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Abstract

Carbon dots, generally defined as small carbon nanoparticles with various surface passivation 

schemes, have emerged as a new class of quantum-dot-like nanomaterials, with their optical 

properties and photocatalytic functions resembling those typically found in conventional nanoscale 

semiconductors. In this work, carbon dots were evaluated for their photoinduced bactericidal 

functions, with the results suggesting that the dots were highly effective in bacteria-killing with 

visible-light illumination. In fact, the inhibition effect could be observed even simply under 

ambient room lighting conditions. Mechanistic implications of the results are discussed and so are 

opportunities in the further development of carbon dots into a new class of effective visible/natural 

light-responsible bactericidal agents for a variety of bacteria control applications.
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INTRODUCTION

Bacterial infections present a major healthcare challenge, especially with the increasing 

bacterial resistance to antibiotics,1, 2 demanding the development of alternative antimicrobial 

strategies. Among the most effective alternatives is the use of photoactivated antimicrobial 

nanomaterials and nanotechnology, for which the recent rapid advances offer some unique 

opportunities. Nanoscale semiconductors have been a popular choice for their photoinduced 

redox properties and associated bactericidal functions. For example, colloidal TiO2 has been 

widely employed as a photocatalyst for antibacterial and general disinfection purposes.3 

However, a significant limitation with TiO2 nanostructures is the large band gap (3.2 eV), 

requiring UV activation. Therefore, there has been much effort on the modification of TiO2 

via doping or coupling with dyes or narrower-band-gap materials to extend photoexcitation 

into the visible spectrum.3–6 Alternative semiconductors and other nanomaterials for visible-

light-responsive antibacterial activities have been pursued.7–9 Visible-light activation 

considerably broadens the reach of the photochemical antimicrobial agents, potentially 

enabling their uses under solar irradiation or natural-light exposure to inhibit the growth of 

pathogens and other infectious agents. Our focus has been on exploring the newly developed 

carbon “quantum” dots, or more appropriately called carbon dots for their lack of classical 

quantum confinement behavior,10 for their visible-light-activated bactericidal functions.

Carbon dots (Figure 1),10 generally defined as small carbon nanoparticles with various 

surface passivation schemes,11 have emerged as a new class of quantum-dot-like 

nanomaterials, with their optical properties and photocatalytic functions resembling those 

found in conventional nanoscale semiconductors.11–17 For example, in addition to their 

bright and colorful fluorescence emissions, carbon dots have been demonstrated as effective 

visible-light photocatalysts for oxidation and reduction reactions.17,18 The same 

photoinduced redox processes responsible for the photocatalytic activities should make 

carbon dots excellent candidates as antibacterial agents, for which a major advantage is the 

broad and strong optical absorption of carbon dots over the visible spectral region, extending 
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into the near-IR. Here we report the experimental confirmation on the bactericidal functions 

of photoexcited carbon dots. 2,2′-(Ethylenedioxy)bis(ethylamine) (EDA) carbon dots were 

selected for being compact in structure and well-characterized in a previously reported 

study.19 The evaluation experiments were performed under household LED lighting or 

ambient laboratory light conditions, and the carbon dots inhibited Escherichia coli cells in 

all of the experimental settings. These results and their mechanistic implications are 

discussed.

RESULTS AND DISCUSSION

Carbon nanoparticles as precursors to carbon dots were obtained from the commercially 

supplied carbon nanopowder sample by following an established protocol including the 

refluxing of the as-supplied sample in an aqueous nitric acid solution, dialysis, centrifuging 

to retain the supernatant, and then drying to recover the carbon nanoparticles. The 

nanoparticles were surface-functionalized with EDA under amidation reaction conditions to 

yield EDA carbon dots.19, 20 Briefly, the carbon nanoparticles were refluxed in neat thionyl 

chloride, followed by the removal of excess thionyl chloride, and then the sample was mixed 

well with carefully dried EDA. The mixture was heated and stirred at 120 °C with nitrogen 

protection in the experimental setup designed for reactions under refluxing conditions. The 

reaction mixture was dispersed in water and centrifuged to retain the supernatant as the as-

synthesized sample, which was further purified by removing residual small molecular 

species including free EDA in dialysis against deionized water to obtain EDA carbon dots in 

an aqueous solution. The solution appeared optically transparent (Figure 2), stable without 

any precipitation over an extended period of time (many months). The solubility and 

solution stability may be expected for these dots, being small carbon nanoparticles with the 

surface well-functionalized by hydrophilic molecules (Figure 1). According to results from 

atomic force microscopy (AFM) and transmission electron microscopy (TEM) 

characterization, the EDA carbon dots were on the order of 5 nm diameter (Figure 3).

The optical absorption of carbon dots is due to a π-plasmon transition in the carbon 

nanoparticle core, with a broad absorption spectrum covering most of the visible region 

(Figure 2). The carbon dots in aqueous solution are brightly fluorescent, with the emission 

colors dependent on the excitation wavelengths (Figure 2), which along with the broad 

fluorescence spectra suggests a distribution of emissive excited states. It is known in the 

literature that the fluorescence emissions of carbon dots could be quenched effectively with 

either electron donors or acceptors, supporting the notion that the redox characteristics in the 

photoexcited states of carbon dots are responsible for their observed photocatalytic 

activities.11, 21, 22 The same characteristics were exploited in this study for their visible-

light-activated bactericidal functions.

E. coli (K12) cells were used in the experiments to evaluate the antibacterial activities of 

photoexcited carbon dots, with the cell growth measurements based on the optical density 

(OD) at 600 nm (OD600) and/or the viable cell number determined by the plating method. 

Experimentally, the E. coli cells were inoculated in a 12-well plate at 0.2 OD/mL per well, 

treated with the EDA carbon dots of different concentrations, and exposed to ambient light 

for an hour in a safety cabinet. Then, the plate was incubated for 21 h, followed by the 
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measurement of OD600. As shown in Figure 4, the results clearly suggest that there were 

substantial effects of the EDA carbon dots with light exposure on the E. coli cells. In the 

literature, there was a report on some antibacterial activities of the carbon dots obtained 

from carbonization of glucose and poly(ethylenimine), with the dots quaternized with benzyl 

bromide before bacteria experiments.23 While no deliberate light exposure was mentioned in 

that report, the ambient experimental conditions could have contributed to the reported 

observations.

Similarly, the E. coli cells in aqueous suspension were mixed with an aqueous solution of 

EDA carbon dots, and the resulting mixture containing ~107 colony-forming units per 

milliliter (CFU/mL) E. coli was incubated for 30 min at room temperature under visible-

light illumination (12 V, 36 W bulb in a light box) or in the dark as the control. Then, the 

growth of E. coli cells after treatment with and without light exposure was monitored. 

Shown in Figure 5 are the growth curves of E. coli in a brain heart infusion medium post-

treatment with EDA carbon dots, along with the control (untreated cells), based on OD 

measurements at 595 nm (OD595). The treated cells exhibited much prolonged lag phases 

(7–8 h) compared to the control, indicating that the EDA carbon dots inhibited/inactivated 

the growth of bacterial cells. The effect was somewhat more pronounced (the lag phase was 

longer by 1 h) when the treatment included exposure to visible light (Figure 5), but the light 

versus dark inhibition difference was not as obvious as that shown in Figure 4 (for which the 

experiments were performed in different laboratories at different times). Therefore, to 

address the inconsistency issue at the quantitative level for the OD measurement method, 

separate experiments with the same parameters and conditions were performed for the 

inhibition effect probed by the more quantitative method of determining the viable cell 

numbers post-treatment.

Again the samples of E. coli with and without (control) carbon dots were treated in the light 

box or in the dark for 30 min. The viable cell numbers in the treated samples were 

determined, and according to the results (Figure 6), the EDA carbon dots treatment coupled 

with visible-light illumination was obviously effective for bacteria killing, with about 4 logs 

of E. coli cells killed. Compared to the results shown in Figure 4, the bacteria-killing effect 

seemed more dramatic in these experiments. A significant contributing factor might be the 

use of a lamp instead of ambient light for the photoexcitation of carbon dots, although more 

systematic and quantitative experiments are needed in further investigation. Nevertheless, 

the results are all consistent in terms of confirming the visible-light-activated bactericidal 

functions of EDA carbon dots.

A different experimental configuration was employed for further evaluation on the 

bactericidal activities of EDA carbon dots, in which the dots were plated on the trypticase 

soy agar (TSA) plates with bacteria cells during visible-light exposure. In a typical 

experiment, an E. coli (TOP10) suspension of 1.3 × 103 CFU/mL concentration was mixed 

with an aqueous solution of EDA carbon dots, and the mixture was spread onto the TSA 

plates. Upon exposure of the plates to visible light (Osram Sylvania LED A19 lamp, ~10 

mW/cm2) for up to 6 h, there were obvious differences between the treated plate and 

controls (Figure 7), again suggesting a substantial bactericidal effect of carbon dots with 

visible-light illumination. The plates were read for CFU counts, and according to the results, 
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the photoexcited carbon dots were very effective in inactivating the growth of bacteria cells 

(Figure 7).

The results presented above, which were obtained in different laboratories of the 

participating research groups under various experimental settings, provide consistent and 

unambiguous evidence for the highly effective bactericidal functions of carbon dots under 

visible-light illumination, including even the common household lighting conditions. 

Mechanistically, carbon dots have been demonstrated for photodynamic effects on cancer 

cells,24, 25 and similar effects on bacterial cells might be a logical extension. The current 

mechanistic framework for the known optical properties of carbon dots is such that upon 

photoexcitation there are efficient charge separations for the formation of radical anions and 

cations (electrons and holes in a somewhat different description), which are “trapped” at 

various passivated surface sites. The radiative recombination of redox pairs is responsible for 

the observed fluorescence emissions, with their associated emissive excited states of 

lifetimes on the order of a few nanoseconds.26–28 The redox species and emissive excited 

states could, in principle, be responsible for the observed bactericidal functions. However, in 

the fluorescence decay measurements, the rise time for the fluorescence was generally 

within the instrumental response function (1 ns or less), suggesting rather fast radiative 

recombination and short lifetimes of the radical-ion species. Therefore, the emissive excited 

states are more likely responsible for the photodynamic effects.

There have been no reports in the literature that explicitly describe the apparently effective 

bactericidal functions of photoexcited carbon dots. As related, there have been a few studies 

of using “graphene quantum dots” as photodynamic agents.9, 29, 30 In the study by Ristic et 

al.,9 antibacterial activities were observed with 470 nm light irradiation of the graphene 

quantum dots obtained from the electrochemical method. Those dots are essentially 

graphitic nanoparticles, which share optical properties similar to those of the precursor 

carbon nanoparticles for carbon dots.16 However, the surface passivation of the carbon 

nanoparticles in carbon dots (or similarly in surface-passivated graphene quantum dots) 

substantially improves the optical properties, as is often reflected in the much enhanced 

fluorescence emissions.11, 16, 17 Because the emissive excited states are likely responsible 

for the observed bactericidal functions, carbon dots with the more effective surface 

passivation and correspondingly more fluorescence are likely more desirable in serving as 

visible-light-activated bactericidal agents for a variety of bacteria control applications. In 

further investigations, steady-state and kinetic studies that correlate the optical properties of 

carbon dots, such as different fluorescence quantum yields and average lifetimes at various 

emission colors, with their antibacterial performance will be pursued.

CONCLUSION

The results obtained in this work, while somewhat more qualitative than quantitative in some 

of the experiments, demonstrate unambiguously that carbon dots can readily be activated by 

visible light (or even under ambient room lighting conditions) for significant bactericidal 

functions. The light sensitivity of carbon dots is apparently rather high to the degree that 

would require unusually stringent experimental conditions for the dark control, an issue 

(such as that in Figure 5) to be examined more closely and quantitatively in further 
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investigations, although the determination of viable cell numbers (Figure 6) should remain a 

more favorable method in general. Also investigated will be the issues important to the 

quantification of the light-activated biocidal functions, including their correlations with the 

properties of carbon dots in various structural and surface configurations.

EXPERIMENTAL SECTION

Materials

Carbon nanopowder (purity >99%) and 2,2′-(ethylenedioxy)bis(ethylamine) (EDA) were 

purchased from Sigma-Aldrich. Thionyl chloride (>99%) was obtained from Alfa Aesar and 

nitric acid from VWR. Dialysis membrane tubing of various cutoff molecular weights was 

supplied by Spectrum Laboratories. Water was deionized and purified by being passed 

through a Labconco WaterPros water purification system.

Measurement

Baxter Megafuge (model 2630), Eppendorf (model 5417 R), and Beckman-Coulter (Optima 

L90K with a type 90 Ti fixed-angle rotor) ultracentrifuges were used for centrifugation at 

various g values. Optical absorption spectra were recorded on a Shimadzu UB2501-PC 

spectrophotometer. Fluorescence spectra were measured on a Jobin-Yvon emission 

spectrometer equipped with a 450 W xenon excitation source, Gemini-180 excitation and 

Tirax-550 emission monochromators, and a Hamamatsu R928P PMT photon-counting 

detector operated at 950 V. AFM images were acquired in the acoustic AC mode on a 

Molecular Imaging PicoPlus AFM system equipped with a multipurpose scanner and a 

NanoWorld point probe NCH sensor. Height profile analysis was assisted by using the SjPIP 
software distributed by Image Metrology. TEM images were obtained on a Hitachi H9500 

high-resolution TEM system.

Carbon Dots

For carbon nanoparticles as the precursors for carbon dots, an as-supplied carbon 

nanopowder sample (1 g) was refluxed in an aqueous nitric acid solution (5 M, 90 mL) for 

48 h. The reaction mixture was cooled to ambient temperature and then dialyzed against 

fresh water for up to 3 days. The postdialysis mixture was centrifuged at 1000g to retain the 

supernatant, followed by the removal of water to obtain the desired carbon nanoparticle 

sample.

In the synthesis of EDA carbon dots using a previously reported procedure,19 the carbon 

nanoparticle sample obtained from the processing above was refluxed in neat thionyl 

chloride for 12 h, followed by the removal of excess thionyl chloride under nitrogen. The 

post-treatment carbon nanoparticle sample (50 mg) was mixed well with carefully dried 

EDA (500 mg) in a flask, heated to 120 °C, and stirred vigorously under nitrogen protection 

for 3 days. The reaction mixture was cooled to ambient temperature, dispersed in water, and 

then centrifuged at 20000g to retain the dark supernatant as an aqueous solution of the as-

synthesized sample. The solution was dialyzed in membrane tubing (cutoff molecular weight 

~500) against fresh water to remove free EDA and other impurities to obtain the EDA 

carbon dots in aqueous solution. For microscopy characterization only, the EDA carbon dots 
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were very lightly coated with gold by visible-light irradiation of the solution with HAuCl4 

for a few minutes.31

Light-Activated Bactericidal Functions

For one set of experiments, E. coli (K12) cells were cultured in fresh nutrient broth 

overnight, and OD600 values of these cultures were measured and then standardized to 1 

OD/mL. The bacteria suspension at 0.2 OD/mL per well was inoculated in a 12-well plate. 

Four treatment groups with different concentrations of carbon dots at 0.25, 0.50, 1, and 2 μM 

were exposed under light in a safety cabinet for T = 0, 15, 30, and 60 min, respectively. 

Then, the 12-well plate was incubated at 37 °C for 21 h. The OD600 value of each well was 

recorded, and the readings were standardized to that of the T = 0 control plate.

For another set of experiments, fresh grown E. coli (K12) cells in nutrient broth (Fisher 

Scientific, Pittsburgh, PA) were washed three times and then resuspended in deionized water. 

With the use of 96-well plates, to a well was added a bacteria—carbon dots mixture (150 

μL), in which the bacteria concentration was fixed at 1.0 × 106 CFU/mL and the 

concentration of carbon dots was varied (triplicate for each concentration). The plates were 

either exposed to visible light (12 V, 36 W light bulb) or kept in the dark for 30 min. The 

solutions in the wells were then transferred to 1.5 mL centrifuge tubes, followed by 

centrifugation at 8000 rpm for 5 min. The supernatants were discarded, and the bacterial 

pellets were washed twice with deionized water. The cells were resuspended in 500 μL of 

nutrient broth, with 150 μL distributed into the wells of a 96-well plate for incubation at 

37 °C. The growth of carbon-dot-treated bacterial cells and untreated cells (as controls) were 

monitored by measuring the OD595 values at various time points on a Spectra Max M5 

spectrophotometer (Molecular Devices, LLC, Sunnyvale, CA).

For the viable cell number determination by using the traditional plating method, the 

suspended E. coli cells post-treatment with various concentrations of carbon dots were 

centrifuged and washed twice. The cells were resuspended in phosphate-buffered saline 

(PBS), and a series of dilutions were made with PBS. Aliquots of 100 μL appropriate 

dilutions were surface-plated on Luria–Bertani agar plates (Fisher Scientific, Pittsburgh, 

PA), and the plates were incubated at 37 °C for 24 h. The number of colonies was counted, 

and the viable cell numbers of the treated samples and controls were calculated in colony-

forming units per milliliter.

In the use of the direct plating method for evaluation of the light-activated bactericidal 

functions, an E. coli (TOP10) stock culture was activated in fresh tryptic soy broth at 37 °C 

overnight. The bacteria culture (1 mL) was washed twice by a combination of centrifuging at 

4000 rpm and resuspending in sterile PBS. The resulting cell suspension was 10-fold serially 

diluted in PBS. For detection of the cell concentration, aliquots of 100 μL dilutions were 

plated onto TSA plates and incubated at 37 °C overnight before counting. Separately, the E. 
coli suspension (50 μL) at a concentration of 1.3 × 103 CFU/mL was mixed with aqueous 

solution of EDA carbon dots (50 μL) at a concentration of 1 mg/mL. The mixture was then 

plated onto TSA plates, which were exposed to LED light (Osram Sylvania LED A19 lamp, 

~10 mW/cm2) for up to 6 h, along with the dark control (without light exposure), light 

control (without carbon dots), and negative control (without carbon dots and light). The 
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carbon-dot-treated plates with light exposure and all control plates were incubated at 37 °C 

for 24 h before counting to determine the viable cell numbers.

All experiments were performed in triplicate or more. Statistical analysis of the experimental 

results was performed using the Student t test, with P < 0.05 considered as a significant 

difference.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cartoon illustrations of (left) a carbon dot, with a small carbon nanoparticle core and the 

surface functionalization molecules forming a soft shell, and (right) the photoexcited-state 

species and processes, with the rainbow color showing fluorescence from the dot surface.
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Figure 2. 
Top: Absorption spectrum of the EDA carbon dots in an aqueous solution (photograph in the 

inset). Bottom: Fluorescence spectra of the EDA carbon dots in an aqueous solution excited 

at the indicated wavelengths.
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Figure 3. 
TEM (top) and AFM (bottom) images of the EDA carbon dots on commercial TEM grid and 

mica, respectively.
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Figure 4. 
Photoinduced bacteria inactivation measured by OD600 for the EDA carbon dots (presented 

as mean ± standard deviation of quadruplicate experimental results).
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Figure 5. 
Growth curves of E. coli cells post-treatment with the EDA carbon dots for 30 min with or 

without light, in terms of measuring the OD595 values.
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Figure 6. 
Reductions in the viable cell number after E. coli cells were treated with the EDA carbon 

dots for 30 min with or without light (presented as mean ± standard deviation of triplicate 

experimental results, and the data were also analyzed using the Student t test with P < 0.05 

as a significant difference; see also Supporting Information).
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Figure 7. 
Photoinduced bacteria inactivation by the EDA carbon dots: (A) photographs showing 

colonies on TSA plates (left, 6 h treatment; right, dark control); (B) E. coli colony numbers; 

(C) cell viability ratio. The carbon dots were presented in the dark control.
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