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Fullerenes have been extensively studied for their possible applications in biological, 

medical, and environmental settings. Recent evidence has shown that fullerene aggregates 
suspended in water exert a toxic effect on eukaryotic and prokaryotic cells alike. Here we 
aimed to replicate the antibacterial effect of a fullerene water suspension on Escherichia 
coli B23, and further intended to determine whether the toxic effect of the fullerene 
suspension was due to compromised integrity of cellular membrane structures. We 
utilized three different experiments to evaluate this hypothesis: an assay for growth and 
viability, a fluorescent staining assay, and an intracellular pH assay. The growth and 
viability assay confirmed results from previous studies that fullerene aggregates indeed 
have an inhibitory effect on E. coli B23. However, the fluorescent staining demonstrated 
that exposure to the fullerene water suspension does not disrupt the structure of cellular 
membranes. The internal pH assay was inconclusive. Taken as a whole, our results 
suggest that the antibacterial effect of fullerene on E. coli B23 is not due to damage to the 
cellular membrane structures, but to other mechanisms that warrant further 
investigation.  

 
 

The Nobel Prize-winning discovery of 
buckminsterfullerene and its unique properties in 1985 
(19) combined with advances in mass production 
techniques of the spherical C60 molecule (26) have 
launched a massive wave of research into the possible 
applications of this novel nanoparticle. Numerous 
biological and medical applications have been proposed 
for fullerenes and its modified derivatives, ranging from 
anti-HIV and antimicrobial therapies to drug delivery 
and diagnostic techniques (2, 6). Deleterious effects of 
fullerene on biological systems have also been 
documented: it has been shown to have antibacterial 
properties (21) and cause oxidative stress in several fish 
species (27, 35). It has also been observed to be 
cytotoxic to human dermal fibroblast and liver 
carcinoma cell lines (29). Such studies indicate the need 
for better characterization of the effects of C60 on living 
organisms prior to introduction into practical settings. 

Computer simulation studies demonstrated that a 
fullerene water suspension, herein referred to as nC60, 
may be able to bind and denature nucleotides (34). 
Based on these findings, previous studies aimed to 
elucidate if fullerene exerts its toxic effects by 
interacting with and altering bacterial DNA (1, 11, 18). 
Although some evidence was presented regarding the 
binding capability of nC60 to DNA in vitro, 
investigators were not able to demonstrate a 
corresponding effect on bacterial cells in vivo (17).  

Evidence provided in a separate computer 
simulation study by Chang and Violi showed that 

hydrophobic nC60 particles could penetrate and remain 
within the hydrophobic center of lipid bilayers (9). The 
presence of the round nC60 particle within the bilayer 
was shown to distort and alter the packing of membrane 
lipids, ultimately leading to the formation of pores 
within the membrane (9). However, these results were 
purely theoretical and the study provided no in vivo 
confirmation of a disruptive effect of nC60 on biological 
membranes.  

In this study we aimed to demonstrate that nC60 
exerts an antimicrobial effect on Escherichia coli B23 
in vivo, and that this effect is due to disruption of the 
bacterial cell membrane by nC60 particles. While our 
results indicate that incubation with nC60 inhibited the 
growth and viability of E. coli B23, the mechanism of 
inhibition does not appear to be due to disruption of the 
cell membrane.  

 
MATERIALS AND METHODS 

 
Bacterial strain and culture conditions. Wild type Escherichia 

coli strain B23 was obtained from the MICB 421 culture collection at 
the University of British Columbia Department of Microbiology and 
Immunology.  Overnight cultures were grown in M9 minimal salts 
media (35) (supplemented with 0.2% w/v glycerol) with a loopful of 
E. coli B23 and incubated at 37°C in an aerator shaking at 200 rpm. 

Preparation of fullerene water suspension (nC60). This method 
was adapted from a previous experiment (12). In the fume hood, 100 
ml of tetrahydrofuran (THF, Cat. No. T5267, Sigma-Aldrich) was 
purged with N2 gas for 30 minutes. To prepare a saturated suspension, 
2.5 mg of buckminsterfullerene (Cat. No. 572500, Sigma-Aldrich) 
was added to the THF. The suspension, covered in aluminum foil, 
was left stirring on a magnetic stir plate for 48 hours in the fume 
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hood. The suspension was then vacuum filtered through a 0.2 μm 
pore-size nylon filter (Cat. No. 215-4020, Nalgene). An equal volume 
of sterile distilled water was added to the filtered C60⋅THF solution 
and this mixture was placed in the fume hood at room temperature for 
72 hours to allow evaporation of the THF. Three control solutions 
were set up alongside to monitor the evaporation rate of THF; a 
THF⋅water mixture with the same volume ratio as the C60⋅THF⋅water 
mixture, THF only and distilled water only, both of equal volume as 
the filtered C60⋅THF.  

Determination of the concentrations of C60 in THF and water. 
The concentrations of C60 in THF and water were determined using a 
Pharmacia Biospec Ultrospec 3000 spectrophotometer and a quartz 
cuvette (Cat. No. 1007, Code No. S22-260, Pyrocell). To determine 
the concentration of C60 in THF, the spectrophotometer was blanked 
with 3 ml of fresh THF. The cuvette was then filled with 3 ml of the 
C60⋅THF suspension and the absorbance was read at 330 nm. A 1/10 
dilution in THF was also prepared and read at 330 nm. The 
concentration of C60⋅THF was calculated using Beer’s Law and the 
absorbance coefficient of C60 in n-hexane (ε = 104.71) as reported by 
Deguchi et al (12). 

The concentration of nC60 (in water) was determined using a 
modified version of the two-step destabilization-extraction process 
(12).  In a microfuge tube, 300 ul of nC60 was mixed with 300 ul of 
sterile 2% NaCl and 600 ul of toluene (Cat. No. 244511, Sigma 
Aldrich). This solution was vortexed for 3 minutes to achieve 
emulsification; afterwards the phases were allowed to settle.  The 
upper organic phase was extracted, and the absorbance of this organic 
phase was read at 334 nm. The spectrophotometer in this case was 
blanked using the filtered control water solution from which THF had 
evaporated. The concentration of nC60 was again calculated using 
Beer’s Law and the absorbance coefficient of C60 in n-hexane as 
previously described (12).  

Growth and viability assay. We examined the effect of nC60 
exposure on E. coli B23 growth and viability by performing time 
course readings of optical density and plated colony counts.  
Readings of optical density (OD) were taken using a Spectronic 20 
spectrophotometer and cultures were incubated in a 37° C incubator 
shaking at 200 rpm.  

To obtain exponentially growing cells, overnight culture of E. 
coli B23 was diluted in fresh M9 minimal salts media (supplemented 
with 0.2% w/v glycerol) to a concentration of 0.15-0.18 OD460 units. 
This primary culture was grown for 2 hours, after which the 
concentration of the culture was determined by measuring OD460 
units. The viability of the primary culture was assessed by spread 
plating on Luria broth (LB) agar as outlined below. The culture was 
then divided into control, nC60 and THF treatments. Nothing was 
added to the control culture, while nC60 was added to the nC60-treated 
culture to give a final concentration of 1 mg/L (a concentration 
previously shown to inhibit bacterial growth) (21). THF was added to 
each of three additional cultures so that the volume of THF added 
represented 10%, 1% and 0.1% of the volume of nC60 added in the 
nC60 treatment. These volumes were chosen as reasonable estimates 
of THF remaining in the nC60 preparation.  

To assay the growth of the control and nC60-treated cultures, 
OD460 readings were taken every 10 minutes, starting at 5 minutes 
after the initiation of treatment and ending at 65 minutes. Briefly, a 
3.5 ml sample of culture was transferred from each flask into a 
corresponding glass cuvette and an OD460 reading was taken. The 
sample was then returned to the flask and incubation was continued.  

To assay the viability of the control, nC60 and THF treatments, 
samples of each culture were diluted and spread plated onto LB agar. 
The control culture was sampled and plated at 0 and 65 minute time 
points while all other treatments were only plated after 65 minutes. 
Briefly, a 100 ul sample of culture was serially diluted to 10-6 in 
0.85% NaCl. Appropriate volumes were spread plated onto LB agar 
in duplicate to obtain final plated volumes of 10-6 and 10-7. The plates 
were incubated overnight at 37°C prior to counting colonies.  

Assessment of membrane integrity. We investigated the effect 
of nC60 on the E. coli B23 membrane using two independent methods. 

We used a differential fluorescent staining technique to allow us to 
discriminate between cells with perforated and intact membranes. 
This method was adapted from a previous experiment (3). 
Exponentially growing cells were obtained by inoculating fresh M9 
minimal salts media (supplemented with 0.2% w/v glycerol) with 
overnight culture to achieve an initial concentration of 0.15-0.18 
OD460 units and incubated in a 37°C incubator shaking at 200 rpm for 
30 minutes. Unless otherwise stated, microfuges (Eppendorf Model 
5418) were operated at 7000 x g and incubation conditions were at 
37°C in an incubator shaking at 200 rpm. Exponentially growing cells 
were subjected to a time course treatment of nC60. nC60 from a stock 
solution was added to a primary culture to achieve a final 
concentration of 1 mg/L. Control cultures were subjected to 
microwave treatment (40 s on high power), toluene treatment (100 
ul/ml culture) or no treatment. Microwave and toluene treatments 
were chosen as positive controls as both have been shown to perforate 
cells (3, 14). Cultures were then incubated and 1.5 ml samples were 
drawn at 0 min, 30 min and 60 min. Samples were then microfuged 
for 10 minutes, the pellets were resuspended in 1.5 ml 0.85% NaCl, 
vortexed for 3 minutes and microfuged again for 5 minutes. These 
washing steps were performed twice. After washing, the pellet was 
resuspended in 1 ml 0.85% NaCl and stained with either 3 ul of 20 
mM propidium iodide (PI, Cat. No. P4170, Sigma-Aldrich) or 3 ul of 
a 1:1 mixture of 20 mM PI and 0.01% w/v acridine orange (AO, Cat. 
No. A4921, Sigma-Aldrich). Stained samples were vortexed and 
incubated in the dark at room temperature for 15 minutes. Dyes were 
removed by microfuging and resuspending in 1 ml of 0.85% NaCl. 
Each sample was diluted 10-2 in sterile saline. A wet mount was 
prepared from this dilution and observed under a Zeiss Axiostar Plus 
fluorescence microscope set with a 490 nm excitation filter and a 510 
nm barrier filter. Pictures were taken through the eyepiece using a 
Canon Powershot SD790 IS digital camera. 

Intracellular pH assay. We performed an intracellular pH time 
course assay to determine changes in pH of nC60-treated E. coli B23 
that may have resulted in the unrestricted passage of H+ ions through 
pores formed by nC60. This method was adapted from previous 
experiments (7, 10, 16).  An overnight culture of E. coli B23 was 
diluted 3/20 in fresh M9 minimal salts media (supplemented with 
0.2% w/v glycerol) and grown at 37°C in an incubator shaking at 200 
rpm for 3 hours to achieve a concentration of ~0.5 OD660 units. Cells 
in 20 ml of this culture were harvested by centrifugation at 7000 x g 
for 10 minutes at 4°C (Sorvall Model RC-5B centrifuge, SS-34 rotor).  
Harvested cells were washed and resuspended in 50 mM Tris, pH 9.0, 
supplemented with 1mM ethylenediaminetetraacetate (EDTA) using 
centrifugation conditions previously described.  

To load the E. coli with fluorescent probe, cells were incubated 
for 10 minutes at 30°C in the presence of 20 μM 5 (and 6-)-
carboxyfluorescein diacetate succinimidyl ester (cFDASE, Cat. No. 
C1157, Invitrogen; dissolved in dimethyl sulfoxide (DMSO) and 
brought up to appropriate volume using phosphate buffered saline 
[PBS]). Upon being taken up by E. coli, cFDASE is hydrolyzed by 
esterases to 5 (and 6-)-carboxyfluorescein succinimidyl ester (cFSE) 
in the cytoplasm (7).  cFSE is bound intracellularly and any unbound 
probe can be extruded by incubation in the presence of a fermentable 
sugar. In this study, glucose was added to the cells to achieve a final 
concentration of 10 mM and incubated for 30 min at 30°C to 
eliminate nonconjugated cFSE.  The cells were washed and 
resuspended in 50 mM K2HPO4 buffer, pH 7.0.  3 ml of resuspended 
cells were transferred into each of nine labeled Oakridge centrifuge 
tubes for the pH calibration curve and the 12-minute time course pH 
assay. The cells were then centrifuged at 7000 x g for 10 minutes at 
4oC (Centra MP4R centrifuge, rotor #810).  

To create a pH calibration curve for the experiment, the cells 
loaded with fluorescent probe were resuspended in Tris MES buffers 
with pH values of 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0.  A previous study 
used valinomycin and nigericin (both at 10 μM) together for pH 
equilibration (16) but since both function as membrane-
permeabilizing ionophores, we simplified the protocol to use only 
valinomycin. Hence, intracellular pH was equilibrated to the 
extracellular pH by addition of valinomycin (Cat. No. V0627, Sigma-
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Aldrich) to achieve a final concentration of 10 μM.  The cells were 
diluted 1/50 prior to fluorescence measurements.  Fluorescence 
intensity units (FIUs) were measured with a fluorometer (Turner® 
QuantechTM digital filter fluorometer, Raw Fluorescence Mode) using 
the following specifications: 490 nm (pH-sensitive, NB490) and 360 
nm (pH-insensitive, NB360) excitation wavelengths, and 515 nm 
emission wavelength (SC515).  These wavelengths were chosen as it 
has been demonstrated that fluorescence intensity units (FIUs) of 
cFSE at 490 nm and 360 nm excitation wavelengths are pH-sensitive 
and pH-insensitive, respectively (10).  The known concentration 
upper limit was set to 1000.00 FIU using cFDASE-loaded E. coli B23 
cells diluted 1/20 while distilled water was used as the lower limit 
blank. The FIUs of cells at each pH were measured at each 
wavelength, and the ratio of FIU490/FIU360 was plotted on a pH 
calibration curve.  

 

To assay for changes in intracellular pH associated with different 
treatments, cFDASE-loaded cells were resuspended in Tris MES 
buffer, pH 7.0  (50 mM Tris, 50 mM MES, 140 mM choline chloride, 
1 mM MgCl2, 10 mM KCl, 10 mM NaHCO3, and 0.5 mM CaCl2) and 
placed on ice until required.  The cells were diluted 1/50 and placed 
in a glass cuvette.  Three separate 12-minute time course assays were 
performed: negative control, nC60 treatment, and positive control in 
the form of toluene treatment.  The FIUs at 490 nm and 360 nm were 
determined at 1-minute intervals.  At 3 minutes, 10 mM glucose was 
added directly to the cuvette and pipetted up and down for thorough 
mixing.  At 7 minutes, cells were treated accordingly: no addition as a 
negative control, addition of nC60 to a concentration of 1.0 mg/L or 
addition of toluene (80 ul/ml culture) as a positive control.  
Treatments were added directly to the cuvette and mixed continuously 
by pipetting up and down throughout the time course assay. The 
FIU490/FIU360 ratios were converted to intracellular pH values using 
the equation determined from the pH calibration curve. The time 
course treatments were carried out in the following order: untreated 
control, nC60 treatment, and toluene treatment; hence, there was 
approximately a 15-20 minute delay in between assays. 

 
RESULTS 

 
Concentration of nano-C60 in THF and water. 

The concentration of nC60 in THF was found to be 9.98 
mg/L and the concentration of nC60 in water was found 
to be 20.99 mg/L. 

Growth assay. Bacterial growth was strongly 
inhibited by incubation with 1.0 mg/L nC60 when 
compared to the untreated control culture, which 
showed a steady linear increase in optical density 

during incubation (Fig. 1). On average, the nC60-treated 
culture exhibited a 4% increase in OD460 units whereas 
the control culture exhibited a 100% increase in OD460 
units after 65 minutes.  

Viability assay. Table 1 demonstrates antibacterial 
activity of nC60 on E. coli B23. The nC60-treated E. coli 
B23 culture had 95% less viable cells than the untreated 
control culture after 65 minutes of incubation, 
consistent with the inhibitory effect of nC60 
demonstrated in Fig. 1. Additionally, the nC60 treatment 
reduced the number of viable E. coli B23 cells by 
greater than 50% (p = 0.10), indicating moderate 
bactericidal activity of nC60 against E. coli B23. None 
of the THF treatments resulted in a statistically 
significant decrease in cell viability (p = 0.05), 
providing evidence that residual THF in the nC60 
suspension was not involved in inhibition of E. coli 
B23. Results of the colony counts were analyzed for 
statistical significance using a Student’s paired T-test. 

TABLE 1. Effect of nC60 and THF treatments on culture viability 
as determined by plate counts. “% THF” treatments are presented 

as percentages of the volume of nC60 added in the fullerene 
treatment. * indicates statistically significant difference between 

control and treatment at p = 0.05. 

Viable cells (107 CFU/ml) 
Treatment 

Total initial Total final 

Control 7 68 

1.0 mg/L nC60 7 3* 

10% THF 7 42 

1% THF 7 59 

0.1% THF 7 62 

 

Fluorescent staining and visualization of cells 
treated with nC60. The integrity of the cellular 
membrane was assessed by means of a differential 
fluorescent staining technique involving PI and AO. 
The polar, hydrophilic nature of PI makes it a 
commonly used reagent for identification of dead cells 
– cells with intact plasma membranes exclude this red 
fluorescent molecule from their cytoplasm. Conversely, 
AO is a nonspecific dye that is able to cross the 
membranes of both living and dead cells. These two 
fluorescent dyes both bind DNA and thus allow 
differential visualization of perforated cells (stained 
red) and intact cells (stained green). The nC60 treated 

FIG. 1. Effect of fullerene on E. coli B23 growth. Control 
( ) and 1.0 mg/L fullerene-treated ( ) E. coli B23 cultures.
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cells exhibited consistent green fluorescence throughout 
the entire time course treatment. Positive control 
cultures were subjected to microwaving or toluene, both 
of which are known to puncture the cellular membrane 
(2, 23) (Fig. 2). The permeabilized controls exhibited 
twice as much red fluorescence when compared to the 
negative control and the nC60-treated culture, 
suggesting that nC60-treated cells had not been 
permeabilized to the extent of allowing PI entry into the 
cells.  

To eliminate the possibility that nC60 could be 
interfering with the fluorescence of PI in the treated 
cells, nC60 treated samples were microwaved for 40 
seconds and subsequently stained with AO and PI. The 
PI fluorescence of cells following this additional 
treatment was identical to that of the microwave and 
toluene-treated samples (data not shown), confirming 
that nC60 does not affect the fluorescence of the dye.  

pH calibration curve. The pH calibration curve for 
E. coli B23 showed a threshold effect (Fig. 3), with a 
linear correlation between FIU460/FIU390 and pH 
starting near pH 5.5.   

Intracellular pH assay. To determine the effect of 
nC60 on the intracellular pH of E. coli B23, the 
intracellular pH was monitored over 12 minutes (Fig. 
4).  The internal pH of cells at the beginning of the 

three 12-minute assays ranged from 6.5 to 8.5, although 
these samples were all taken from the same flask of 
cFDASE-loaded cells.  The addition of glucose at 3 
minutes showed a 10-to-15% decrease in FIU490, the pH 
sensitive emission wavelength, but no change in FIU360, 
the pH insensitive emission wavelength (Fig. 5), 
resulting in a slight calculated decrease in pH. A 
notable drop in the ratio used to calculate pH was 
observed after 7 minutes in both nC60-treated and 
toluene-treated E. coli B23, corresponding to a pH 
change of 1.8 units and 3.3 units, respectively.  
However, this calculated decrease in FIU490/FIU360 ratio 
was likely the result of an increase in FIU360, the pH-
insensitive wavelength, as opposed to a decrease in the 
FIU490, the pH-sensitive wavelength (Fig. 5).  This 
observed change in ratio does not recover to initial 
levels in either treatment.  No significant change in pH 
was observed in the 12-minute assay for the control 
culture; FIU490 and FIU360 stayed relatively constant 
throughout the time course.  

 
FIG. 2. Fluorescent staining and visualization of E. coli B23. Fluorescent visualization of E. coli cells using PI (20 mM) and AO 

(0.01% w/v). Treatment samples were subjected to a 1.0 mg/L nC60 time course.  Positive control samples were either subjected to 40 
seconds of microwave or toluene treatment (100 ul/ml). Perforated cells stain red and intact cells stain green. Cells were viewed through a 
1000x objective lens. Photos represent an average trend over 20 fields.

 
DISCUSSION 

 
Several independent studies have documented the 

inhibitory effect of fullerenes and fullerene derivatives 
on various species of bacteria (21, 23, 25, 31). Based on 
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this, we expected to observe decreased growth and 
viability in E. coli B23 cells incubated with nC60. We 
were able to demonstrate the inhibitory effect of nC60 
on E. coli B23 and were also able to show that the 
slight potential THF residual from the nC60 preparation 
was not responsible for this inhibition. We therefore 
proceeded to test the hypothesis that nC60 exerts its 
antibacterial effect by chemical damage to the cell 
membrane structures, based on the computer 
simulations performed by Zhao, Striolo and Cummings 
(34). Two distinct assays were chosen on the premise 
that pores created by nC60 would vary depending on the 
size of the nanoparticle aggregates: propidium iodide 
(MW 668.39 Da (13)) would stain cells with extensive 
membrane destruction, while leakage and disruption of 
the H+ gradient (and therefore changes in intracellular 
pH) would result from formation of smaller pores (24, 
13).  

If nC60 indeed exerts antibacterial effects by 
disruption of the E. coli B23 membrane, we would 
expect to see increased propidium iodide (PI) staining 
of nC60-treated cells since PI is only able to enter 
permeabilized cells. Our fluorescence staining results 
suggest that nC60 does not compromise the integrity of 
the cell membrane structure to the extent needed to 
allow the large molecules of PI to enter the cell. A 
similar study performed by Lyon and Alvarez (23) 
using flow cytometry techniques found similar results 
in which the level of PI staining of nC60-treated E. coli 
was no different from that of the control cells. Although 
these findings are unable to support the hypothesis that 

nC60 disrupts the E. coli B23 membrane, it does not 
exclude the possibility that pores too small to allow PI 
entry had been introduced into the plasma membrane.  

 
FIG. 4. Effect of fullerene on the intracellular pH of E. 

coli B23. The ratio (FIU490/FIU360) of cFSE in nC60-treated ( ), 
toluene-treated ( ), and untreated ( ) E. coli B23.  The 
following additions were made at the times indicated by the 
arrows: a, 10mM glucose; b, untreated (control) or 1.0 mg/L 
fullerene or 80 ul/ml toluene. 

 
FIG. 3. pH calibration curve.  The relationship between the 

pH and the ratio (490 nm to 360 nm) of cFSE in E. coli B23.  
Intracellular pH and extracellular pH were equilibrated by addition 
of 10 µM valinomycin. 

With regards to intracellular pH, if nC60 had 
perforated the E. coli B23 membrane, we would expect 
to see equilibration of the pH within the cells and the 
pH of the surrounding buffer due to the ensuing 
dysregulation of the H+ gradient. We were not able to 
obtain conclusive results regarding the nC60 effect on 
intracellular pH, due to some confounding results that 
prevented meaningful interpretation.  

We expected all E. coli B23 cells for the 12-minute 
assays to have the same initial intracellular pH since 
these samples were all taken from the same cell 
resuspension prior to any treatments.  However, we 
observed an unexpected variability in the cells’ initial 
internal pH, which ranged from 6.2 to 8.2 (Fig. 4). This 
variability may have been an effect of the timing of the 
assays: one time course was performed at a time, with 
the cells remaining on ice until required. The cells for 
the negative control assay, which were assayed first, 
registered an initial internal pH within the typical 
expected range, which for E. coli ranges from 7.5-8.0 
(5). The subsequent samples of cells assayed in the time 
course had initial internal pH values outside of this 
typical range. We believe that the variation in pH of 
cells used in each assay may be the result of a 
nutritional stress response. The maintenance of internal 
pH homeostasis in E. coli is an active process and 
therefore requires an energy source (5). The cells in our 
assays were slowly being depleted of endogenous 
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energy reserves and could not obtain usable nutrients 
from the medium, and therefore were rendered 
incapable of maintaining intracellular pH homeostasis, 
resulting in varied pH at the start of each assay. This 
variation in initial pH hinders meaningful interpretation 
of our results. It is uncertain whether the changes in pH 
observed for the nC60 and toluene-treated were 
dependent on the initial pH of the cells, and therefore it 
is difficult to conclusively compare results between 
different treatments.  

 

A second complication within the results of the 
intracellular pH assay is the validity of the reported 
change in pH. As noted in the Methods section, cFSE 
fluorescence at two wavelengths was assessed: pH-
sensitive at 490 nm, and pH-insensitive at 360 nm; and 
the ratios of FIU490/FIU360 used to determine 
intracellular pH. When looking at the converted pH 
values, there seems to be a decrease in pH associated 
with toluene and nC60 treatment. However, this change 
in pH is questionable, as it appears that the change in 
the ratio (and therefore the change in calculated pH) 
was due to an increase in fluorescence at 360 nm rather 
than a drop in the pH-sensitive fluorescence at 490 nm. 
For the toluene and nC60 treatments, FIU490 did drop 
slightly by 5%, which may suggest some 
permeabilization of the cells. However the increase in 
FIU360 in these treatments was far more significant, 
with both toluene and nC60 more than doubling the 
FIU360 observed in the control sample. We speculated 
that the increase in FIU360 observed at 7 minutes may 
be associated with the added treatments, and that nC60 
and toluene fluoresce when excited at 360 nm. Studies 
of the emission spectra of these substances do not 

directly support this idea (20, 28), however these 
studies do not regard the fluorescence of the molecules 
at the specific excitation and emission wavelengths 
used in this paper. It is additionally of interest that the 
fluorescence at 360 nm of both nC60 and toluene-treated 
cells appeared to increase to similar values, though we 
could not theorize a possible explanation. In sum, it is 
difficult to meaningfully interpret the results of the 
intracellular pH assay, and we therefore consider our 
results from this assay to be inconclusive.  

 
 

FIG 5. Effect of fullerene on FIU at 490 (a) and 360 (b) nm. Presented are the raw FIU values collected from the 12-minute time course 
assay of of cFSE in nC60-treated ( ), toluene-treated ( ), and untreated ( ) E. coli B23. The following additions were made at the times 
indicated by the arrows: a, 10mM glucose; b, untreated (control) or 1.0 mg/L fullerene or 80 ul/ml toluene. The fluorescence at 490 nm has 
been determined to be pH-sensitive, while fluorescence at 360 nm is pH-insensitive (7). 

Taking the results of the growth and viability assays 
as well as fluorescence staining, we conclude that the 
antibacterial capabilities exerted by nC60 is not a result 
of perforation of the bacterial membrane. We propose 
two explanations for this lack of membrane disruption: 
1) nC60 aggregates are unable to penetrate the lipid 
bilayer as simulated by Zhao et al. (34), or 2) nC60 are 
able to penetrate the bilayer without causing extensive 
damage. In support of the first line of reasoning, a study 
employing in situ atomic force microscopy of lipid 
vesicles exposed to nC60 demonstrated that negatively-
charged nC60 aggregates tend to interact with the 
hydrophilic heads of a lipid bilayer, precluding the 
penetration of nC60 past the bilayer (30). They also did 
not observe any distortion of the bilayer with addition 
of fullerene that Zhao et al. modeled in silico (34). As 
an alternate explanation, perhaps nC60 aggregates are 
capable of permeating into the center of the bilayer as 
described by Zhao and colleagues (34), but 
disaggregate within the membrane and do not form 
pores. In support of this, the intramembrane 
disaggregation of nC60 has been described in silico as 

18 



Journal of Experimental Microbiology and Immunology (JEMI)  Vol. 14: 13-20 
Copyright © April 2010, M&I UBC 

thermodynamically favorable and also was not shown 
to cause disruption of the membrane (4, 32).   

We have so far ruled out disruption of the 
membrane as a mechanism of nC60 inhibition, but 
clearly there must be some physiological basis by 
which nC60 inhibits E. coli B23 growth. Earlier studies 
hypothesized that the cytotoxic properties of C60 were a 
result of its ability to generate reactive oxygen species 
(ROS) in the presence of oxygen and light. The 
presence of elevated levels of ROS in cellular 
environments causes severe oxidative stress via damage 
to essential cellular structures such as DNA, proteins 
and lipids (9, 23).  However, conflicting experimental 
data (nC60 mediated cytotoxicity in the absence of 
oxygen and light) and unreliable assays (nC60 
interference of dyes and probes used to measure 
oxidation levels) led scientists to investigate alternate 
toxicity mechanisms (8, 23). The discovery that nC60 is 
capable of acting as a protein oxidant independently of 
ROS has allowed researchers to formulate a new 
hypothesis concerning nC60 mediated cytotoxicity. 
While fullerenes may not exert a toxic effect by directly 
damaging the membrane, they have been shown to 
cause oxidation of membrane-embedded electron 
transport and energy transduction proteins (23). 
Oxidation of these proteins would interfere with the 
generation of ATP - therefore limiting the growth of E. 
coli and eventually cause cell death. Membrane protein 
oxidation can occur without disruption of the 
membrane (23). nC60 would simply need to directly 
interact with proteins either from the surface of the 
membrane or from within the lipid bilayer, which as 
previously discussed have been suggested as sites that 
nC60 may occupy in the cell. This mechanism is 
therefore easily accommodated by our results that 
showed inhibition of E. coli B23 growth and viability 
without evidence of membrane disruption.  

In summary, our investigative study was able to 
demonstrate inhibition of E. coli B23 growth and 
viability by nC60 in vivo.  However, its mechanism of 
inhibition is likely not by membrane disruption as 
originally hypothesized.  
 

FUTURE EXPERIMENTS 
 
One of the limitations we encountered in our 

intracellular pH assay was the poor validity of our pH 
measurements. In order to more conclusively determine 
the FIU490/FIU360 ratio and therefore pH, the 
fluorescence of nC60 and toluene in Tris MES should be 
determined using both the excitation wavelengths 
490nm and 360nm.  These values can then be taken into 
account as background fluorescence and hopefully 
eliminate the unexpected rise in fluorescence at the pH-
insensitive wavelength. 

Due to limitations in time and equipment, the nC60 
was prepared using the THF/water solvent exchange 
method rather than other methods such as aqueous nC60 
method, as previously described by Duncan et al. (15). 
The aggregates formed using the aqueous nC60 method 
differs in size, shape, and surface charge from the 
aggregates formed using the THF/water exchange 
method. In addition, it has been shown that organic 
solvents, such as THF, remain bound within the 
aggregates of C60, even after the solvent has been 
evaporated off (22). THF and C60 have been 
demonstrated to act synergistically in a toxic manner 
that is ten times higher than other preparation methods 
(22). Repeating the aforementioned experiments using 
other nC60 preparation methods would allow for a 
clearer establishment of the antibacterial properties of 
nC60. 
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