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ABSTRACT 

Effect of Geosorbents on Antibacterial Activity of nC6o 

by 

Dong Li 

The rapid development of nanotechnology calls for a timely assessment of the 

impact of manufactured nanoparticles on environmental settings. This study investigated 

the association between a Ceo water suspension (nC6o) and geosorbents, and their effects 

on the antibacterial activity of nCeo- The presence of geosorbents reduced the 

bioavailability of nC6o and thus its antibacterial activity. Adsorption of humic acid onto 

nCeo was also found to eliminate nCeo toxicity, probably due to coating of nCeo, which 

hinders its direct contact with bacteria. These findings indicate the toxicity of nCeo is 

controlled by its bioavailability in natural soil settings. 
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Introduction 

Fullerenes, which were discovered in 1985, represent the third allotrope of carbon 

[1]. Their unique properties have made buckminsterfullerene (C6o) and its derivatives 

promising candidates for applications of various kinds, including cancer therapeutics, 

medicine, drug delivery, computer sensors, etc. [2-6]. As the development of the 

nanotechnology industry progresses, Ceois expected to be produced by tons by 2007 [7]. 

There is little doubt that this nanomaterial will increasingly be found in our environment. 

It is imperative to understand the potential environmental impact of C60 and assess the 

environmental implications of its widespread use and disposal. 

Although pristine C6o is hydrophobic and is only soluble in some organic solvents, 

it may aggregate through several methods, to make stable water suspensions of up to 100 

mg/L [8]. In these methods, C6o is usually dissolved in an organic transitional solvent; 

after the addition of water, the solvent is subsequently evaporated. Some other methods 

also employ encapsulation (in polyvinylpyrrolidone or cyclodextrins), sonication, or 

stirring with water for a long period of time. In this paper we define these fullerene water 

suspensions as nC6o- nCeo aggregates range from a couple of nanometer to 500 

nanometers. Since nCeo has been considered as the most environmentally relevant form 

of C6o when there is a spill of C6o powder or Ceo dissolved in a solvent [9], several 

toxicological studies have focused on nCeo, showing that nCeo is toxic to bacteria, 
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eukaryotic cell lines, water fleas and fish [2, 9-11]. Research also indicated that nCeo 

delayed zebrafish embryo and larva development and exerted teratogenic effects [12]. 

However, most of this previous research has been conducted in aqueous, well defined 

media and little is known about how common geosorbents that are present in soil or 

suspended in the water column affect toxicity. 

Thus, it is important to assess the impact of fullerene on natural environmental 

matrix (water, soil and air). It is possible for manufactured nanomaterials to reach soils 

along with biosolids originating from waste treatment programs using land application or 

following a spill or manufacturing error [13]. Recent research by Tong et al. [13] 

demonstrated that natural settings may diminish the high toxicity of nCeo that has been 

observed in well defined aqueous suspensions [8-10, 14] indicating the need to consider 

interactions with common constituents in environmental matrices to obtain representative 

results of potential environmental impacts. 

Bacteria are the basis of all known ecosystems, and the disruption of microbial 

ecology may impact food webs and biogeochemical cycles. The assessment of effects of 

chemicals on microbes therefore helps evaluate the impact of these chemicals to the 

whole environment. Since bacteria are relatively sensitive to many chemicals, it is 

possible to use bacterial toxicity as a potential warning system of deleterious effects to 

higher level organisms. Also, bacteria are easy to grow and manipulate, making them 

convenient test organisms. There have been several studies demonstrating that nC6o is a 
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powerful bacteriostatic/bactericidal agent [8, 9, 14], and three hypotheses are proposed 

for the exploration of the mechanism behind toxicity [14]: nCeo punctures bacterial 

membranes, nCeo produces reactive oxygen species that are toxic, and nC6o disrupts 

bacterial electron transport. Although these hypotheses are still under discussion, these 

lines of evidence of antibacterial activity of nCeo raise questions regarding its actual 

toxicity to an environmental system and requires careful handling and disposal of 

commercial products containing Ceo and nC6o-

In addition to toxicological tests, flow-through studies have been conducted with 

columns packed with glass beads, clays and natural soil to characterize fate and transport 

of some manufactured nanomaterials, including nC6o [15-18]. In comparison with single 

wall nanotubes (SWNTs) and fullerol (a hydroxylated C6o derivative), nCeo exhibited 

much lower mobility through porous media [15]. Clay minerals have a strong ability to 

associate with nCeo [18]. All these lines of evidence indicate that it is unlikely for nCeo to 

spread widely in a natural soil setting. 

Unfortunately, a limited amount of information is currently available regarding the 

bioavailability of C6o in the natural environment. Bioavailability is defined here as the 

extent to which humans and ecological receptors are exposed to xenobiotics (e.g., 

manufactured nanomaterials) in soil and sediment. When toxicity requires direct contact 

with the toxicant, bioavailability controls both acute and chronic toxicity 

(bioaccumulation and biomagnification). Usually bioavailability depends on matrix 



properties (type and concentration of organic matter, pore size distribution, mixing) and 

material properties (hydrophobicity, volatility, phase, solubility, etc.). Bioavailability of 

chemicals is considered to be important in controlling their environmental impacts. When 

exposed to soil, it has been suggested that C6o partitions into soil organic matter 

decreasing the solution-level bioavailability [13]. 

Soil is a complex system consisting of minerals, weathered rock fragment, organic 

matter, gases, water, and living organisms. Soil organic matter includes all the organic 

substances in or on the soil, such as living organisms, active fraction organic matter, 

surface residue and stabilized organic matter (humus) (Figure 1). Active fraction organic 

Living 
organisms 

Figure 1. Components of soil organic 
matter 

http://soils.usda.gov/sqi/concepts/soil 
_biology/soil_food_web.html 

matters are organic compounds that 

can be used as food by 

microorganisms. Humus are complex 

organic compounds that remain after 

many organisms have used and 

transformed the original material; 

humus make up 60-70% carbon in 

SOM and also a major part of natural 

organic matter. There are three 

general groups of humus: humic acid, 

fulvic acid, and humin. Humin is not 

http://soils.usda.gov/sqi/concepts/soil
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soluble in water at any pH nor in alkaline solutions. Humic acid is not soluble in water 

under acidic conditions (pH < 2) but is soluble at higher pH values. It is dark brown to 

black in color. Fulvic acid is soluble in water under all pH conditions. It remains in 

solution after removal of humic acid by acidification. Fulvic acid is light yellow to 

yellow-brown in color (http://www.landfood.ubc.ca). Each humic substance may contain 

hundreds and even thousands of individual compounds, all of which have their own 

unique physical and chemical properties. In spite of so many years of extensive research, 

there are still so many remaining unknown about their absolute structure, genesis, and 

molecular weight [19]. However, applications of modern analytical techniques have led 

to significant breakthrough in the study of humic substances. Contrary to the former 

general consensus of assumption that humic molecules could be polymers, Piccolo et al. 

[20] pointed humic substances are supramolecular complexes consisting of relatively 

small heterogeneous molecules (masses around 1000 Da) associated mainly by dispersive 

weak forces such as van der Waals, %-%, 7T-CH. Research show humic acids are made up 

of a skeleton of aromatic rings and aliphatic chains. The skeleton may contain different 

substituents, e.g., phenolic OH and carboxylic acid [21]. Elimelech's and Kim's groups' 

work have demonstrated these natural organic matters (NOM) help enhance aqueous 

stability of manufactured nanomaterials (nC60, multi-walled carbon nanotubes) [22, 23]. 

Although the presence of divalent cations may work to bridge Ceo with soil particles, it is 

suggested Ceo partition into NOM is most likely the major factor controlling the 

solution-level bioavailability [13]. Work in this area is yet limited, and little is know 

http://www.landfood.ubc.ca
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about how SOM affect Ceo toxicity to biota. 

Assessing the bioavailability of nCgo associated with complex environmental 

matrices is necessary to evaluate potential risks associated with environmental 

contamination by nCeo- In this project, we hypothesize that geosorbents (e.g., soil and its 

organic components) attenuate toxicity by decreasing the bioavailability of nCeo- The 

antibacterial activity and bioavailability of nCeo in the presence of powder activated 

carbon (PAC) or geosorbents (soil and soil components) was examined, as indicated by 

both bacterial heterotrophic activity (per CO2 evolution) and transmission electron 

microscopy (TEM). 



7 

Materials and Methods 

Preparation of nC6o 

nC6o was prepared as described by Lyon et al. (2006) with some modifications [14]. 

C60 (100 mg ,of 99.5% pure, SES Research, Houston, TX, or MER Corp., Tucson, AZ) 

was dissolved in 4 L of tetrahydrofuran (THF) (certified spectra-analyzed, Fisher 

Scientific, Houston, TX). The THF was sparged with nitrogen for 10 minutes to prevent 

oxidation before and after Ceo was added. The mixture was stirred overnight at room 

temperature in the dark. The solution was filtered through a 0.22 um Osmonics nylon 

membrane (Fisher Scientific) to remove undissolved C6o- A 250 mL aliquot of the Ceo 

tetrahydrofuran solution was stirred vigorously while adding an equal volume of Milli-Q 

water (Millipore, Billerica, MA) at a rate of 1 L/min. THF was evaporated using a Biichi 

Rotavapor (Biichi Labortechnik AG, Flawil, Switzerland) with hot water bath, 

refrigerated condenser, and vacuum pump. One liter of the mixture was heated to 65 "C to 

let the tetrahydrofuran evaporate and finally reach an approximate volume of 300 mL 

nCeo- Prior to concentration, the nCeo was filtered through 0.45 um Osmonics nylon 

membrane to remove undissolved particles. nCeo was concentrated with a Biichi rotary 

evaporator at 70°C to a final concentration of around 10 mg/L nCeo- The concentrated 

suspension was filtered-sterilized through a 0.22 um cellulose syringe filter or a 0.22 um 

MCE membrane vacuum filter (Fisher Scientific). The nCeo suspension was stored in the 

dark at room temperature. 
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nC6o Particle Characterization 

Particle size and zeta potential were determined using a non-invasive back-scatter 

(NIBS) device (Zetasizer Nano, Malvern Instruments, United Kingdom) and corroborated 

by transmission electron microscopy (TEM). NIBS detects the scattering information at 

173°, which extends the range of sizes and concentrations of samples that can be 

measured. The mean diameters were weighted according to the number of particles of 

each size. TEM (resolution of 0.5 nm) was performed with a JEOL 2021 microscope 

operating at 100 kV. The TEM samples were prepared by placing drops of nCeo 

suspension on 300 mesh copper grids (Ted Pella, Inc., Redding, CA) and allowed to dry 

over night. The grids were places on filter paper to remove excess water. Cryo-TEM was 

performed with a JEOL FasTEM microscope operating at 200 KV. Samples must be 

prepared with nCgo of high concentration. nCeo were concentrated by using a filter and 

centrifugation (Amicon Ultra Centrifugal Filter Device, Millipore) at 5000 x g for 20 min, 

achieving a final nCeo concentration of approximately 160 mg/L. 

The concentration of nCeo was determined by spectrometry using an Ultrospec 

2100pro spectrophotometer at 336 nm as described by Lyon et al. (2005) [8]. One ml of 

100 mM magnesium perchlorate and 2 ml of toluene were added to 2 ml of the nCeo 

suspension to extract nCeo from aqueous phase. The vial was sealed and the mixture was 

stirred for 2 hours. Then the vial was placed in -20 °C to allow the aqueous phase to 

freeze, and the toluene was removed for analysis. A standard curve was prepared by 
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dissolving varying amounts of nCeo in toluene. The absorbance of each unknown sample 

at 336 nm was compared to the standard curve. 

Bacterial Growth 

The Gram-negative bacterium Escherichi. coli was chosen as the test organism. E. 

coli has been well studied and is easy to grow on minimum mineral medium that 

precludes nC6o coagulation and precipitation [8]. E. coli K12 was purchased from 

American Type Culture Collection Manassas, VA, (ATCC#25404) and was maintained on 

Luria-Bertani (LB) plates and in LB broth. Minimal Davis (MD) medium was made 

according to the recipe described by Lyon et al. (2006) [14] (See Appendix). The 

potassium phosphate concentration of MD medium was reduced by 90% compared with 

Davis medium. Growth was quantified by measuring optical density at 600 nm (OD600) 

using a Turner SP-830 spectrophotometer (Barnstead, Dubuque, IA, USA). 

Assessing Antibacterial Activity 

The minimum inhibitory concentration (MIC) was used to give a quantitative 

measurement of toxicity of nCgo and was determined using Clinical and Laboratory 

Standards Institute (CLSI, formerly NCCLS) methodology as described by Tsao et al. [24]. 

E. coli was cultured in LB medium overnight and then was diluted to a final OD600 of 

0.002 in MD medium tubes containing nC6o with different concentrations. The minimum 

concentration of nC6o that resulted in a non-turbid tube was considered the MIC. Toxicity 

of nCeo was also assessed by measuring CO2 production as described in the following 
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section that describes the methods for assessing the effect of geosorbents on the 

antibacterial activity of nC6o. 

Sorbents 

Powder activated carbon (PAC) was purchased from Fisher Scientific, Pittsburgh, 

PA. The average diameter of PAC was around 80.6 urn. The surface area PAC was 

determined by the Brunauer-Emmett-Teller BET method to be 754.4 m2/g 

(Quantachrome Autosorb-3B Surface Analyzer, Quantachrome Instruments, FL). Pore 

size distribution, calculated by the Barret-Joyner-Halenda method of isotherm analysis, is 

presented in Figure 2. The average pore size of PAC is 16.8 A. Dry PAC was autoclaved 

at 120°C for 15 min before mixing it with the nC6o suspension. 
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Figure 2. Pore size distribution of PAC. 
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Two kinds of soil were used in the experiments. One is Lula soil, consisting of 92% 

of sand; 6% of clay; about 1.5% of silt and 0.27% of organic carbon. Lula soil was 

obtained from R.S. Kerr Environmental Research Laboratory, Ada, OK. The soil surface 

area (BET) is 1.24 m2/g [17]. The other soil is from Amana Colonies, Iowa, which 

contains 3.5% organic matter, with BET surface area of 34.1 m2/g. All the soil samples 

were autoclaved at 120 °C for 15 min before usage. 

Humic substance solution 

Commercial humic acid (Sigma-Aldrich, MO) was used in initial experiments. 

Number average and weight average molecular weights of Sigma-Aldrich HA determined 

by vapor pressure osmometry were reported as 1630 and 4100 Da, respectively [25]. 

However, the impurity of this humic acid confounded the interpretation of some results, 

and standard humic acids were used for subsequent experiments. 

Suwannee River humic acid (SRHA) (Standard II, International Humic Substances 

Society (IHSS)) and Suwannee River fulvic acid (SRFA) (Standard II, IHSS) were used 

as model NOM in natural environments. The molecular weight of SRHA was reported by 

Elimelech et al. (1997) [26] as 1000-5000 Da. According to IHSS, SRHA is composed of 

52.63 wt % carbon, 4.28 wt % hydrogen, 42.04 wt % oxygen, 1.17 wt % nitrogen, 0.54 

wt % sulfur, and 0.013 wt % phosphate, and the ash content is 1.04 wt %. SRHA solution 

is prepared by introducing 100 mg dry humic acid powder into 50 ml Milli-Q water and 

then stirring overnight. The solution was filtered through a 0.22 um cellulose membrane 
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and stored in the dark at 4°C. 

The number average molecular weight of SRFA determined by vapor pressure 

osmometry were reported as 1360 Da [25]. Based on the report from IHSS, SRFA is 

composed of 52.34 wt % carbon, 4.36 wt % hydrogen, 42.98 wt % oxygen, 0.67 wt % 

nitrogen, 0.46 wt % sulfur, and 0.004 wt % phosphate, and the ash content is 0.58 wt %. 

SRFA solution is prepared by introducing 100 mg dry fulvic acid powder into 50 ml 

Milli-Q water and then stirring overnight. The solution was filtered through a 0.22 um 

cellulose membrane and stored in the dark at 4°C. 

Sorption of nQo aggregates from aqueous solution to PAC 

Sorption experiments were performed with different nC6o concentrations and fixed 

PAC dose to determine the sorption isotherm. The PAC (100 ± 0.1 mg) was mixed with 

10 ml Milli-Q water to make a 10 mg/mL suspension. For each 2 ml sample, 0.1 ml of 

PAC suspension was added into a 5 ml vial. Then different amounts of nC6o (14.5 mg/L) 

were injected into the vials and corresponding volumes of Milli-Q water were added to 

complete the samples. The initial nC6o concentrations were 14.5, 7.25, 3.63, 1.81, 0.91, 

0.45 mg/L. The mixture was stirred for 48 h. Then samples were filtered with 0.45-um 

cellulose syringe filters and were analyzed by UV/vis absorption at 336 nm to determine 

the equilibrium nCeo concentrations. The analysis of each sample was repeated three 

times. The average sorption losses of nC6o to the membrane filters were determined in a 

preliminary study to be negligible, around 1%. 
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Oxidation reduction potential (ORP) measurement 

The Oxidation Reduction Potential (ORP) of a suspension may be a good indicator 

of potential reactivity [27], and was measured in the presence of nC6o and/or different 

sorbents. ORP (Redox) combination electrode was purchased from Denver Instrument, 

Colorado. The sensing element is a platinum disk and the reference is an Ag/AgCl sealed 

cartridge system. Before measurement, the probe was immersed in Zobell's solution 

(Ricca Chemical Company, TX, zeta potential +100 mv) at room temperature for 

calibration. All the samples were prepared in MD medium and stirred during 

measurement. Nitrogen was continuously sparged into samples to remove the oxygen in 

the water that may interfere with the reading. 

Assessing effect of geosorbents on antibacterial activity of nCgo 

A respirometer (Oxymax-ER, Columbus 

Instrument, OH) (Figure 3) was used to monitor the 

heterotrophic activity of bacteria dosed with nC 60 

(positive control) or a mixture of sorbents and nCgo-

Approximately 5-6 hours later (OD600 about 0.08), 

while in exponential phase, bacteria were exposed 

simultaneously to nCeo (0.5 mg/L) and/or PAC (Table 

1). Another set of similar experiments was conducted 

with PAC that had been equilibrated with nCeo for two 

H "1 LL L -
$ 

••vW< 

0-

Figure 3. Respirometer 
system (Oxymax-ER, 

Columbus Instrument, OH) 
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days prior to exposing to the bacteria. This modification was adopted to discern any 

sorption kinetics effect that may influence nCeo bioavailability and toxicity to bacteria. 

Geosorbents were tested subsequently. They were equilibrated with nC6o for two days 

before applying to the experiments, and samples were designed according to Table 1. 

Assessing effect of NOM on nC6o antibacterial activity 

A 24 well cell culture plate was used in this experiment. E. coli was grown in LB 

medium at 37 °C over night and was diluted in 2 ml of MD in wells containing 1 mg/L 

nC6o and varying levels of SOM to a final OD6oo of 0.002 (Figure 4). nC6o and SOM were 

equilibrated for 2 days prior to exposing to bacteria. The plate was incubated for 48 hours, 

and growth of cells in each well was recorded. All samples were done in duplicate. 

SOM Cone. 0 0.02ppm 0.05ppm 0.1 ppm 0.5ppm 1ppm 

control 

nC 60 

Figure 4. Experimental set up for assessing effect of SOM on nC6o antibacterial activity. 



Table 1. Experimental matrix to evaluate sorbents effect on antibacterial activity of nC6o 

PAC Test Set 1 (nC6o and PAC added simultaneously, without pre-equilibration) 

Respirometer Channel 

1 

2 

3 

4 

5 

6 

7 

Description 

No nC6o (negative control) 

0.5 mg/LnC6o (positive control) 

5 mg PAC+0.5 mg/L nC60 

10 mg PAC+0.5 mg/LnC6o 

15 mg PAC+0.5 mg/L nC60 

20 mg PAC+0.5 mg/L nC60 

10 mg PAC (PAC control) 

PAC Test Set 2 (nC6o and PAC previously equilibrated for 2 days) 

1 

2 

3 

4 

5 

6 

7 

No nCeo (negative control) 

0.5mg/L nCeo (positive control) 

1 mg PAC+0.5 mg/LnC60 

5 mg PAC+0.5 mg/LnCeo 

10 mg PAC+0.5 mg/L nC60 

15 mg PAC+0.5 mg/LnCeo 

lOmg PAC (PAC control) 

Geosorbents Test (nCeo and geosorbents previously equilibrated for 2 days) 

Channel 

1 

2 

3 

4 

5 

6 

Description 

No nCeo (negative control) 

0.5mg/LnC6o (positive control) 

100 mg Lula soil+0.5 mg/LnC6o 

92 mg sand+0.5 mg/L nCeo 

5.4 mg/L SRHA+0.5 mg/LnC60 

100 mg Iowa soil+0.5 mg/LnC6o 
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Results and Discussion 

Adsorption Isotherm 

This project investigated the potential interactions between nCeo and geosorbents in 

natural environments, and their effect on the antibacterial activity of nC6o- PAC, as one of 

the most commonly used and well-studied sorbents for organic compounds, was used 

first to study how the interactions between nCeo and a sorbent influence antibacterial 

activity. An nCeo sorption experiment was conducted to characterize the equilibrium 

partitioning of nCeo between water and PAC (Table 2). The analysis of each sample was 

repeated at least three times. The data were fitted with a linear isotherm (Figure 5). At 

equilibrium, the solution-phase concentrations decreased by 58% to 77% from the initial 

values of 14.5, 7.25, 3.63, 1.81, 0.91, and 0.45 mg/L, indicating that PAC is an effective 

adsorbent for nCeo- A linear isotherm in the form of q=Kp-Cw was observed, where Kp 

denotes the partition coefficient, ql mg-g"1 is the mass of nCeo per unit mass of PAC at 

equilibrium, and CJ mg-L"1 is the nC6o concentration in the solution phase at equilibrium. 

AKP value of (103'75±102'84) ml •g"1 was obtained. For the observed sorption of nCeo to 

PAC, we suggest that adsorption of nCeo particles onto PAC mainly occurred on the outer 

side of PAC, because most pores of PAC particles are below 40 A (see Figure 2). With an 

average diameter around lOOnm, it is difficult for nCeo particles to get into the pores of 

PAC. This was also examined by TEM analysis (Figure 6), where nCeo aggregates were 

observed attached onto the surface of the PAC particles. 
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Figure 5. Linear adsorption isotherm for nC6o with PAC. 

Table 2. Adsorption Isotherm Data for nCeo with PAC. 
Cw (mg/L) 

2.99 
1.53 

0.814 
0.416 
0.303 
0.081 

q (mg nC60/g PAC) 
17.02 
8.44 

4.122 
2.048 
0.832 
0.556 
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50 nm 

Figure 6. TEM micrographs of nC6o attached to PAC surface. 

Antibacterial Activity of nC6o 

MIC was used here to measure nC6o toxicity. The MIC of nC6o for E. coli was 

0.1-0.5 mg/L. Data from respiratory experiments also show antibacterial activity of nC6o 

(Figure 7, 8, 9). Metabolic activity of E. coli, as reflected by CO2 production, decreased 

over time when 0.5 mg/L nCeo was added. 

Effect of Sorbents on nC6o Antimicrobial Activity 

Experiments were conducted to test the hypothesis that sorption of nCeo to potential 

geosorbents (e.g., soil constituents) or activated carbon would decrease its bioavailability 

(e.g., hinder direct contact with bacteria) and attenuate its antibacterial activity. A 

respirometer was used to monitor the heterotrophic activity (measured as CO2 produced) 

of (exponential-phase) E. coli exposed to nC6o alone or in the presence of various 

sorbents (PAC, soil, or SOM). Considering that nCeo particles agglomerate and even 
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precipitate in the presence of high salt and protein concentrations [8, 28], minimum Davis 

(MD) medium was chosen for bacteria culture throughout the antibacterial test. 

Figure 7 shows that the addition of nC6o (0.5 mg/L, indicated by arrow) 

significantly decreased the respiration rate of E. coli relative to an nC6o-free control. This 

bactericidal effect was mitigated by PAC. After adsorbed onto PAC, nCeo was a lot less 

available to bacteria, since the bioavailability of a chemical is mostly determined by the 

concentration of this chemical in aqueous phase, and more than 90% of nC6o has been 

removed from solution level when sorption reached equilibrium (Table 3). These residual 

concentrations were a lot lower (less than 50%) than MIC of nC6o for E. coli, which was 

determined as 0.1-0.5 mg/L previously. Higher quantities of PAC added had a more 

pronounced attenuation effect when PAC was mixed with nC6o at the time of exposure 

(Panel A). However, the beneficial effect of adding more PAC was not observed when 

PAC and nCeo were equilibrated for 2 days prior to exposure (Panel B). 

Table 3. Residual concentrations of nCeo after 2-day equilibration with PAC. 
Initial cone, of 

nC6o (mg/L) 
0.517 
0.517 
0.517 
0.517 
0.517 
0.517 

PAC (mg) 

0 
1 
5 
10 
15 
20 

Residual Cone, of nCeo 
(mg/L) 
0.517 

0.047±0.003 
0.004±0.006 

0.001 
0.001 
0.001 

Two types of soils, high organic content soil from Amana, Iowa, and sandy soil 
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from Lula, Oklahoma, were also tested in this research. Both soils reduced the toxicity of 

nC6o- Figure 8 shows cumulative CO2 production curves by E. coli before and after 

adding the mixture of nC60 suspension and soils. In a preliminary test, 48.2% to 67.5% of 

nC6o (initial concentration 0.5 mg/L in 50 ml MD medium) was removed from solution 

phase after sorption by 100 mg Lula soil and 91.1% to 93.2% by 100 mg soil from Iowa. 

Higher sorption capacity is probably the result of bigger surface area (soil from Iowa has 

a surface area of 34.1 m2/g, while the surface area of Lula soil is only 1.24 m2/g), higher 

concentration of SOM (3.5% in soil from Iowa versus 0.27% in Lula soil), and different 

salt levels. 

Effect of NOM on nC6o Antimicrobial Activity 

To investigate the importance of the NOM in attenuating the toxicity of nCeo 

(presumably by sorbing onto nC6o and reducing its bioavailability), humic acid was tested 

(3.5 mg SRHA/ 50 ml MD medium.). This concentration significantly mitigated the 

antibacterial effect of nC6o, although to a lesser extent compared to soil. In contrast, sand 

with very low organic carbon content (< 0.01%) was not effective in attenuating nC6o 

toxicity (Figure 9). 



21 

1.0 

0.8 

£ 0.6 

I 
o 

0.4 -

0.2 

0.0 

A 

f \l 

\ ' / / V / / S 

•> 

f ~Q- . 

1 1 

D -

- o 

-nC60'-£ree Control 

- n C 6 0 only 

- lOmg PAC+nC60 

- 15mg PAC+nC60 

- 20mg PAC+nC60 

10 20 30 40 

• — lmg PAC+nC60 

-•— 5mg PAC+nC60 

*— lOmg PAC+nC60 

A — 15mg PAC+nC60 

- nC60 -free control 

10 20 30 40 

Time (h) 

Figure 7. Attenuation of nC6o toxicity to E. coli by sorption onto PAC. The addition of 
nC6o (0.5 mg/L, indicated by arrow) significantly decreased the respiration rate of E. coli 
relative to the nCeo-free control. This bacteriostatic effect was mitigated by PAC. Higher 
PAC amounts had a more pronounced attenuation effect when PAC was mixed with nCeo 
at the time of exposure (Panel A). This sorption kinetics effect was not observed when 
PAC and nC6o were equilibrated for 2 d prior to exposure (Panel B). 
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Figure 9. SRHA (5.4mg/L) attenuated the toxicity of nC6o to bacteria. Sand with very 
low concentration of organic matter (less than 0.01%) was not effective in attenuating 
nC6o toxicity. 

The minimum concentration of SRHA needed for coating 1 mg/L nCgo suspension 

was estimated based on following assumptions: a) C6o and nC6o are both rigid spherical 

particles with diameter of 1 nm and 100 nm, respectively [14, 29]; b) the hydrodynamic 

diameter of SRHA ranges from 1 (there is little information about the particle size of 

aqueous humic acid. Considering humic acid is colloidal, the smallest colloid dispersed 

phase is around 1 nm) to 10 nm [30], with a molecular weight of 5000 Da; and c) this is a 

monolayer coating. The coating model is illustrated in Figure 10. 
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Figure 10. The model of SRHA coating nC6o particles. 

SRHA 

_, , . . nCm molecular volume ,... _, 
«Cm molecular weight = —— x64%xC™ molecular weight 

C60 molecular volume 
-x^-x(50 nmf 

-x^-x(0.5 nmf 
-x 64% x 720 Da = 4.6 x 108Da 

Here, 64% is random packing density for rigid sphere packing 

(http://mathworld.wolfram.com/SpherePacking.html). 

Thus, for SRHA with a hydrodynamic diameter on the order of 0.5 nm, the 

concentration needed to form a monolayer coating of I mg/L nCeois: 

nC60 • particle • surface • area nC60 • concentration 
nC60 • molecular • weight SRHA • particle • cross • sec tion • area 

Img/L 4x.7ux(50nm)2 

x SRHA • molecular • weight 

4.6 xlO8 Da Kx(0.5nm)2 

= 0.43 mg/L 

•x5000Da 

However, if the hydrodynamic diameter of the SRHA increases to 10 nm, which 

represents a reasonable upper bound [30], the concentration of SRHA needed for coating 

http://mathworld.wolfram.com/SpherePacking.html
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of 1 mg/L nC6o is on the order of 10"3 mg/L. This range of estimated SRHA 

concentrations needed to achieve a monolayer coating of nC6o particles (0.001 to 0.43 

mg/L) were used as a basis to select the concentration used in our experiment (0.02 mg/L 

to 1 mg/L) and investigate if coating mitigated antibacterial activity. SRFAs were also 

tested at similar concentrations. 

Results form the 24 well plate experiment are shown in Table 4. Consistent with the 

results of the coating calculations above, nC6o did not exhibit antibacterial activity when 

SRHA was present at 0.05 mg/L or higher. However, lower concentrations did not 

mitigate antibacterial activity. Similar results were obtained with SRFA, although the 

minimum concentration that mitigated antibacterial activity was higher (0.1 mg/L), 

reflecting that SRFA was less effective than SRHA in attenuating toxicity. This may 

reflect the fact that SRFA particles are generally smaller than SRHA particles, thereby 

more SRFA is needed to cover the nCgo particles. In comparison, MD media with citric 

acid concentrations ranging from 1 ppm to 100 ppm were also tested to investigate the 

effect of citric acid on nCeo antibacterial activity. From results all the concentrations of 

citric acid did not show eliminating effect on antibacterial activity of nC6o, since bacteria 

in all samples containing 1 mg/L nC6o did not grow, while bacteria in controls without 

nC6o grew very well. 
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Figure 14. Oxidation Reduction Potential (ORP) of nCeo suspension and mixture of nC6o 
and sorbents. 

Conclusion 

This study illustrates that the antibacterial activity of nCeo can be mitigated by the 

presence of geosorbents and natural organic matter, which might decrease the 

bioavailability of nCeo- Zeta potential measurements and TEM observations suggest that 

SOM is likely to stabilize nC6o and change its morphology, which may be related to the 

observed decrease of its antibacterial activity. Hence, toxic effects of nC6o are 

significantly affected by bioavailability in natural soils. Further studies are needed to 

observe long-term effect of nCeo in natural soils and their transport and fate in other 

environmental settings. 
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Appendix Media recipes 

Minimum Davis (MD) medium 

The medium (per L) consists of 0.7 g K2HP04, 0.2 g KH2P04, 0.5 g Na-citrate, 0.1 g 

MgS(V7H20, 1 g (NH4)2S04, and 1 g of glucose (added after autoclaving and sterilized 

by filtration). 

Luria-Bertani (LB) medium 

LB medium (per L) consists of 10 g of tryptone, 5 g of yeast extract, and 5 g of NaCl. 

Luria-Bertani (LB) plate 

LB agar plate (per L) consists of 10 g of tryptone, 5 g of yeast extract, 5 g of NaCl, and 

16gofBacto agar. 


