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Buckminsterfullerene (C60) has been studied extensively since its discovery in 1985.  As 

more of its unusual properties are documented, increasing numbers of potential 
applications for this nanoparticle are being researched by laboratories around the world.  
Recently, it has been demonstrated in silico that C60 is capable of binding to and deforming 
DNA.  This raises the possibility that C60 may interfere with DNA replication, transcription 
and repair.  If this holds true in vivo, nano-C60 may have harmful effects in biological 
systems.  We have developed three different techniques to assess the possibility of nano-C60 
binding to or denaturing DNA: UV-Vis absorption spectroscopy, gel-shift and restriction 
enzyme digest assays.  Results from the restriction enzyme assay demonstrated that nano-
C60 may bind to double-stranded DNA fragments.  However, this observation is 
inconclusive due to experimental constraints.  Furthermore, results from the other two 
experiments suggested that there is no interaction between nano-C60 and DNA.  

     ______________________________________________________________ 
 

Fullerenes are the third allotype of pure carbon that 
was discovered in 1985 by Nobel laureates Harold W. 
Kroto, Robert F. Curl and Richard E. Smalley (7).  The 
most common type of fullerene is 
Buckminsterfullerene, or C60.  C60 is a truncated 
icosahedron with a diameter of approximately 1 nm.  
The pure carbon structure of C60 renders this 
nanoparticle insoluble in many polar solvents, 
including water.  Concentrations of C60 cannot exceed 
20 mg/ml even in most organic solvents (8).  To enable 
C60 to be used in biological systems, side chains, such 
as hydroxyl groups, are added to the surface of C60 to 
increase its solubility in aqueous solutions (10).  
Alternatively, C60 aqueous solutions are made by 
creating nano-C60 aggregates in water (3).  These 
solubilized nanoparticles are not individual fullerenes.  
Instead, they are clustered bodies of C60 with diameters 
ranging from 250-350 nm. 

C60 has been positioned in the spotlight in recent 
years for its potential applications in anti-viral, 
antioxidant and neuroprotective therapies (2).  Due to 
its unique, inert, cage-like structure, C60 has great 
potential to serve as a drug delivery vehicle since drugs 
can be stored in its hollow interior or be attached onto 
its surface for transport into cells.  Although this 
nanoparticle has significant potential for biomedical 
applications, it may have delayed, detrimental effects in 
biological systems (9).  C60 is known to have cytotoxic 
effects on human fibroblasts (9), largemouth bass (6) 
and rats due to lipid peroxidation of cell membranes 
(1).  However, current reports have shown that the 
toxicity of this nanoparticle can be greatly reduced by 
attaching side chains onto its surface (10).   

It has been recently reported that C60 can bind to 
DNA via hydrophobic interactions in silico (10).  These 

interactions may result in disruptions to DNA 
replication, transcription and repair processes, 
therefore, it is imperative to elucidate the interactions 
of C60 with DNA to assess other possible mechanisms 
of toxicity of this nanoparticle in biological systems. 
We decided to investigate whether nano-C60 does in 
fact interact with DNA in vitro.   

DNA has a peak absorbance at 260 nm and when 
linear double-stranded DNA (dsDNA) is completely 
denatured into its single-stranded form (ssDNA), its 
absorbance at 260 nm will increase by approximately 
40% (12).  This effect is known as hyperchromicity.  
Similarly, an increase in the absorbance of DNA:nano-
C60 samples in comparison to pure dsDNA samples 
would indicate that nano-C60 may be capable of binding 
and denaturing dsDNA. 

Computer simulations have demonstrated a strong 
affinity of C60 to bind to the minor grooves and ends of 
the DNA double helix (13).  If nano-C60 binds to DNA, 
the migration of the DNA:nano-C60 complex in an 
agarose gel will be retarded due to the increase in mass 
and size, resulting in a band at a higher molecular 
weight in comparison to a control sample.  In addition, 
if nano-C60 binds to DNA, it might sterically block 
restriction enzyme recognition sites on the DNA and 
prevent the DNA from being cut.  This possible 
interaction will result in a different banding pattern in 
comparison to the control sample when the digested 
samples are electrophoresed on an agarose gel.   
 

MATERIALS AND METHODS 
 
Plasmid isolation.  pBR322 was isolated from E. coli DH5! 

(MICB 421 frozen stock. Teaching lab, UBC) as previously 
described (4).  E. coli DH5! was grown in Luria Bertani (LB) media 
(10 g tryptone, 5 g yeast extract, 5 g NaCl, 1 L H2O, pH 7), to which 
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tetracyclin (10 "g/ml) and ampicillin (15 "g/ml) was added, in a 
shaking water bath (140 RPM) at 37 ºC for 18 hours.  Three 
millilitres of the overnight culture were pelleted, lysed in GET buffer 
(0.901 g glucose, 0.394 g Tris-HCl, 0.372 g EDTA, 100 ml H2O, pH 
8), denatured in denaturation solution (100 "l 2N NaOH, 100 "l 10 % 
SDS, 800 "l sterile H2O), and renatured in KOAc solution (29.44 g 
KOAc, 11.5 ml glacial acetic acid, 88.5 ml H2O).  Plasmid DNA was 
extracted with phenol:chloroform:isoamyl alcohol (Invitrogen 
Ultrapure cat. # 15593-031).  The aqueous phase containing plasmid 
DNA was precipitated with 1/10th volume of NaOAc (24.609 g 
NaOAc, 100 ml H2O) and 2 volumes of 100 % ethanol for 30 minutes 
on ice.  The pellet was air-dried, and plasmid DNA was resuspended 
in TE buffer (0.1576 g Tris-HCl, 0.0372 g EDTA, 100 ml H2O, pH 8) 
or distilled water (DNase free, RNase free) (Gibco cat. # 10977-015, 
lot # 1133742).   

Preparation of nano-C60 in water.  Due to limitations in 
available equipment and materials, this protocol was modified from 
Deguchi et al. (3).  To achieve a saturated solution of nano-C60 in 
tetrahydrofuran (THF), 2.5 mg of C60 (98 %, Aldrich, cat. # 483036) 
was mixed into 100 ml of THF (99%, Sigma, cat. # T5267).  The 
mixture was then purged with nitrogen gas for 30 minutes and left to 
mix for 43 hours in the dark at room temperature.  The solution was 
then syringe-filtered through a 0.45 "m pore-size nylon filter (Fisher, 
cat. # 09-719D).  The C60 dissolved in the THF was transferred into 
water by slowly adding the C60:THF solution into an equal volume of 
distilled water and then allowing the THF to completely evaporate at 
room temperature.  A control water solution was prepared in parallel 
by adding THF to an equal volume of water.  After 3 days of 
evaporation, the solutions were syringe filtered, using the same filter 
as described above.   

Determining concentration of nano-C60 in THF and water.  
The concentration of C60 in THF and toluene was determined from 
the absorption spectrum that was obtained using a UV-visible light 
spectrophotometer (Beckman Coulter DU 530) and a quartz cuvette 
(Pyrocell, cat. # 1007), as previously described (3).  The 
concentration of nano-C60 in water was determined through a two-
step destabilization-extraction process performed as follows: 300 "l 
of the nano-C60:water solution was destabilized with 300 "l of 2 % 
sodium chloride solution (Fisher, cat. # S271-1) and extracted with 
600 "l of toluene (Sigma, cat. # 244511).  The mixture was vortexed 
for 10 minutes and then incubated for 3 days at room temperature to 
allow the phases to separate; 3 phases were observed.  The top and 
bottom phases did not freeze on dry ice and were therefore assumed 
to be toluene.  These two phases were then removed, mixed and 
scanned with the spectrophotometer.  Since the C60 in the toluene was 
extracted from the nano-C60 in the water, the C60 concentration 
calculated for the C60:toluene solutions was assumed to be equivalent 
to that in the nano-C60 :water solutions. 

Preparation of double stranded (ds) DNA for spectroscopy 
experiment.  Two hundred micrograms of pBR322 were digested 
with 10 units of BcnI (Fermentas cat. # ER0061, lot # 2932) in a total 
volume of 500 ul for 18 hours at 37 ºC.  pBR322 fragments were 
purified using phenol:chloroform:isoamyl alcohol (Invitrogen 
Ultrapure cat. # 15593-031).  The aqueous phase containing pBR322 
fragments was precipitated with 1/10th volume of NaOAc (24.609 g 
NaOAc, 100 ml H2O) and 2 volumes of 100 % ethanol for 30 minutes 
on ice.  pBR322 fragments were resuspended in TE buffer (0.1576 g 
Tris-HCl, 0.0372 g EDTA, 100 ml H2O, pH 8).  Concentration was 
determined using a spectrometer (Pharmacia Biotech Ultraspec 
3000).   

UV-Vis absorption spectroscopy.  Samples were prepared by 
mixing pBR322 in TE buffer with nano-C60 in water to a final molar 
ratio of 7:1 (DNA bp:C60).  (The final molar ratio was chosen based 
on spectrophotometer sensitivity, as well as obtained concentrations 
of DNA and nano-C60).  One millilitre samples of double-stranded 
pBR322 in TE buffer (negative control), single-stranded pBR322 in 
TE buffer (positive control), TE buffer:nano-C60 (nano-C60  
background control) and TE buffer:THF evaporated water (blank) 
were used for this spectroscopy assay.  Single-stranded pBR322 
samples were prepared by heating double-stranded pBR322 at 95 oC 

for at least 30 minutes.  All samples, excluding the single-stranded 
pBR322 samples which were kept at 95 oC, were kept at a 
physiological temperature of 37 oC throughout the spectroscopy 
process by using a heating block.  Three dsDNA:nano-C60  replicates 
were used.  The wavelengths ranging from 240-700 nm were scanned 
and absorbance readings were taken immediately, 1 hour and 4 hours 
after the mixtures of DNA:nano-C60  were made.  The same quartz 
cuvette was used throughout the experiment.  The cuvette was rinsed 
with ethanol and distilled water and then dried by shaking in between 
the readings of each successive sample. 

Restriction enzyme digests for gel shift assay.  Twelve and a 
half micrograms of pBR322 resuspended in TE buffer were 
linearized with 15 units of HindIII (Fermentas cat. #ER0501) in a 
final reaction volume of 50 "l.  The reaction was incubated for 1 hour 
at 37 °C and the enzyme was subsequently inactivated by heating the 
reaction for 20 minutes at 65 °C.  A circular DNA control was 
prepared in the same manner except only heat inactivated enzyme 
was incorporated.   

Gel shift assay.  Nano-C60 in water was added to 500 ng of 
linearized and circular pBR322 to final DNA bp:C60 molecular ratios 
of 10:1 and 100:1.  THF-evaporated water (nano-C60 vehicle) and 
distilled water (DNase free, RNase free) were added separately to the 
same amount of linearized and circular DNA as controls.  Samples 
were incubated at 4 °C for either 0 or 4 hours before they were 
subjected to gel electrophoresis on a 1 % agarose gel at 100 V for 45 
minutes.  The gel was subsequently stained in an ethidium bromide 
(EtBr) bath (0.2 "g/ml) and visualized using AlphaImagerTM software 
(Alpha Innotech Corporation, California). 

Restriction enzyme digest experiment.  Nano-C60 in H2O was 
added to 2.5 "g of commercially prepared pBR322 (Fermentas cat. # 
SD0041 lot # 5901) to a final molar ratio of 10:1 (pBR322:C60), and 
incubated in dark, 4 ºC for 4 hours.  Nano-C60 vehicle and distilled 
water (DNase free, RNase free) were added separately to the same 
amount of pBR322 as controls.  The no treatment, no restriction 
enzyme, and no plasmid DNA controls were prepared without the 
addition of nano-C60, AluI, and pBR322 respectively.  AluI (0.4 
units) (Fermentas cat. # ER001, lot # 4311) was added to each 
condition in supplied 10x enzyme buffer brought to a final volume of 
50 ul with distilled water, DNase free, RNase free (Gibco cat. # 
10977-015, lot # 1133742) and digested in dark, 37 ºC for 17 hours.  
To investigate whether nano-C60 binds to AluI restricted pBR322 
fragments, nano-C60 was added to the no treatment control to a final 
molar ratio of 10:1 (pBR322 restricted fragments:nano-C60), and 
incubated for 18 hours in the dark at 4 °C.  Twenty microlitres of the 
reactions (or 1 "g DNA) were run on a 2.5 % agarose gel at 100 V for 
1.5 hours, stained in an EtBr bath (0.2 "g/ml) for 30 minutes and 
exposed using AlphaImagerTM software (Alpha Innotech Corporation, 
California). 
 

RESULTS 
 

Concentration of nano-C60 in THF and water.  
The concentration of C60 dissolved in THF was 
determined to be saturated at 1.51 x 10-5 M.  The 
concentration of the C60 dissolved in water was 
determined to be 1.01 x 10-5 M for one of the prepared 
solutions and 1.50 x 10-5 M for the other. 

The effects of nano-C60 on the hyperchromicity 
of double-stranded DNA (dsDNA).  As expected, our 
heat-treated plasmid DNA demonstrated a relative 
increase in A260 at all three time points, however, this 
relative increase in A260 actually increased at each 
successive time point (Fig. 1).  At T = 0 hr, the heat-
treated DNA had a relative increase in A260 of less than 
20 % (Fig. 1).  At T = 1 hr this value increased to 
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FIG. 1. Comparing the effects of nano-C60 and heat treatment on the absorbance of double-stranded DNA at 260 nm.  The A260 was measured 
at three time points after the DNA was subjected to the treatment.  The average relative change in the A260 measurements were calculated from 10 
replicates for the nano-C60 treatment and 3 replicates for the heat treatment.  According to the statistical Sign Test, we obtained P-values of 0.16 
for T = 0 hr and T = 1 hr and 0.21 for T = 4 hr.  Error bars represent one standard error unit.  

 
 

nearly 30 % (Fig. 1).  By T = 4 hr, this value had 
jumped to over 40 % (Fig. 1).  On average, a relative 
increase in the A260 was observed for the C60:DNA at T 
= 0 hr and T = 1 hr after the mixture was prepared.  At 
T = 4 hr, the average relative change in A260 of the 
C60:DNA was negative, however, the large error bar 
indicates that no significant change occurred (Fig. 1).  
According to the statistical Sign Test, we obtained P-
values of 0.16 for T = 0 hr and T = 1 hr and 0.21 for T 
= 4 hr.  The greatest change in absorbance from the 
dsDNA control and nano-C60 control was at 245 nm.   
The statistical Sign Test was performed on these 
changes in absorbance at 245 nm for each of the 
replicates at all three time points.  The P-values 
obtained from this Sign Test were 0.11 for T = 0 hr, 
0.16 for T = 1 hr and 0.12 for T = 4 hr. 

The effects of nano-C60 on migration in agarose 
gel electrophoresis.  A faint band at approximately 4.3 
kb that corresponds to the size of pBR322 is visible for 
all samples (Fig 2).  In addition to this band, there is a 
smear of less than 1 kb for all of the samples with 
linearized pBR322 DNA.  For all of the undigested 
plasmid samples, 2 bands corresponding to sizes of 
approximately 2 and 1 kb, respectively, were observed.  
Since the banding patterns in the nano-C60 –treated 
samples are the same as the controls for both circular 
and linear plasmid DNA, the migration of circular or 

linear pBR322 DNA are not affected by the addition of 
nano-C60. 

The effects of nano-C60 on AluI restriction 
enzyme activity on pBR322.  As observed in Fig. 3A, 
the banding pattern of pBR322 with (lane 3) or without 
(lane 2) nano-C60 treatment prior to AluI restriction 
digest, appears to be the same, except for a faint band 
of around 1.3 kb in the nano-C60 treated sample.  A 
replicate of this gel electrophoresis with the addition of 
another control consisting of nano-C60 incubated AluI 
digested pBR322 fragments (Fig. 3B, lane 5), revealed 
a slight shift in the 1.3 kb band.   

 
DISCUSSION 

 
Using a computer simulation, Zhao et al. showed 

that C60 interact with the hydrophobic ends of DNA 
molecules and intercalate into the double helix by 
breaking some of the hydrogen bonds that join the two 
strands of DNA (13).  Based on these findings, we 
hypothesized that the absorbance of double-stranded 
DNA (dsDNA) at 260 nm would increase when treated 
with nano-C60 due to the hyperchromic effect.  To 
demonstrate that the absorbance of dsDNA at 260 nm 
increases when dsDNA is denatured, we quantified the 
change in absorbance at 260 nm after dsDNA is 
denatured with heat treatment.  The 30-minute 
treatment of the dsDNA at 95 ºC, which was done 
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FIG 2.  The effect of nano-C60 on DNA migration in agarose gel electrophoresis.  pBR322 DNA (500ng) was incubated with either nano-C60 
in the indicated DNA bp:C60 molecular ratios or with nano-C60 vehicle or distilled water controls.  (A) Nano-C60 incubated with pBR322 for 0 
hours.  (B) Nano-C60 incubated the pBR322 for 4 hours.   

 
 

before the A260 was measured at T = 0 hr, should have 
been sufficient to completely denature linearized 
plasmid DNA.  The fact that the relative change in A260 
increased at each successive time point (Fig. 1), 
indicates that some of the plasmid DNA strands 
reannealed during the time between the end of the heat 
treatment and before absorbance readings were taken.  
Rapid reannealing could have been due to the 
possibility that the plasmid DNA was in the closed 
circular form, rather than in the nicked or fully 
linearized form.  It was intended that linearized plasmid 
DNA be used in the spectroscopy experiment.  
However, agarose gel electrophoresis analysis of the 
plasmid DNA revealed that it was not cut by the 
restriction enzyme digest (data not shown).  Therefore, 
the plasmid DNA that was used in this assay was 
actually in the closed circular form rather than the 
intended linear form.  The transfer of DNA at each time 
point may have caused nicking of the plasmid DNA.  
Nicked plasmid DNA requires more time to reanneal 
after it is denatured because the two strands are no 
longer interlinked.  Since the same DNA sample was 
used for each time point measurement, it is likely that 
more nicked plasmid DNA existed at later time points 
in comparison to the first.  This would explain the 
increase in the relative change in A260 that was 

observed at each successive time point for the heat-
treated DNA.   

The statistical analysis of the effect of nano-C60 
treatment on the absorbance of dsDNA at 260 nm 
revealed P-values that are greater than the 
predetermined critical value of 0.05 for all of the time 
points.  Base on these outcomes, we cannot reject the 
null hypothesis that nano-C60 treatment does not cause 
an increase in the absorbance of dsDNA at 260 nm.  
This means that these results do not provide any 
evidence that nano-C60 binds to and denatures dsDNA.  
Furthermore, results from the gel shift assay support 
the finding that nano-C60 does not bind to dsDNA.  

Nano-C60 does not appear to bind to circular 
plasmid DNA to cause retardation in DNA migration 
during agarose gel electrophoresis as shown in the gel 
shift assay (Fig. 2).  There appears to be no change in 
the banding pattern of DNA:nano-C60 mixtures at 
various final molecular ratios after either no incubation 
or 4 hrs of incubation in comparison to the nano-C60 
vehicle and water controls.   This is also the case for 
linearized DNA.  Since pBR322 is cut with a single cut 
restriction enzyme, HindIII, we expected to see a single 
band at approximately 4.3 kb.  However, only a faint 
band at this molecular weight is observed and the rest 
of the DNA appeared to be degraded, resulting in a 
smear at a low molecular weight.  The smearing may 
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be due to interference of restriction enzyme activity 
from EDTA present in the TE buffer, in which the 
plasmid DNA was suspended.  In an attempt to correct 
for this problem, the experiment was repeated with 
DNA resuspended in distilled water.  However, all the 
linear and circular plasmid DNA samples in that 
experiment appeared to be degraded when the samples 
were visualized on an agarose gel (data not shown).  
The degradation of the plasmid DNA may be due to 
contamination of the sample with DNase, in addition to 
the frequent freeze-thaw treatment from handling and 
storage of samples in a freeze-thaw cycle freezer.  
Contamination of the enzyme resulting in an alteration 
of enzyme activity may have also caused this 
unexpected smearing in the linear DNA samples.  
Nevertheless, the smearing pattern of the samples 
treated with various amounts of nano-C60 after 0 and 4 
hours of incubation appears to be the same as that of 
the vehicle and water controls.  If nano-C60 binds to 
arbitrary DNA sequences, the smearing pattern is 
expected to shift upwards in the DNA samples treated 
with nano-C60 in comparison to the controls.  
Furthermore, the position of the band at 4.3 kb 
observed in the lanes with linear and circular plasmid 
DNA did not change regardless of the presence or 
absence of nano-C60 treatment.  These results support 
the null hypothesis that nano-C60 have no affinity for 
linear or circular DNA. 

 

 
 
FIG.3.  Effects of nano-C60 on AluI restriction enzyme activity 

on pBR322.  (A) Lane 1 contains the nano-C60 vehicle control 
incubated with pBR322 prior to restriction with AluI. Lane 2 contains 
the no treatment control of pBR322 restricted with AluI. Lane 3 
contains the nano-C60 incubated pBR322 prior to restriction with 
AluI.  Lanes 4, 5, 6 contain the no pBR322 control, undigested 
pBR322 and the 1KB ladder (Invitrogen cat. #: 15615-016) 
respectively.  (B) Lane 1 contains the 1KB ladder (Invitrogen cat. #: 
15615-016).  Lane 2 contains the nano-C60 incubated pBR322 prior to 
incubation with AluI. Lane 3 contains the nano-C60 vehicle control 
incubated pBR322 prior to restriction with AluI.  Lane 4 contains the 
no treatment control of pBR322 restricted with AluI. Lane 5 contains 
the no treatment control of pBR322 restricted with AluI, then 
incubated with nano-C60. Lanes 6, 7, 8 contain no restriction enzyme 
control, no pBR322 control and undigested pBR322 control 
respectively.   
  

The band at 4.3 kb in all of the undigested DNA 
samples is not expected.  However, its presence may be 
explained by random shearing of the plasmid DNA 
during isolation and subsequent handling processes.  

Interestingly, this band remained at the same intensity 
in the linear DNA samples as in the circular DNA 
samples when the rest of the DNA in the linear DNA 
samples is digested. A possible explanation is that the 
HindIII recognizes closed DNA better than linear 
DNA, resulting in digestion of circular plasmid DNA 
only. 

Although no changes in banding pattern is observed 
in DNA with nano-C60 treatment, the possibility of 
nano-C60 having affinity for DNA cannot be 
eliminated.  Failure to detect this binding may be due to 
many reasons.  First of all, the conditions of the 
experiment may not be the optimal for nano-C60 and 
DNA binding.  Secondly, the sensitivity of the assay is 
low since agarose gels have a low resolution.  
Moreover, if nano-C60 has a low affinity for DNA, the 
DNA:nano-C60 complex may dissociate during 
electrophoresis, resulting in no deceleration in DNA 
migration.  Furthermore, the amount of nano-C60 used 
in this experiment is insufficient to saturate all binding 
sites of nano-C60 to the minor grooves of DNA.  As a 
result, the DNA:nano-C60 molecular ratio may not have 
been low enough for a shift in DNA banding patterns to 
be detectable under the limitations of the assay.  
However, in the restriction enzyme digest experiment 
discussed below, a higher DNA:nano-C60 molecular 
ratio was used, and impediment of migration in one 
band was observed in a sample treated with nano-C60.   
If this impediment is due to binding of nano-C60 to 
DNA, this suggests that the amount of nano-C60 used in 
the gel-shift assay was sufficient to cause a retardation 
of DNA migration in electrophoresis that can be 
resolved with agarose gels.  Nevertheless, optimization 
of assay conditions in both the gel-shift and restriction 
enzyme digest assays is necessitated to confirm this 
observation. 

The restriction enzyme assay is an alternative 
approach to investigate the possible interaction of 
nano-C60 with DNA.  This assay is based on the 
hypothesis that if nano-C60 does interact with DNA, it 
has the potential to sterically inhibit restriction enzyme 
activity.  As a result, the number and the molecular 
weight of the DNA fragments of the digested products 
will differ from that of the control reaction without 
nano-C60 interference.  To test this hypothesis, we 
incubated pBR322 with or without nano-C60 prior to 
digestion with AluI.  As seen in Fig. 3A, there was an 
additional 1.3 kb band in the nano-C60 treated pBR322 
sample.  This band is not an artefact of the nano-C60 
vehicle as the banding pattern in lane 1 is analogous to 
the no treatment control in lane 2.  Furthermore, it is 
not an artefact of ethidium bromide binding to nano-C60 
as nothing was observed in lane 4.  The double banding 
observed in Fig. 3A may be due to complications in 
agarose gel casting; wells may have been inserted in a 
slant rather than vertically, resulting in the observation 
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of a “shadow” after each band.  This problem only 
affected the left side of the gel, as no double bands are 
seen in the 1 kb ladder.  This additional band may have 
been due to (a) nano-C60 binding to pBR322 affecting 
AluI digestion at site 1090-1091 or (b) nano-C60 
binding to and impeding the action of AluI, resulting in 
an incomplete digestion, (c) incomplete digestion or (d) 
nano-C60 binding to the AluI digested pBR322 
fragment of size 908 bp, resulting in a shift of the band 
due to a higher molecular weight and size.  To 
investigate explanation (d), the same samples were 
subjected to agarose gel electrophoresis analysis again 
with an additional control consisting of untreated 
pBR322 restricted with AluI and then subjected to 
nano-C60 incubation prior to gel electrophoresis. The 
1.3 kb band observed in Fig. 3A was observed in all 
samples in Fig. 3B, suggesting there was an incomplete 
digestion of pBR322, supporting explanation (c), and 
refuting explanations (a) and (b) as the 1.3 kb band 
appeared in both C60 treated and untreated samples.  It 
also appears that less DNA was loaded in Fig. 3A in 
comparison to Fig. 3B due to a lower intensity of DNA 
bands, possibly contributing to the non-observance of 
the faint 1.3 kb band in the other samples in Fig. 3A.   
However, there appears to be a slight shift in the 908 bp 
band in the sample where nano-C60 was incubated with 
AluI restricted fragments (Fig. 3B, lane 5), supporting 
explanation (d).  This shift in banding pattern was not 
seen in the sample where nano-C60 was incubated with 
pBR322 prior to AluI digestion (lane 2).  This may be 
due to an effect of temperature differences and the 
binding affinity of nano-C60 to certain conformations of 
DNA.  Nano-C60 was incubated with pBR322 (circular 
form) at 4 °C prior to digestion with AluI in 37 °C in 
lane 2, whereas nano-C60 was incubated with AluI 
digested pBR322 fragments (linear form) in 4 °C in 
lane 5.  It is hypothesized that the interaction between 
C60 fullerene and DNA is hydrophobic, and that it 
preferentially binds to the ends of linear DNA (13).  
This observation confirms this hypothesis, as 
hydrophobic interactions are enhanced at lower 
temperatures, and a shift in the 1.3 kb band was 
observed in the sample where nano-C60 was incubated 
with digested linear DNA at 4 ºC (Fig. 3B, lane 5), but 
no shift was observed in the sample where nano-C60 
was incubated with digested linear DNA at 37 ºC (Fig. 
3B, lane 2).  Furthermore, nano-C60 appears to 
preferentially bind to digested linear pBR322 fragments 
in comparison to undigested pBR322 (Fig. 3).  
However, it appears that only the migration of the 1.3 
kb band was affected.  If nano-C60 has a non-sequence 
specific interaction with DNA that impedes DNA 
migration in an agarose gel, we would see a 
corresponding change in banding positions in all bands 
in the gel.  The fact that only the 1.3 kb band was 
shifted cannot be due to a sequence preference binding 

of nano-C60 because the 1.3 kb band is a partial 
fragment of the 908 bp, and 400 bp bands.  If the shift 
was due to a sequence preference binding of nano-C60, 
we should also observe an effect on these two bands as 
well.  However, the distance which these two bands 
migrated appears to be the same as the controls, 
refuting this explanation.  Another possibility may be 
that the nano-C60 binds precisely at the restriction 
enzyme site in the 1.3 kb fragment, resulting in a shift 
in only the 1.3 kb band where this site is not incised.  
However, since the 1.3 kb bands were not sharp and 
defined, repeating the experiment to incorporate more 
DNA into each lane is necessitated to confirm this 
observation.   
 In summary, the spectroscopy and gel-shift assays 
failed to show any significant interactions between 
nano-C60 and dsDNA.  There was no statistically 
significant change in absorbance readings between the 
nano-C60 treated DNA and the untreated dsDNA 
control.  Furthermore, in the gel-shift assay, the 
banding pattern of nano-C60 treated DNA is analogous 
to the untreated DNA control.  In the restriction 
enzyme assay, there was a slight change in the banding 
pattern between nano-C60 treated and untreated DNA. 
 

FUTURE EXPERIMENTS 
 

The spectroscopy experiment should be repeated 
with DNA oligonucleotides instead of plasmid DNA.  
C60 binds to the ends of linear double-stranded DNA 
(dsDNA) in silico (13).  However, the plasmid DNA 
that we used in our study was in covalently closed 
circular form.  Therefore, repeating this experiment 
with DNA oligonucleotides instead of plasmid DNA 
may yield different results.  The DNA sequence, 
AGTCAGTCAGTC was used in the computer 
simulation (13).  Therefore, we propose repeating our 
spectroscopy experiment with a DNA oligonucleotide 
with this sequence to investigate whether nano-C60 
binds to DNA in vitro. 

In the gel shift assay, we intended to use a 
linearized plasmid of known molecular weight to 
investigate whether nano-C60 binds to DNA, which 
would result in a retardation of DNA migration through 
an agarose gel.  However, due to time and experimental 
constraints, we used partially digested and degraded 
plasmid DNA and therefore, distinct bands were not 
observed in our agarose gel analysis.  Repeating this 
assay with completely linearized DNA at a single 
molecular weight would elucidate the effects of nano-
C60 on DNA migration in an agarose gel. 

For the restriction enzyme digest assay, it is 
speculated that nano-C60 binds precisely at the AluI 
restriction enzyme site in the 1.3 kb fragment, thus 
resulting in a shift of the partial 1.3 kb fragment, but no 
corresponding change in the respective 908 bp and 400 
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bp bands which makes up the partial fragment.  To 
investigate this possibility, a different restriction 
enzyme that cuts adjacent to this site could be used to 
see if sequence specificity plays a role.  Furthermore, 
due to experimental constraints, we were only able to 
test a 10:1 molar ratio of DNA:nano-C60; a titration of 
different ratios could be useful in elucidating the 
possibility of nano-C60 interaction with pBR322. 
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