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Abstract: Graphene-based nanomaterials have emerged as promising materials for a wide range of 

applications.. Therefore,  in the last years carbon nanoparticles have attracted great attention due to their low 

toxicity, high biocompatibility and easy preparation. Recently, N-doped carbon nanoparticles have been shown 

to have improved antibacterial activity over the undoped nanomaterial, but it is difficult to find correlations 

between the structure of the nanoparticle and its antibacterial activity. With this purpose, here, we analyze the 

effect of both, the nanoparticle size and the surface chemical composition of four N-doped carbon nanoparticles 

on the growth of Escherichia coli bacteria. Our results were analyzed using a Ligand-Substrate model based on 

the Monod´s equation, which allows us to interpret the dependence of the nanoparticle-bacteria affinity with 

the nanomaterial structure. 
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1. Introduction 

Due to the rapid and continuous increase of the world population, increasing air and water 

pollution are causing infectious diseases and pathogens growing [1-4]. Likewise, the growth and 

adhesion of bacteria is a problem that causes a high cost in public health systems and in various 

industries such as clothing, biomedicine, food packaging, water treatment and filtration [5, 6]. The 

abuse of antibiotics such as fluoroquinolones, chloramphenicol, trimethoprim, and various 

carbapenem and β-lactam antibiotics, has make that many bacteria become drug resistant [7-10]. It 

has been proved that the mechanism of resistance in Gram-negative bacteria, such as Escherichia coli 

(E. coli), is based on restricting the entry of antibiotics into the cell through the outer membrane [1, 

11]. Therefore, the design of new biocompatible materials as substitute of antibiotics is still a 

challenge.  

Some metals such as Ag, Au and Pt [10, 12, 13], as well as metal oxide nanoparticles of CuO, 

Fe2O3 and ZnO [14-17] present high antibacterial activity and have been successfully used as a coating 

in the prevention of biofuling [18] however, their high toxicity due to the  release of metal ions [13, 

19, 20] discourages its use as antibacterial agents. 

An alternative to metallic materials raised in the last years are the carbonaceous nanomaterials. 

This is because they proved to be potential bactericidal agents with low toxicity and for this reason 

are widely studied for their use in medicine, as carriers for drug, gene delivery or tissue engineering 

[9, 21-26]. 

In the last 10 years, many works and review articles have emerged dedicated to explore the 

therapeutic applications of Carbon Nanoparticles (CNPs) including graphene (G), graphene oxide 

(GO), reduced graphene oxide (rGO) sheets with different lateral size and thickness [24, 26-28]. 

Graphene (G) is a single monolayer of graphite, an atomically thick layer of sp2 carbon atoms in a 
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honeycomb structure. Graphene can be manufactured by different methods and techniques including 

mechanical exfoliation, epitaxial growth, chemical vapor deposition or electrochemical methods [29-

31]. However, the main drawbacks in the use of G are the cost of the processes and its water 

insolubility. An alternative is the oxidation of graphite with oxidizing agents such us KMnO4 and 

H2SO4 [32-37] resulting oxygen functional groups anchored on the basal plane and on the edges of 

sheets. The result is a family of oxidized CNPs among which are Graphene Oxide (GO) and reduced 

graphene oxide (rGO). The functionalization, the size of the particles and the oxidation degree are 

highly dependent on the experimental conditions of the synthesis and on the starting materials used 

as precursors [33-37]. The oxidized carbon nanoparticles are usually soluble in polar solvents as 

water, dimethylformamide and dimethyl sulfoxide [38] and they have been used as basic components 

of nanocomposites with metals and metal oxides seeking antibacterial synergy between both 

materials [6]. 

CNPs, present different physicochemical properties due to the distinct oxidation degree and 

particle size that are well suited to limit microbial infection [1, 2, 6, 9, 23, 24, 26, 39, 40]. However, the 

antibacterial mechanisms of CNPs are still under debate. This is probably due to the great variability 

of its chemical composition and its morphology. When CNPs materials are in contact with bacterial 

cells, they can be destroyed by different mechanisms. The more accepted are the sharp edge cutting 

(nanoknife), oxidative stress, and cell trapping (wrapping). Thus, when the CNPs act through a 

trapping mechanism, the bacterial cells are wrapped, remaining isolated from the external 

environment. The isolation, restrings the access to nutrients killing the cells. This mechanism was 

reported for large nanoparticle size (>10 µm) because they posses high adsorption capacity due to 

their higher surface energy and flexibility. Accordingly, large GO sheets demonstrated greater 

antimicrobial activity towards E. coli than the smaller ones [41]. Besides, the cell trapping mechanism 

is also influenced by the amphipathic properties of the CNPs, since nanomaterial-bacteria adhesion 

plays an important role on the ability to wrap the bacteria [41]. 

The antibacterial mechanisms of CNPs can act individually or simultaneously. Besides, we think 

that the mechanism must be related to the material structure. It is important to consider that the size 

of the thinner and bigger CNPs have a complex effect on the antibacterial capacity, since they affect 

not only the wrapping ability but also the ability to destroy the cells through sharp edge cutting 

effects. These mechanisms were observed when CNPs interact with the cell wall of different bacteria, 

such as E. coli and S. aureus, carcinoma cells, and normal mammalian cells [9, 21, 24, 26, 41-43]. 

One of the most important mechanism responsible of the bacterial death is the oxidative stress 

[24, 44]. The mechanism is related with a charge-transfer process between CNPs and the different 

functional groups of the cell wall [41]. This charge-transfer process arises to imbalance between 

antioxidant and oxidation processes which finally kills the bacteria [45]. The mechanism depends on 

the presence of electronegative functional groups to induce charge transfer which can increase the 

generation of reactive oxygen species (ROS) [39], but also depends on the other structural properties 

such as size, the oxidation degree [1], or the surface curvature of  nanoparticles [46].  

We are interested to study the role of the chemical composition on the antibacterial activity. 

Therefore, we analyze the antibacterial activity of four carbon nanoparticles containing different 

Nitrogen (N-) and Oxygen(O-) functional groups against Escherichia Coli. We have selected N-doped 

carbon nanoparticles synthesized from four different carbon precursors using the acid oxidative 

synthesis, since we have proved in a previous work that both size and chemical composition depends 

on the precursorprecursors [47]. 

We have preferred N-Doped nanoparticles over undoped ones, because some N-groups are 

electron donor that could favor the charge-transfer processes. Besides, we have designed a new 

synthesis methodology based on the acid oxidative process of different carbon precursos which allow 

obtaining material with different chemical composition and size [47]. Therefore, we expect that the 

analysis of the antibacterial activity of these CNPs allows us the deep understanding of the 

physicochemical bases underlying the bacteria-nanoparticle interactions, facilitate the design of 

antibacterial agents based on carbon compounds, clariflying  the relationship between the structure 

and the antibacterial mechanism of these materials. 
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2. Materials and Methods 

2.1. Materials and reagents  

To modulate the size and chemical composition of carbon nanoparticles, CNPs, four starting 

materials were selected: three commercial graphite samples and one helical carbon nanofibers. The 

graphite samples were natural graphite flakes, 99.02 C fixed, supplied by Qingdao super graphite 

Co. LTD; and graphite powder of < 20-micron particle size and highly oriented pyrolytic graphite 

(HOPG) supplied by Sigma Aldrich (St. Louis, MO). Non-graphitized GANF® helical ribbon carbon 

nanofibers have been gifted by Carbon Advanced Materials, Grupo Antolín (Spain). GANF® are 

synthesized by CVD using the floating catalyst method [48]. 

Reagents HNO3 (65%), H2SO4 (98%), Na2CO3 and HCl (35%) were provided by Sigma Aldrich 

and used without further purification. 

To select a given size of the nanoparticles, a Spectra/Por® 6 Standard RC 2 kDa dialysis bag 

supplied by Spectrum Labs (California, USA) was used. To prepare solutions and reagents for 

oxidation, ultrapure water prepared with a combination of Millipore's RiOs and Milli-Q systems was 

used. The conductivity of the water was less than 0.2 µS/cm and its surface tension value was 72.5 

mNm-1. 

2.2. Synthesis of CNPs 

CNPs were synthesized using the acidic oxidative process previously reported [47, 49]. Briefly, 

0.30 g of the graphitic materials were dispersed into a mixture of H2SO4 (60 ml) and HNO3 (20 ml). 

To obtain a homogeneous solution, the mixtures were sonicated for two hours and further stirred for 

24 hours at 100°C. Then, the brown solution becomes transparent since the graphitic material is 

completely dissolved. 

The transparent solution was cooled at room temperature and diluted with MilliQ ultra-pure 

water (800 ml). The pH was adjusted to 8 by adding Na2CO3 and the color of the solutions changed 

from brown to light yellow. Finally, the solutions were filtered and further dialyzed for 3 days in a 

dialysis bag (retained molecular weight: 2 k Da). The list of acronyms corresponding to each material 

can be found in abbreviation list. The concentrations of aqueous solutions after dialysis were 0.45 

(CNPNF) mg/ml, 0.28 (CNPPW) mg/ml, 0.21 (CNPHPG) mg/ml and 0.44 (CNPG) mg/ml. 

2.3. X-ray photoelectronic spectroscopy (XPS)measurements 

The XPS spectra of solid materials were recorded in a VG Escalab 200R spectrophotometer (Fison 

Instrument, Parkton, MD, USA). The source excitation was a MgKa (hv=1253.6 eV). The equipment 

uses a hemispherical electron analyzer. The residual pressure inside the analysis chamber during the 

acquisition was kept under 4x 10-7 Pa. To record the high-resolution spectra, the analyzer pass energy 

was 20 KeV.  

2.4. Antibacterial test 

The antibacterial activity of the CNPs was evaluated against the Gram-negative bacteria 

Escherichia coli (E. Coli DH5α) following the methodology in reference [50] including slightly 

modifications. Briefly, E. Coli grown in Luria-Bertoni (LB) media was incubated at (10−6 bacteria / ml) 

with fresh solutions of CNPs during 1 h at 37ºC. The CNP concentrations in the LB medium varied 

between 10 and 60 µg/ml. Subsequently, the bacteria were diluted 100 times and aliquots containing 

about 125 bacteria were withdrawn and spread in 25 ml LB-agar plates. These plates were incubated 

at 37 °C during 24 h and then, the antibacterial activity was evaluated by colony counting method. 

The colonies were counted and compared with those on control plated without carbon nanoparticles, 

then, the antibacterial capacity was calculated in terms of reduction rate percentage from the 

following equation [5] 
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𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 % =  𝑁௖௢௡௧௥௢௟ − 𝑁௦௔௠௣௟௘𝑁௖௢௡௧௥௢௟  𝑥 100 (1)

In Eq. 1 Ncontrol and Nsample represent the number of colonies from the control, without CNP, and 

for each CNP sample respectively as a function of the concentration. All treatments were prepared in 

duplicate and repeated at least three times for each sample and were done in dark. Data in graphic 

represent the averaged values and the error bars are the standard deviations. 

3. Results 

N-CNPs were characterized by X-ray photoelectron spectroscopy (XPS) to determine their 

surface composition and transmision electron microscopy (SEM) and Tracking analysis (NTA) to 

obtain the nanoparticles size. The results are collected in Table 1 and show the strong influence of the 

starting material used in the synthesis on the morphology of the CNPs that we obtain. 

Table 1. Structural properties of CNPs. 

Materials Precursor Diameter1 / nm 

Amine 

groups1 

% (XPS) 

Imine 

groups1 

% (XPS) 

K /mg-1 l Chi-Sqr 

CNPNF 
Carbon 

nanofibers 
9.3 ± 0.9 47 ± 3 32 ± 3 0.043±0.007 0.942 

CNPPW 
Graphite 

powder 
93.6 ± 3.8 36 ± 3 22 ± 2 0.030±0.005 0.955 

CNPHPG 
Pyrolytic 

graphite 
52.0 ± 1 21 ± 2 16 ± 1 0.29±0.005 0.967 

CNPG Graphite flakes 85.3 ± 1.1 35 ± 3 30 ± 3 0.032±0.005 0.981 
1 Data from ref. [39]. 

To study the effect of the concentration on the bactericide activity of CNPs, E. coli bacteria were 

incubated at 37 ºC with different CNPs concentrations in the range of 10 to 60 µg/ml during 1h, and 

were spread in plates with LB-agar, for more details see Experimental Section. Figure 1 shows the 

evolution of the number of colonies with the nanomaterial concentration. The number of colonies 

were obtained by the counting method. As control, a plate without CNPs was prepared following the 

described protocol. At insets of the figure, a representative image of the plates with colonies are also 

included. 
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Figure 1. Evolution of the number of bacterial colonies with the CNPs concentration. The pictures of 

plates containing bacteria colonies are as inset in the figures. 

As shown in Figure 1, the number of colonies decreases with the nanoparticle concentration and 

the variation with concentration seems to be different for each material. To quantify the differences 

between samples, we calculate the reduction rate percentage value using the Equation 1, [51] and the 

values are plotted against the nanoparticle concentration in Figure 2.  
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Figure 2. Variation of the antibacterial capacity in terms of the reduction percentage values, eq. 1, with 

the carbon nanoparticle concentration. Lines represent the best fit of the reduction rate against the 

concentration of CNP according to  the Monod´s model. 
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4. Discussion 

As can be seen in Figure 2, the reduction rate of antibacterial capacity increases with nanoparticle 

concentration until saturation at a given CNP concentration. However, the concentration dependence 

seems to be different for each material. We want to interpret this behavior from a physicochemical 

point of view and to clarify the mechanisms acting between CNPs and bacteria. Therefore, we assume 

that the bacteria death could be due to interactions between the chemical groups of the bacterial wall 

and the functional groups of the nanomaterials. Accordingly, the rate of formation of the complex 

[Bacteria-nanoparticle] could be proportional to the reduction rate because if the complex B-CNP is 

formed, the bacteria dead. We also assume a reversible equilibrium between bacteria (B) and 

nanoparticles (CNP) and the complex, [B-CNP]. 

B + CNP↔ [B-CNP] 

This equilibrium is studied using a mathematical model based on the Monod`s equation in terms 

of the reduction rate of the colony, RR [52, 53]. 𝑅𝑅 =  ோோ೘ೌೣ [஼ே௉]ଵ/௄ା [஼ே௉]   (2)

In equation 2, RRmax represents the maximum reduction rate and K is the complex formation 

equilibrium constant which provides a measure of the affinity between nanoparticles and bacteria 

hereinafter, affinity constant. 

The results of the reduction rate (Figure 2) have been fitted to the Monod´s model (Equation 2). 

The simulated curves have been also inserted in figure 2 and parameters obtained in fits (K and Chi-

sqr) are collected in Table 1. As can be seen in Figure 3, the model fits acceptably our experimental 

results. 

Data show that the shape of the reduction rate (Figure 2), as well as the values of the affinity 

constant obtained from the fits depend on the nanomaterial used as antibacterial agent. This means 

that the bactericidal activity could be related to the chemical composition and/or the nanomaterial 

size. To check these issues, we have plotted at Figure 3 the affinity constant, K, against the the sum 

of the percentage of amine and imine groups and againts the diameter of nanoparticles (data taken 

from Table 1). Results in Figure 3a indicate a correlation between the affinity constant andthe sum of 

the percentage of amine and imine groups. This behavior is consistent with results previously 

reported in which it is assumed that N groups of the nanoparticle interact with the cell [54] by 

electron-transfer processes. Accordingly, when the amine and imine groups in the material increase, 

the number of N atoms with non-bonding electrons also increases favoring the interactions between 

the material and bacteria by electron charge mechanism. These electron transfer processes induce a 

disturbance of the bacterial enzymes, the so-called oxidative stress mechanism [54].  
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Figure 3. Evolution of the affinity constant, K with a) the percentage of Amines and Imines, b) the size 

of the N-doped nanoparticles. 

It is interesting to note, that the bactericidal character of nanoparticles comes from the chemical 

interaction between the N- functional groups attached to the wall of the bacteria, it would be expected 

that the nanoparticle size would also play an important role in the reduction rate. In Figure 3b we 

can observe that the affinity constant decreases as the diameter of nanoparticle increases. This point 

to the existence of an additional mechanism. According to the results in Figure 3b, a wrapping 

mechanism could be ruled out, since in that case, the bactericidal power, and consequently, the 

affinity constant, should increase with size. Since the affinity constant decreases when the size of the 

nanoparticles increases, the behavior could be interpreted by the nanoknife mechanism acting 

simultaneously with the oxidative stress. Other interpretation could be to assume a steric hindrance 

which hinders the encounter between the reactive groups located at the bacteria wall and the N-

groups of the nanomaterials; however, using our results it is not possible to conclude about the origin 

of this second mechanism [24].  

5. Conclusions 

We have designed N-doped carbon nanoparticles as antibacterial agents using the acid oxidative 

synthesis previously reported and four carbon precursors, resulting nanomaterials with different 

chemical composition, N- and O-groups, and distinct diameters. Using these four different materials, 

we have analyzed the influence of the material structure on the antibacterial activity against 

Escherichia coli bacteria. Our results prove that the antibacterial activity increases as the nanoparticle 

concentration increases. The behavior was modeled by the Monod´s equation considering the 

formation of a complex between the chemical groups of bacteria and nanoparticles. From the 

dependence of the affinity constant calculated obtained from the model with the percentage of amine 

and imine groups of the nanomaterials was possible to conclude that the mechanism of the 
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antibacterial activity can be related to oxidative stress produced by the electron-transfer processes 

between N-groups of the nanomaterial and the functional groups of the bacteria. Our results also 

show the existence of an additional mechanism, probably nanoknife or steric hindrance, acting 

simultaneously with the oxidative stress. Using our results, it was not possible to discern the nature 

of this second mechanism. More experimental efforts are necessary to elucidate its origin. However, 

the chemical synthesis for obtaining nanomaterials with a given chemical structure and size is not 

easy. Physical methods of CNPs preparation such as lithography or ultrasounds treatment could 

provide a good way to modulate the structure of these nanomaterials. This strategy will be used in 

future works to confirm the existence of these mechanisms. 
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