Preparation of ADT-C2, C4, C9 and C12 (the experimental procedures are provided in the 

SI). 

 

CDs were prepared by a fast and facile microwave-assisted approach using citric acid as an 

environmentally-friendly carbon source and ethylenediamine [26,47] (Figure S1). The covalent 

modification by diazonium salts was carried out via simple mixing of CDs and ADT-N
+
Alk3 

solutions under stirring and ultrasonication at room temperature. The resulting products were 

purified by dialysis (Figure 2).  
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Figure 2. Preparation of CD-C2, CDs-C4, CDs-C9 and CDs-C12. 

  

The surface modification by tetraalkylammonium moieties (TAA) was proved by Fourier-

transform infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS). FTIR 

spectrum of pristine CDs revealed the presence of C=O/N-H deformation (1660 cm
-1

), C=C (1560 

cm
-1

) and C-N (1400 cm
-1

) stretching vibrations, consistent with previously reported data [26]. After 

surface modification, the FTIR spectrum of modified CDs showed the appearance of novel vibration 

bands associated with covalent attachment of TAA groups: vibrations of alkyl chain (2930-2850, 

1360, 685 cm
-1

), aromatic ring breathing modes (685, 1000, 1124, 1183 cm
-1

) and tosylate anion 

(685, 1033, 1124, 1183 cm
-1

) (Figure 3A, Figure S2, Table S1) [48]. The absence of a vibration 

band at 2300-2230 cm
-1 

(N≡N
+
) indicates the absence of chemisorbed diazonium cations (Figure 

3A, Figure S2).  
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Figure 3. (A) FTIR spectra of CDs, CDs-C9 and ADT-C9, (B) XPS survey spectra of CDs and CD-

С9, and (C) core level spectra of the C1s of CDs, CDs-С9 and ADT-С9, and (D) N1s of CDs, CDs-

С9 and ADT-С9.  

 

The chemical composition of the pristine and modified CDs was evaluated by XPS analysis 

(Figure 3B). The XPS survey spectrum of pristine CDs displays several peaks at 284.5, 400.0, and 

531.0 eV assigned respectively to C1s, N1s and O1s. Compared to pristine CDs, the XPS survey 

spectra of the modified CDs feature additional peaks due to S2p and S2s at 167.5 and 229.0 eV, 

respectively, associated with counterion TsO
-
 of tetraalkylammonium moieties (Figures 3B, S3, 

Table S2) [49]. The deconvolution of the C1s peak allows to identify four components ascribed to 

C=C/sp² (284.5 eV), C-C (285.5 eV), C-O/C-N (286.5 eV) and O-C=O (288.5 eV) (Figure 3C). 
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Moreover, diazonium modification leads to an increase of the C-C component at 285.5 eV from ≈3 

to ≈12 at.% and C=C at 284.5 eV for all modified CDs. The deconvolution of the N1s peak (Figure 

3D) allows to identify the C–N and C3-N
+
 groups at 400.0 and 401.7 eV, respectively. While pristine 

CDs do not feature C3-N
+
 component, grafting of ADTs-C2-C12 results in its growth up to 1.8 at.%, 

clearly indicating the presence of TAA groups in the structure of the modified CDs (Table S2). The 

highest increase of C-N, C=C and C3-N
+
 components and S2p concentrations was observed for CDs-

C2 and CDs-C9 (Table S2). Additional confirmation of covalent grafting of ADTs to CDs is the 

disappearance of C-N≡N
+
 related peak at 405.7 eV due to ADTs [31,38,50].  

Additionally, all prepared materials have been characterized by optical methods, such as UV-vis 

and fluorescence spectroscopy (Figure S4). The UV–vis spectra of pristine CDs exhibited the 

common absorbance peaks at 253 and 341 nm due to the π→π* transition of aromatic C=C bond, 

n→π* transition of the C=O and C=N bonds, respectively [26] (Figure S4A). For the modified CDs, 

the appearance of a new broad peak at 450 nm, ascribed to agglomeration of weak positively 

charged CDs (Table 1), represents an indirect proof of a new lower energy state from attached 

functional groups [51] (Figure S4A). The fluorescence quantum yield (QY, Φ) of pristine CDs is 

0.21 as compared to that of quinine sulfate used as reference (QY, 0.54 in 0.1 M H2SO4) (Figure 

S4C). The surface modification suppresses sufficiently the fluorescence, as reported earlier [52] 

(Figure S4B,C). The apparent decrease of the fluorescence peak intensity at 448 nm under 358 nm 

excitation for the modified CDs compared to pristine is due to the formation of surface layer after 

modification (Figure S4B).  

The fluorescence spectra taken at excitations from 320 to 400 nm exhibit an excitation (λex)-

independent emission (λem) behavior, which may originate from the narrow distribution of several 

key parameters such as surface defects, band gap, surface structure and diameter size [53,54]. The 

location of the fluorescence excitation and emission peaks for all modified CDs was slightly blue-

shifted and also expressed in higher intensity at an excitation of 340 nm than at 360 nm (Figure S5). 

The shift in fluorescence emission peaks after functionalization originates from the bandgap tuning 

of the CDs after modification, which is probably due to the formation of new energy levels within 

the existing band gap structure [55,56].  

In addition to chemical and optical characterization, we studied the geometrical and 

hydrodynamic size of prepared materials by AFM and DLS measurements (Table 1, Figures S6, 

S7). Both methods demonstrated the apparent increase of particles’ size upon increasing the alkyl 

chain length. A significant drop was observed only for CDs-C12 for which the hydrodynamic and 
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geometrical diameters were similar to those of CDs-C2 and CDs-C4. This fact can be explained by 

the conformational freedom of long alkyl chain, which can form relatively dense structures in water 

or on substrates. The attachment of TAA moieties led to a pronounced change of the zeta potential 

of the pristine CDs from negative value to positive (Table 1), facilitating the interaction of modified 

CDs with negatively charged cell membranes [25,57].  

 

Table 1. -potential and size of CDs and modified CDs. 

 
Structure 

-potential, 

mV 

diameter
a
, 

nm 

hydrodynamic 

diameter
b
, nm 

CDs     

 

-13.0±3.0 2.3±0.3 7.3±1.7 

CDs-C2     

 

+2.7±2.3  4.0±0.8 109.9±39.4 

CDs-C4    

 

+4.7±2.5  5.5±0.8 72.1±20.5 

CDs-C9    

 

+7.5±2.0  6.5±1.0 130.2±60.8 

CDs-C12     

 

+13.0±3.0  3.5±1.2 103.7±18.7 

a 
according to AFM measurements on mica substrate (Figure S6); 

b 
size distribution by 

intensity according to DLS measurements (Figure S7). 

 

3.2 Antimicrobial properties and cytotoxicity towards Staphylococcus aureus and Escherichia coli   

The antimicrobial activity of the pristine and modified CDs was assessed by the broth minimum 

inhibitory concentration (MIC) test using Gram-positive Staphylococcus aureus ATCC® 43300™ 

(S. aureus) and Gram-negative bacteria Escherichia coli K12 MG 1655. (E. coli). The evaluation of 

MIC showed that pristine CDs did not affect the bacterial growth, as expected [26] (Table 2, S3). 
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The covalent attachment of C2-alkyl chain (CDs-C2) as well as C4-alkyl chain (CDs-C4) did not 

alter the antibacterial activity for both bacterial strains. This could be related to the weak positive 

surface charge (+2.7±2.3 and +4.7±2.5 mV, respectively) and relatively low ability of short alkyl 

chains to interact with bacterial membrane (Table 1, 2), in agreement with previously reported 

results [58,59]. In the opposite, the presence of C9-moieties on the CDs’ surface induced increased 

bacterial death with low MIC values for both strains (3.09±1.10 μg mL
−1

 for S. aureus and 

7.93±0.17 μg mL
−1

 for E. coli) in comparison with previously reported data (Table S4). Further 

increase of the alkyl chain (CDs-C12) resulted in increased MIC values, owing to the capability of 

hydrophobic tails of adhering to one another via hydrophobic intermolecular interactions, blocking 

the electrostatic interactions of positively charged TAA with bacteria and diminishing the 

antibacterial potency. These findings are in good agreement with previous studies of relationship 

between alkyl length of tetraalkylammonium salts and antibacterial activity of surface-modified 

materials [60–66]. 

Despite high antibacterial activity, biocompatibility of CDs is equally important. Previously, it 

has been reported that cationic polymers such as polyethylenimine (PEI) and derived carbon dots 

have a certain degree of toxicity, which stumbled their biomedical applications [64,67]. To 

investigate the biocompatibility of functionalized CDs-TAA, cytotoxicity study of pristine and 

modified CDs was performed on the mouse embryonic fibroblast 3T3-L1, HeLa (ATCC® CCL-

2™), and hypodiploid human (U-87 MG ATCC® HTB-14™) cell lines using MTT and resazurin 

assay, respectively (Figure 4, Figure S8). In case of mouse embryonic fibroblast 3T3-L1 cell line, 

there is a tendency for an increase of the toxic effect upon increasing the alkyl chain length from C2 

to C12, but low cytotoxicity was observed for CD-C9 in the 4-32 µg mL
-1

 concentration range, 

which is higher than CDs-C9 MIC value (Figure 4). After incubation with CDs modified with 

alkyldiazonium salts of different chain lengths for 24 h at concentrations up to 25 µg mL
-1

, the 

viability of HeLa cells (ATCC® CCL-2™) and hypodiploid human (U-87 MG ATCC® HTB-14
TM

) 

was high and approaching 95% for all CDs (Figure S8). In general, all CDs-TAA possess good 

biocompatibility and CDs-C9 with the optimal chain length can combat S. aureus and E. coli 

bacteria, thereby showing their great potential for antibiofilm applications.  

 

 
Alkyl 

radical 

MIC (μg mL
-1

) 

S. aureus  E. coli 

CDs - >256 >256 
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CDs-C2 C2H5 >256 >256 

CDs-C4 C4H9 >256 >256 

CDs-C9 C9H19 3.09±1.10 7.93±0.17 

CDs-C12 C12H25 64 256 

 

Table 2. MIC values of the CDs and modified CDs on S. aureus and E. coli. 

 

Figure 4. Cell viability of 3T3-L1 cells after 24 h incubation with CDs, CDs-C2, CDs-C4, CDs-C9 

and CDs-C12 at different concentrations determined using MTT assay. Error bars represent SD. 

Significant differences with 100% are indicated (n = 3, **p < 0.01, ***p < 0.001, ****p < 0.0001; 

as determined by a one-way ANOVA Dunnett’s multiple comparisons test with a single pooled 

variance). 

 

The prepared CDs-C9 outperform most of previously reported CDs in terms of efficacy towards 

both Gram-positive and negative bacteria with low MIC values (Table S4). As was mentioned 

above, nitrogen-containing compounds are commonly used for the synthesis of antibacterial agents; 

however, involving alkylamines in hydrothermal synthesis does not provide high antibacterial 

properties [19,26,68]. In turn, utilization of nitrogen-containing polymers and quaternary 

ammonium compounds instead of alkylamines enhances the antibacterial properties of the resulting 

CDs only toward Gram-positive bacteria and still insufficient toward Gram-negative bacteria 

[23,25,69–71]. The highest antimicrobial properties towards both bacteria was exhibited only by 
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CDs synthesized from several nitrogen-containing components [24,72]. In comparison with 

discussed above approaches, covalent grafting of TAA to CDs provides low MIC values for both 

Gram-positive and negative bacteria combined with simple modification procedure.  

 

3.3 Biofilm destruction activity 

The formation of biofilms is one of the most effective mechanisms of resistance of bacterial 

cells, affecting the antibiotics and host’s immune cells penetration and damage [2,73,74]. Previous 

studies have demonstrated that neutral and anionic CDs cannot penetrate or accumulate efficiently 

into biofilms [75]. In contrast, amphiphilic particles are able to readily penetrate biofilms [62]. Thus, 

we evaluated the antibacterial activity of CDs-C9 towards S. aureus and E. coli biofilms (Figure 5) 

in the concentration range of 0−256 μg mL
-1

. The activity was investigated by a series of qualitative 

(live/dead fluorescence staining) and quantitative (crystal violet (CV) staining assay, spread plate 

method) methods. Based on published results of biofilm treatment (Table 3), we reduced the time of 

biofilms treatment from 24 h to 6 and 2 h to get closer to practical applications [24,44,76]. 
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Figure 5. (A) Change of the S. aureus biomass as a function of CDs-С9 concentration after 2 and 6 

h treatment. The biofilm biomass was quantified by the crystal violet (CV) absorbance (OD590nm) of 

the bacterial biofilms. The biomass of the untreated biofilm was set to be 100%. (B) The bacterial 

survival rate of S. aureus in biofilms after 2 and 6 h treatment as a function of CDs-C9 concentration 

using the spread plate method. (C) Live/Dead images of untreated and treated biofilms for 6 h. The 

bacteria are stained by green and red by SYTO 9/PI. The green and red colors stand for live and 

dead bacteria, respectively. (D) S. aureus colonies of bacteria in the biofilm before and after 6 h 

treatment at treatment at concentrations 0, 32 and 64 μg mL
−1

. (E) Viability of 3T3-L1 cells treated 

with the pristine CDs and CDs-C9. 3T3-L1 cells were grown in 96-well plates (10
4 

cells/well) with 

100 μL of culture medium containing increasing concentration of CDs for 2 h (red) and 6 h (blue). 

The results, expressed as percentage of viability, are the mean value of two independent experiments 

with each treatment performed in triplicate. Negative control: without CDs. Error bars represent SD. 

Significant differences with 100% are indicated (n = 3, *p < 0.05, **p < 0.01, ****p < 0.0001; as 

determined by a one-way ANOVA Dunnett’s multiple comparisons test with a single pooled 

variance). 

 

The obtained results revealed that CDs-C9 could obstruct and destroy the biofilms of S. aureus in a 

dose-dependent way. Thus, incubation with CDs-C9 (32 μg mL
-1

) led to 30% loss of the biofilm 

mass after 2 h and more than 60% after 6 h of treatment. The mass of the biofilms was less than 5% 

after treatment with CDs-C9 at 64 µg mL
-1

 for 6 h and at 128 µg mL
-1

 for 2 h that also was proved 

by the colony formation results (Figure 5A, B). The bacterial viability of biofilms decreased with 

increasing CDs-C9 concentration (bacterial viability rate is <10% at effective concentrations), and 

the above results are consistent with the results of crystal violet staining (Figure 5B). In addition, 

two-dimensional images of S. aureus biofilms stained using the LIVE/DEAD staining assay after 6 

h treatment with different concentrations of CDs-C9 demonstrated only dead bacteria (red color) in 

contrast to live bacteria stained green (Figure 5C, D). In short, the obtained results suggest that CD-

C9 is a promising agent against S. aureus bacterial biofilms. In contrast, previously reported CDs 

usually require high CDs concentrations and longer treatment times (Table 3).  

In addition, we evaluated the performance of CDs-C9 towards E. coli biofilms (Figure S9). After 

treatment for 6 h with CDs-С9, the biomass of the biofilms was lower than 35% at a concentration 

of 128 µg mL
-1

 and less than 30% at a concentration of 256 µg mL
-1

, as determined by the colony 

formation assay. The weak cytotoxicity at these concentrations (Figure 5E) suggests the possibility 
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of CD-C9 utilization not only in natural, industrial, and hospital settings but also for the treatment of 

biofilm-related infections [77]. Although CDs-C9 demonstrated relatively lower activity towards 

Gram-negative bacterial biofilms, it was the highest among reported CD-based antibacterial 

materials [78] (Table 3). 

 

Table 3. Comparison of antibiofilm performance of carbon quantum dots. 

Antibiofilm 

agent 

Bacteria 

strains 

Biofilm 

growth 

conditions 

Time of 

treatment 

(h) 

Working concentration (µg mL
−1

) Ref. 

CQD2.5w S. aureus 24 h 24 250 [69]  

N-CQDs S. aureus 48 h 24 
20, approximately 70% (upper 

concentration – toxic) 
[24] 

CQD180 S. aureus 24 h 24 80
 

[76]  

CDs-С9 

S. aureus 72 h 
2 128 

Our work 
6 64 

E. coli 120 h 6 
256, approximately 70% bacteria 

death 

 

3.4 Mechanism investigation 

 

The recorded data provide the essential findings for shedding the light on the understanding of the 

interaction mechanism between bacteria and carbon dots depending on the surface structure and 

alkyl chain length in TAA.  

For understanding the mechanism of bacteria and carbon dots interaction followed by bacteria death, 

several factors are considered:  

(1) generation of reactive oxygen species (ROS), leading to oxidative damage of cells via the 

interaction with cellular components 

(2) electrostatic interactions between the negatively-charged bacteria membrane and the positively 

charged carbon dots;  

(3) hydrophobicity of alkyl chain, promoting penetration of CDs into the hydrophobic lipid layers of 

the cell membrane for further damage; 
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Previously, it has been reported that carbon materials such as graphene oxide, graphene and 

carbon quantum dots are able to demonstrate efficient antibacterial properties due to generation of 

intracellular ROS, followed by oxidative stress and bacteria death [25]. In order to probe the 

mechanism (1) of ROS formation, the possible generation of intracellular ROS during the 

interaction of CDs and bacterial cells was evaluated using a 2′,7′-dichlorodihydrofluorescein 

diacetate (DCFH-DA) assay. The generation of ROS species upon treatment of E. coli or S. aureus 

with pristine and modified CDs was not observed at concentrations of 64 μg mL
−1

 (>8-fold MIC for 

tested bacteria for CDs-C9) (Figure S10). This result means that the antibacterial activity of CDs-

C9 associated with the intracellular ROS generation could be excluded. 

Thus, the physical membrane disruption through the interaction of hydrophobic alkyl chain became 

a main hypothesis. In order to prove it, we carried out bright-field and fluorescence microscopy after 

15 min of incubation E. coli and S. aureus with CDs to investigate the ability of CDs to attach to the 

bacteria cell membrane (Figure S11). In the case of CDs, CDs-C2 and CDs-C4 we did not observe 

any changes in bacteria cells distribution, suggesting relatively weak bacteria-CDs interaction. The 

treatment by CDs-C9 resulted in apparent process of CDs immobilization on the membrane and 

resulted in strong green fluorescence signal from CDs-C9 for both strains and agglomeration of 

bacteria. The formation of such agglomerates could also have an impact on the electrical and 

physical balance of the cell membrane and, in the synergy with a positive charge and the 

hydrophobic alkyl chain, cause cell death. Moreover, we observed sufficient differences in the 

interaction of CDs-C9 with Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria related 

to the membrane structure. Gram-positive bacteria membrane possesses two-layered structure 

formed by peptidoglycans and teichoic acids, whereas Gram-negative bacteria possess an outer 

membrane containing lipopolysaccharides and phospholipids, in addition to the peptidoglycan layer 

[25]. Indeed, for the Gram-positive S. aureus, we observed brighter fluorescence on the membrane 

surface and sufficient bacteria agglomeration in comparison with E. coli. The interaction of CDs-C9 

with S. aureus are based on electrostatic interactions of positively charged CDs-C9 with the teichoic 

acid, whereas in E. coli, the hydrophobic effects between the lipopolysaccharides layer and alkyl 

chains are believed to be dominant [79]. In comparison with CDs-C9, interaction with CDs-C12 

revealed weaker adsorption on the bacteria cells, resulting in lower number and smaller size of 

bacteria agglomerates. 

The physical damage and morphology of cell membrane after treatment with CDs were also 

investigated by SYTO
TM

 9/propidium iodide (PI) staining assay [80] (Figure 6, S12) and TEM 
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analysis (Figure 7).  The SYTO
TM

 9 can permeate through the membrane of cells, bind with DNA 

and then emit green fluorescence, while PI dye can only penetrate the damaged membrane of 

bacterial cells, stain the nucleus and then emit red fluorescence. Thus, for both strains, the treatment 

with CDs, CDs-C2 and CDs-C4 did not reveal sufficient damage of the cell membranes, except for 

CDs-C2 and CDs-C4 for which a few dead cells were observed (Figure 6, S12). The treatment with 

CDs-C12 resulted in appearance of small agglomerates of dead bacteria for both strains, however, 

live green stained bacteria were observed for the E. coli strain. After treatment with CDs-C9, mostly 

red stained bacteria agglomerates were observed, which proves the key role of the penetration of 

CDs-C9 into the cell wall, leading to its damage and rupture. TEM analysis of bacteria before and 

after treatment with CDs-C9 also confirmed the membrane damage. The TEM images (Figure 7) of 

the untreated and treated bacteria with pristine CDs retained a well-defined morphology of clear 

edge and smooth cell membrane. After treatment with CDs-C9, mostly shapeless agglomerates of 

wrinkled S. aureus bacteria with intracellular leakage were seen (Figure 7A). For E. coli bacteria, 

agglomerates of cell membranes and intracellular contents as well as single broken and leaking 

bacteria were evidenced (Figure 7B).   

 

 

Figure 6. SYTO/PI staining assay of (A) S. aureus bacteria treated with pristine CDs (256 μg 

mL
−1

), CDs-C9 (16 μg mL
−1

); (B) E. coli bacteria treated with pristine CDs (256 μg mL
−1

), CDs-C9 

(32 μg mL
−1

). 
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Figure 7. TEM images of (A) S. aureus before and after treatment with pristine CDs (256 μg mL
−1

) 

and CDs-C9 (16 μg mL
−1

), and (B) E. coli before and after treatment with pristine CDs (256 μg 

mL
−1

)
 
and CDs-C9 (32 μg mL

−1
). 

 

Therefore, the obtained results suggest that the mechanism of enhanced antibacterial activity of 

CDs-C9 can be explained by the optimal balance between two main factors: (i) the positive charge 

on the surface, increasing affinity towards cell membrane and leading to the agglomeration process 

and membrane balance disturbance, and (ii) the hydrophobicity of alkyl chain, promoting 

penetration of CDs into the hydrophobic lipid layer of the cell membrane for further damage and 

rupture.  

 

 

4. Conclusion 

In summary, a versatile functionalization protocol for the covalent attachment of 

tetraalkylammonium (TAA) moieties onto carbon dots (CDs) surface via diazonium surface 

chemistry was demonstrated. Optimization of the alkyl chain length allowed to achieve a maximum 

antibacterial efficacy with low MIC values for Gram-positive S. aureus (3.09±1.10 µg mL
-1

) and 

Gram-negative E. coli (7.93±0.17 µg mL
-1

) bacteria. In addition, CDs-C9 was found to be an 

efficient agent for the treatment of S. aureus biofilms with a full inhibition at a concentration of 64 

µg mL
-1

 after 6 h and at 128 µg mL
-1

 after 2 h treatment. Furthermore, the developed material was 

able to suppress the growth of E. coli biofilm: treatment with CDs-C9 (128 µg mL
-1

) for 6 h led to 

>60% suppression of biofilm mass. The antibiofilm activity of CDs-C9 outperforms previously 
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reported CDs in terms of treatment duration and minimal inhibitory concentration. The best 

antibacterial properties of CDs-C9 was ascribed to the balance between the positive charge and 

hydrophobicity of the alkyl chains responsible of enhanced interaction with the negatively charged 

cell membrane, its penetration, disturbance physiological metabolism and its subsequent damage. 

Besides, the most active CDs-C9 exhibited low cytotoxicity to three cell lines. Our findings provide 

new effective antimicrobial agent, but also offer an experimental strategy for investigation of 

structure-antimicrobial activity relationship.  
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Highlights 

 

● Facile functionalization of carbon dots by tetraalkylammonium moieties using diazonium 

chemistry  

● Optimization of antibacterial activity by varying different alkyl chains of tetraalkylammonium 

moieties 

● Low MIC values for Gram-positive S. aureus (3.09±1.10 µg mL
-1

) and Gram-negative E. coli 

(7.93±0.17 µg mL
-1

) 

● Full biofilm inhibition was achieved after 6 h (64 µg mL
-1

) and 2 h (128 µg mL
-1

) treatment for S. 

aureus biofilm 

● More than 60% suppression of biofilm mass was achieved after 6 h (128 µg mL
-1

) treatment for E. 

coli biofilm 
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