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ABSTRACT 
There is currently great interest in the potential use of carbon nanotubes as delivery vessels for nanotherapeutics 
and other medical applications. However, no data are available on the effects of sterilization methods on the 
properties of nanotube dispersions, the form in which most medical applications will be processed. Here we 
show the effects of gamma irradiation from a 60Co source on the dispersion and optical properties of single-wall 
carbon nanotubes in aqueous dispersion. Samples of different length-refined populations were sealed in ampoules 
and exposed to a dose of approximately 28 kGy, a level sufficient to ensure sterility of the dispersions. In contrast 
to literature results for solid-phase nanotube samples, the effects of gamma irradiation on the dispersion and 
optical properties of the nanotube samples were found to be minimal. Based on these results, gamma irradiation 
appears sufficiently non-destructive to be industrially useful for the sterilization of nanotube dispersions. 
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1. Introduction 

Single-wall carbon nanotubes (SWCNTs) display a 
unique range of material properties that are of interest 
for a variety of electronic [1], optical [2], and biomedical 
applications [3–8]. However, an unaddressed require- 
ment for many of these projected uses, such as in 
targetable therapeutics [3–5] or contrast agents [7–9] 
is the necessity to deliver the materials in a sterile form. 
A typical method for sterilizing materials is irradiation. 
To date there have been relatively few literature reports 
of the effect of irradiation in general on the properties of 
nanotube powders [10], films [11–16] or devices [15, 16], 

and no reports of the effects on dispersed nanotubes. 
This information is most lacking in the case of the 
effects of a common sterilization procedure, gamma 
irradiation [17, 18], as opposed to electron[19, 20] or 
ion irradiation[11, 14]. The effects of the sterilization 
will be of particular importance for separated SWCNT 
populations, as the length [21, 22], chirality [23], and 
potentially specific enantiomers [24] will likely be 
selected to maximize efficacy in the regulated 
applications for which sterilization will be required. 
Separated populations of nanotubes have additional 
processing concerns that currently require the nano- 
tubes to be kept in the liquid phase to avoid dramatic 
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alteration to the dispersed morphology or substantial  
mass loss on redispersion. 

Gamma irradiation from a 60Co source is a common 
industrial technique for the sterilization of many 
materials, from foodstuffs such as ground beef to 
biomedical devices. The low cost, high penetration 
ability, and the possible sensitivity of nanotube 
solutions to other sterilization techniques [10] such as 
heat, filtration, UV irradiation, gas plasma [25], and 
pressure treatments, make gamma irradiation the 
most likely route for the sterilization of nanotubes.  
However, gamma sterilization was previously found 
to alter the measured Raman scattering of a nanotube 
powder [10], and has also shown mixed effects in 
previous studies on other, primarily lyophilized, 
nanoparticles [26, 27]. Sterilization is achieved in 
gamma irradiation through the destruction of the 
genetic material in the affected cells, and may affect 
the properties of a nanotube sample through several 
mechanisms, including direct damage, indirect damage 
through reaction with induced free radicals [17, 28], 
disruption of the dispersion for liquid samples, or 
alteration of the adsorbed species on the dispersed 
SWCNTs. As the size, shape, surface coating, and 
aggregation state of a nanoparticle often directly 
influence its displayed or desired properties and its 
interaction with cells [4, 25, 26, 29, 30], any changes 
to these properties associated with sterilization will  
be of critical importance. 

To measure potential changes in the properties of a 
nanotube dispersion due to irradiation, it is possible to 
use the nanotube optical properties, which are highly 
sensitive to the aggregation state, structural defect 
density, and the local chemical environment around the 
nanotube. To measure these properties there has been 
substantial development in using UV–visible–near 
infrared (UV–vis–NIR) absorbance, near infrared (NIR) 
fluorescence [31], and resonance Raman spectroscopy 
for nanotube populations. In this contribution we 
report the effects of gamma sterilization, as measured 
by these optical metrics, on a set of length-resolved  
populations of nanotubes in aqueous dispersion. 

2. Results and discussion 

The irradiated populations used in this study were 

processed by centrifugation and forced filtration to 
disperse and purify the nanotubes, perform length se- 
paration, and adjust the final solution conditions. After 
processing, the nanotube dispersions were dialyzed 
to 1.0% sodium deoxycholate (DOC) surfactant con- 
centration and sealed into pre-cleaned glass ampoules. 
It should be noted that the processing for these purified 
and separated samples removes the non-nanotube com- 
ponents, including the nanotube catalyst. To confirm 
the removal of the catalyst, induced neutron activation 
analysis (INAA) was performed on 0.5 mL aliquots of 
the irradiated samples. The amounts of the primary 
catalyst components, Co and Mo [32] were below the 
limit of detection, < 5 mg/kg and < 40 mg/kg respectively 
on a dry mass basis, in both the Medium and Long 
fractions, and measured at 12 mg/kg ± 2 mg/kg and 
47 mg/kg ± 11 mg/kg on a dry mass basis respectively 
in the Short fraction. For the least pure Short sample, 
comparing the amount of residual catalyst elements, 
≈ 60 mg/kg, to the dry nanotube mass, ≈ 13,000 mg/kg, 
the purity of the nanotube component of the sample  
is calculated to be approximately 99.5%. 

A picture of the irradiated length-separated nano- 
tube dispersions is shown in Fig. 1. The samples  
were irradiated to an average dose of 28 kGy. A side 
effect of the irradiation, observed in Fig. 1, is that  
the previously clear glass ampoules became amber 

 

Figure 1 Photograph of (left to right) the Long, Medium, and 
Short length-sorted nanotube dispersions after ampouling and 
gamma irradiation. The blank reference solution containing only 
1% sodium deoxycholate is displayed to the right. The dispersions 
display a uniform appearance with no visible settling or aggregate 
formation. The irradiation process itself induces a yellowing of 
the initially clear glass ampoules 
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colored. Visual inspection of the irradiated liquids 
indicated no apparent change to the bulk appearance 
of either the actual samples that comprise RM 8281 
(currently 11 months post irradiation), or for a draft 
fraction irradiated for process development (1 yr before  
measurement). 

The irradiated nanotubes were confirmed to be sterile, 
via inoculation into growth media, for both aerobic and 
facultative anaerobic conditions in both liquid and 
agar plate cultures. Pictures of these tests recorded 
7 days after inoculation onto agar plates and cultured in 
both aerobic and facultative anaerobic conditions are 
shown in Fig. 2. Similar results were found at earlier 
times and for liquid cultures (see Figs. S-1 and S-2 in 
the Electronic Supplementary Material (ESM)). None 
of the irradiated samples demonstrated any visual pre- 
sence of growth at any time, for any of the conditions 
tested. Positive controls with E. coli or S. mutans had 
growth within 24 h, even in the presence of the greatest 
nanotube concentrations. The non-sterilized parent 
population also had growth, indicated by colony 

 

Figure 2 Representative images of agar plate cultures using LB 
(left) and BHI (right) after 7 days of culture. Image rows show 
samples that were spiked with bacteria, full strength samples, and 
20-fold diluted samples. The key on the right identifies the positions 
of the nanotube samples as follows: (1) non-irradiated nanotube 
parent population, (2) irradiated 1% sodium deoxycholate reference, 
(3) irradiated Short nanotubes, (4) irradiated Medium nanotubes, 
(5) irradiated Long nanotubes, and (6) negative control (buffer). 
The non-irradiated parent sample shows growth despite high 
nanotube (≈ 1 mg/mL) and surfactant (2%) concentrations. The 
irradiated samples did not display growth, except when spiked with 
bacteria for the positive control 

formation on the agar cultures, and turbidity and 
growth in the liquid cultures within 48 h for both the 
aerobic and facultative anaerobic conditions. Although 
no bulk change in appearance has been observed in the 
parent solution over a one year timeframe, this result 
indicates the necessity for sterilization of nanotube 
dispersions, even when the dispersion properties (2% 
DOC, ≈ 1 mg/mL nanotubes) would be expected to  
be hostile to bacterial contamination. Although it is 
possible that sample processing prior to irradiation 
eliminated the contamination present in the parent 
dispersion, the sterility testing conclusively demon- 
strates that any contaminants that might have been 
present in the samples at the time of irradiation are no 
longer viable. It is likely that the amount of irradiation 
used in the processing of these samples was greater 
than the necessary dosage to ensure sterility. It has 
been reported that sterilization of doxorubicin bound 
to butylcyanoacrylate nanoparticles could be achieved 
to European Pharmacopeia regulatory standards with 
a 15 kGy or lower dose [18], substantially below the  
28 kGy dose applied in this study. 

An alternative strategy for the irradiation of the 
dispersions involves the pre-sterilization of the raw 
nanotube powder [10] by a variety of techniques 
including irradiation, ethylene treatment, and UV 
exposure, or [12] gamma irradiation, followed by 
processing in a sterile environment. This approach 
was not chosen for several reasons: the difficulty in 
maintaining sterile conditions given the amount of 
processing performed in the purification and length 
separation of the material; the potential for variable 
exposure of the granular nanotube powder to the 
different techniques [10]; the lack of data in the 
literature on the effects of these procedures; the 
possibility of variation in effects due to soot com- 
position; and the definitiveness of post-ampouling 
sterilization. Dispersion-based purification and liquid 
phase processing followed by filtration and sterilization 
of a solid sample prior to redispersion was dismissed 
for similar reasons, although the primary reason  
was our experience that the redispersion of purified 
SWCNTs is technically challenging and is accompanied  
by a significant, > 50%, mass loss. 

Comparison of the optical absorbance of the 
dispersions before and after ampouling and gamma 



 Nano Res. 2011, 4(4): 393–404 

 

396

irradiation is shown in Fig. 3. For SWCNTs, the 
location and strength of the optical transitions in the 
absorbance spectra is a sensitive function of the 
distribution of chiralities in the sample, the local 
chemical environment at the nanotube interface, 
solution purity, and the length of the nanotubes. The 
absorbance spectra of the nanotubes (Fig. 3(a)) were 
relatively unchanged by the irradiation process. This 
lack of change is evident in the nearly overlapping 
spectra recorded before and post irradiation; the most 
sensitive absorbance features are the first interband 
transitions of the nanotubes located in the NIR. It is 
immediately apparent from the optical spectra that the 
dispersion of the nanotubes was not greatly influenced 
by the irradiation. Significant flocculation in the 
irradiated sample would be measurable through an 
increase in the apparent absorbance at short wave- 
lengths (from the increased light scattering with larger 
particle size), as well as a general decrease in the 
absorbance at longer wavelengths. These phenomena 
are not apparent in the data. Larger versions of Figs. 3 
and 4 are presented in Fig. S-6 (in the ESM), to 
emphasize the lack of any significant differences before  
and post irradiation. 

Two significant changes were observed as effects of 
the irradiation, an increase in the UV absorbance of the 
surfactant solution, and a reduction in the strength of 
the first interband optical transitions of the semicon- 
ducting nanotubes (most evident for the (6,5) nanotube 
transition at 982 nm). The increased UV absorbance of 
the surfactant is likely evidence of a chemical change 
induced by the irradiation; the reduction in the strength 
of the optical transition could have several causes.  
The E11 transition of the semiconducting nanotubes is 
the most sensitive transition to the local dispersion 
state and chemical environment of the nanotubes. One 
method to quantify the optical strength per apparent 
dispersed nanotube mass is to measure the ratio of the 
peak absorbance of a feature compared to the baseline 
absorbance at a wavelength with little peak feature 
contribution. This is illustrated in Fig. 3(b) for the (6,5) 
nanotube absorbance; the decrease is ≈ 6% for the Long 
sample, and less for the Medium and Short samples. 
Data are shown for the unampouled samples to 
demonstrate that the decrease in optical strength is not  
due to the ampouling process. 

 
Figure 3 (a) UV–vis–NIR absorbance spectra for the three length- 
sorted dispersions, from top the Short, Medium, and Long fractions, 
and for reference the sodium deoxycholate solution before (solid, 
black curves) and after (dashed, red curves) ampouling and gamma 
irradiation. The nanotube spectra were corrected using the 
appropriate deoxycholate spectra; the deoxycholate spectra were 
corrected by subtracting the spectra of deionized (18 MΩ) water. 
The spectra of the nanotube dispersions were nearly equivalent 
after the processing, although the strength of the (6,5) nanotube 
E11 optical transition (982 nm) was decreased slightly in the 
Medium and Long fractions. The small effect of irradiation on 
the absorbance spectra indicates that the nanotube dispersion was 
not significantly altered by the processing. (b) Comparison of the 
peak absorbance of the (6,5) nanotube to the baseline absorbance 
at 775 nm, a metric for comparing optical strength per dispersed 
mass. Shown are measurements for preampouled (gray bars), 
ampouled (black bars), and ampouled and irradiated (red bars) 
samples. The irradiation decreases the ratio by less than ≈ 6%, 
with the largest decrease occurring for the Long fraction 
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Figure 4 (a) Comparison of the NIR fluorescence measured for 
the three nanotube populations, from top Short, Medium, and Long, 
comprising NIST RM 8281 prior to (solid, black curves) and post 
(dashed, red curves) irradiation. The samples were diluted with 
surfactant–D2O solution to a common absorbance of 0.04 cm–1 at 
775 nm; the excitation wavelength was 568.5 nm. No peak shifts 
were observed with irradiation. (b) Peak emission intensity from the 
(6,5) nanotube in the non-irradiated (black bars) and irradiated 
(red bars) samples. The fluorescence of the (6,5) nanotube in 
each of the three fractions was reduced by as much as 21% by the 
gamma irradiation procedure 

The most likely explanations for the reduced 
optical transition strength are the formation of small 
aggregates, reduced protection or an altered chemical 
environment at the nanotube interface with the 
environment due to the changes in the surfactant 
solution, and/or chemical functionalization of the 
nanotubes driven by the irradiation. To probe these 
possible changes to the nanotubes or the dispersion 
quality, three additional experiments were performed: 

exchange of the irradiated nanotubes into fresh DOC 
solution; measurement of the NIR fluorescence of the 
nanotube dispersions; Raman scattering measurement 
of the G/D and radial breathing mode (RBM) ratios of  
the nanotubes. 

To determine whether the decrease in the peak 
UV–vis–NIR absorbance was a function of an altered 
chemical environment due to changes in the dispersant, 
an ultrafiltration cell was used to exchange the bulk 
surfactant solution with non-irradiated stock solution.  
This experiment found no positive improvement of the 
peak to baseline absorbance. It should be noted that 
DOC was chosen initially as the surfactant because it 
had previously been found to be among the best dis- 
persants for nanotubes [33], as measured by both the 
degree of individualization of the nanotubes [33, 34], 
and its ability to prevent aggregation of the indivi- 
dualized SWCNTs even at mass loadings above 
1 mg/mL in solution. Moreover DOC and the related 
tri-hydroxy surfactant sodium cholate, are also the most 
commonly used surfactants for nanotube separations 
and processing [23]. However, as with most small 
molecule surfactants for nanotubes, a large fraction of 
the total surfactant concentration exists as a combination 
of small micelles and free molecules at a deoxycholate 
concentration of 1%, rather than on the nanotube 
surface. This likely provided a reservoir of undamaged 
surfactant, such that any damage to the adsorbed 
layer could be immediately repaired through exchange 
with the excess in solution. The availability of the 
excess surfactant in the bulk is a likely reason why no 
effect was seen on the nanotube absorbance with the  
exchange of the bulk solution. 

Substitution of a different dispersing agent for the 
DOC, however, might result in differing amounts of 
damage to the nanotubes depending on the bulk 
concentration of the molecule and its susceptibility to 
reaction with radical species. This may particularly 
apply to polymeric dispersants such as DNA that do 
not need to be present in a significant excess in solution 
to stabilize the dispersion. It is possible that damage 
to the dispersant from the irradiation would more 
significantly affect the end properties of the nanotubes 
in this case. However, there are several strategies for 
preventing this damage, including the use of radical 
scavengers, or the post processing exchange of the DOC 
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to a different (pre-sterilized) dispersant that is more 
biocompatible, such as phospholipid-PEG [35]. 

Lastly, of importance to note in Fig. 3 is the signi- 
ficant intrinsic absorbance by the nanotubes in the UV 
region, 200 to 320 nm, despite nanotube concentrations 
of the order of 0.1 mg/mL. The large extinction coeffi- 
cient of the nanotubes in this region reduces the 
potential for other possible sterilization techniques 
such as UV irradiation of SWCNT dispersions by 
severely limiting the penetration depth of the light.  
The utility of UV irradiation is further limited by the 
susceptibility of many biomolecules (such as DNA or 
protein-based targeting molecules) to UV-induced 
damage and the possibility of nanotube-induced photo- 
chemistry or photodegradation. The high penetration 
of gamma radiation from a 60Co source, in contrast,  
enables bulk processing of liquid phase materials. 

In addition to absorbance, other optical properties 
of SWCNTs can yield substantial information about 
their degree of defects and chemical environment. 
NIR fluorescence is a sensitive technique for probing 
the local environment and degree of structural non- 
uniformity of individualized SWCNTs. The presence 
of defects, non-uniform surface coatings [36–38], aggre- 
gation [38], and oxidizing chemical environments [39] 
are all known to diminish or extinguish nanotube 
fluorescence. A comparison of the fluorescence 
measured from the three nanotube populations prior 
to and post gamma irradiation is shown in Fig. 4, and 
a broad range excitation–emission contour plot is  
shown in Fig. S-3 in the ESM. 

Disappointingly, the gamma irradiation process 
measurably decreased the NIR fluorescence of the 
nanotube samples. A decrease of ≈ 21% was measured 
at 988 nm (peak emission) with excitation at 568.5 nm 
for the Long fraction, with lower decreases of ≈ 19% and 
≈ 16% measured for the Medium and Short samples 
respectively. However, since DOC-dispersed nanotubes 
are typically 2 to 3 times brighter than nanotubes 
dispersed by other dispersants [34], this decrease is 
not likely to be overtly harmful for fluorescence app- 
lications of the irradiated samples. Because each of 
the samples was diluted by a factor of approximately 
30:1 (Long) to 100:1 (Short) with the D2O surfactant 
solution it is unlikely that any damage to the surfactant 
coating by the irradiation would cause the decrease 

in the fluorescence intensity. As the absorbance data 
also indicate that the quality of the dispersion is not 
substantially altered by the irradiation, the most 
likely explanation is that some quantity of optically 
active defects are generated on the nanotubes by the  
irradiation. 

Gamma irradiation can cause damage either directly 
through the destruction of covalent bonds, or indirectly 
through the generation of free radicals in solution that 
react with the nanotubes to cause chemical functiona- 
lization [17]. C60 molecules are known to be susceptible 
to functionalization in this manner [40]. In general, 
the effect of gamma irradiation on aqueous samples 
is to produce hydroxyl radicals (·OH) at a rate (G) of 
0.28 µmol/J [28], although other species are also 
produced, and the type of radical can be affected by 
the presence of other molecules. Because the amount 
of radicals produced is generally relatively insensitive 
to the dispersed species, aqueous samples often show 
an inverse relationship between the percentage of the 
solute degraded and the solute concentration [41]. 
Although the nanotube concentration decreased with 
increasing length in the three samples, which is 
consistent with this observation, the surfactant concen- 
tration was equivalent in all samples at roughly 100x 
greater than the nanotube concentration. Thus, the 
differences in bulk nanotube concentration are unlikely 
to be the source of the different degrees of degradation 
observed in the three nanotube samples [28]. Instead, 
the observation likely indicates that the optical pro- 
perties of the longer nanotubes were more sensitive 
to the incorporation of defects than the shorter 
nanotubes on a mass basis. This is expected because 
the exciton diffusion length in DOC has been measured 
as at least 240 nm [42]. Raman scattering is often used 
to evaluate the defect density of nanotube samples, of 
which added functional groups are a known con- 
tributor, although it is likely that not all fluorescence  
quenching defects are Raman active. 

Raman scattering is the third commonly used optical 
technique to characterize SWCNTs [43]. In particular, 
three Raman scattering features are used to study 
nanotube structure: the RBM mode, which reflects 
the distribution of chiralities in resonance with the 
excitation wavelength; the D band, which is generated 
by scattering at a defect site; the G and G’ bands, which  
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are fundamental modes seen in graphite. Often, the 
G/D and G’/D ratios are used to estimate the defect 
density in a sample. From previous measurements on 
length-sorted nanotubes, it is known that these ratios 
depend on the length L of the dispersed nanotube 
with a 1/L dependence due to ends of the nanotubes 
acting as defects [36]. Also notable is that the ratios 
vary with the excitation wavelength due to resonance 
effects. In Fig. 5(a), the Raman scattering for the region 
covering the D and G bands is shown for the three pairs 
of irradiated/unirradiated RM 8281 length fractions 
measured with 632.8 nm excitation. Similar D to G 
region scattering measured at 514.5 nm excitation is 
shown in Fig. S-4 (in the ESM). In Fig. 5(b), the G/D 
ratios from the data measured at both 514.5 nm and 
632.8 nm are shown for the three pairs of fractions. 
Figure 5(c) displays the RBM region measured with  
632.8 nm excitation for the three samples. 

Unlike previously reported work [10], in which a 
raw nanotube powder was irradiated to an apparent 
dose of 10 Gy (1000 rad) over 3 min, relatively little 
change in the G/D ratio was observed for the dispersed 
samples studied here. For these samples the decrease 
was ≈ 5.5% for the Long sample, and ≈ 4.5% and ≈ 1.3% 
for the Medium and Short samples respectively. These 
changes are also much less than that observed for 
filtered bucky papers of SWCNTs in air [11], which 
showed an approximate 80% increase in the D band 
intensity (≈ 45% decrease in G/D ratio), although nearly 
twice the exposure (53 kGy) used in this latter study. 
This effect was reported to be reduced for bucky 
paper samples irradiated in a vacuum. Generation of 
covalent attachments to, or structural defects in, the 
nanotube lattice would explain both the decrease in 
the G/D scattering ratio and in the NIR fluorescence. 
However, it is unclear what percentages of these 
changes are due to the creation of additional Raman 
active defects on the nanotubes such as these, or 
contributions from other possible, but less likely, 
factors such as the decreasing of the length of the 
nanotubes in solution, the dependence on length of the 
effective scattering cross sections, and/or a decrease 
in resonance coupling to the optical transitions (because 
of the reduction in excitonic absorbance). The changes 
are conclusively not due, however, to a shifting of  

 
Figure 5 (a) Raman spectra for the wavenumber shift range 
including the D band (≈ 1330 cm–1) and the G band (G+ ≈ 1590 cm–1, 
G– ≈ 1570 cm–1) scattering from the irradiated (red, dashed line) 
and unirradiated (black, solid line) fractions (from top: Short, 
Medium, Long) measured at 632.8 nm excitation. (b) G/D ratios 
for the three pairs of length fractions (solid: 514.5 nm, crosshatch: 
632.8 nm) before and post irradiation; error bars denote range of 
fit values. The G/D ratio of the irradiated fraction was consistently 
reduced by the processing. (c) Comparison of RBM modes for 
before and post irradiation pairs measured with 632.8 nm excitation. 
Little change was observed in the RBM distribution. Note that it 
is the intensity of the features relative to each other, and not the 
absolute intensity that is compared 
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resonance energies as no shifts in peak locations were  
observed in absorbance or fluorescence measurements. 

The distribution of the RBM modes in the dispersed 
samples is also relatively unaffected by the irradiation 
process (Fig. 5(c)). This is again different from the 
results in the literature [10, 12], both of which used solid 
phase samples. However, the comparison for which 
the effect of irradiation was shown in one case [12] 
could represent an exposure of 170 kGy, much higher 
than that used in the current study. Diameter-selective 
damage has also been reported in solid phase samples 
from irradiation by soft X-rays and electrons [44]. The 
difference between the effect on dispersed samples  
in this study, and the solid samples [10, 12] could be 
due to several factors, the most likely of which is the 
fundamental difference in radiation chemistry for solid 
samples, which is dominated by direct ionization of 
the material, whereas for aqueous liquids the reaction 
with radical species such as ·OH is the dominant 
mechanism for damage to a solute [45]. The elimination 
of non-nanotube constituents in the length-sorted 
fractions, and superior heat transfer in an aqueous 
dispersion as compared to a low density solid may also 
contribute to the observed differences. Further work is 
also necessary to determine if the diameter distribution 
of the population affects the response to irradiation. 
Raman spectra covering the whole measured wave-  
number shift range are shown in Fig. S-3 in the ESM. 

3. Conclusions 

The irradiation of a set of nanotube samples in 
aqueous dispersion is demonstrated to ensure sterility 
of the ampouled liquid, while substantially maintaining 
the dispersion and optical properties of the dispersed 
nanotubes. The most significant changes to the optical 
properties, decreases in the peak absorbance, fluores- 
cence, and Raman G/D ratios of ≈ 6%, ≈ 21%, and ≈ 5.5% 
respectively, are likely acceptable for most applications. 
These changes were demonstrated to occur due to 
direct damage or chemical functionalization of the 
nanotubes, and not due to an environmental change. 
The greatly reduced damage measured for the samples 
in this study, as compared to the previous reports on 
solid phase samples, indicates that liquid phase 
sterilization is a valuable processing strategy. Further- 

more, it is likely that the amount of irradiation used 
in this study was significantly more than required to 
ensure sterility of the dispersions. Less irradiation or 
use of additives that scavenge free radicals during 
irradiation should further reduce the effects to the  
optical properties.  

4. Methods 

Aqueous dispersions of length-sorted carbon nanotubes 
were generated for the production of the National 
Institute of Standards and Technology (NIST) reference 
material (RM) 8281 “Length Separated Carbon Nano- 
tubes in Liquid Dispersion”. A comprehensive report 
of the properties and preparation of this material will 
be upon available free of charge upon release of the 
material at www.nist.gov. Briefly, a SWCNT soot from 
the cobalt–molybdenum-catalyst (CoMoCat) production 
method (Southwest Nanotechnologies, SG65-000-0024) 
[46] was dispersed into 2% (mass/volume) DOC solu- 
tion through tip sonication (1 h, ≈ 1 W/mL, 1 mg/mL 
nanotube concentration) in a 50 mL centrifuge tube 
immersed in an ice bath. Subsequently large bundles 
of nanotubes and non-nanotube impurities were 
removed through a centrifugation step (JA-20 rotor, 
2 h, 1885 Rad/s) after which the supernatant was 
collected. This liquid was the parent dispersion for  
length separation. 

Length separation of the nanotube populations 
was accomplished through exploiting the difference 
in the sedimentation rate with length for rods in   
an ultracentrifuge [47, 48] (SW-32, 21 h, 2650 Rad/s). 
Thirteen fractions were collected post centrifugation. 
Several fractions of similar lengths were subsequently 
combined and purified to remove the iodixanol density 
medium and to form three fractions, a Long, Medium, 
and Short. The ultrafiltration cell used to reduce 
iodixanol content was simultaneously used to reduce 
the surfactant concentration to 1%. The final iodixanol 
concentration, extrapolated from the iodine concen- 
tration measured by elemental analysis, was ≈ 5 μg/mL 
or less in all the nanotube-containing samples. After 
the fractions were finalized, the three fractions plus a 
1% sodium deoxycholate solution from the same lot 
were ampouled into precleaned borosilicate glass 
ampoules (≈ 2.5 mL) and sealed under argon gas. 
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Ampoules were then selected for retention as is, or for  
irradiation on the basis of a randomized sampling plan. 

Gamma irradiation (primary decay of 60Co produces 
irradiation γ = 1.17 MeV and 1.33 MeV) was performed 
by Neutron Products at their facility in Dickerson, 
Maryland. A range of the irradiation dose for the 
ampouled samples was reported as 27.7 to 35.1 kGy; 
the dose rate was 2.09 kGy/h. One Gray (Gy) is defined 
as 1 J/kg absorbed dose. A screening test on a similarly 
prepared lot of separated nanotubes processed by 
Neutron Products a year earlier to a level of 26.0 to 
28.3 kGy indicated this was an acceptable dose that 
would not dramatically alter the properties of the 
dispersed nanotubes. The reported measurement 
uncertainty on the absorbed dose as measured by 
FWT60-00 dosimeters was reported as ± 4.0% at a 95% 
confidence level. Prior to, and post irradiation, ampoules 
were stored at laboratory room temperature; monitoring 
by irreversible temperature sensor labels recorded no  
excursions from the range of 0 to 37 °C. 

Quantitative elemental analysis was carried out by 
INAA using previously implemented procedures for 
the characterization of the bulk starting material, which 
is to be issued as SRM 2483 [32], from which the samples 
in this contribution were produced. Briefly, 0.5 mL 
aliquots from fresh sample ampoules were pipetted 
into bags made from 6.3 μm thick polypropylene film 
and dried. The samples were irradiated together with 
known standard samples and blanks and were 
measured under the same conditions according to the 
INAA comparator method [49]. Several measurements 
were made for each sample for broadest elemental 
coverage. Concentrations are reported based on the 
total dry mass, except where otherwise noted, which 
was taken to be 1.0% of the measured mass of the  
aliquot added to the polypropylene bag. 

Sterility of irradiated nanotube populations was 
evaluated via liquid and agar plate cultures under two 
growth conditions [50]: Luria–Bertani (LB) medium 
in aerobic conditions (with shaking for the liquid 
cultures), and brain heart infusion (BHI) medium in 
reduced oxygen conditions (5% CO2 incubator, static 
cultures). All cultures were maintained at 37 °C. These 
conditions were selected to test for presence of a 
variety of microbial contaminants, including aerobes 
and facultative anaerobes. Samples tested included 

the non-irradiated nanotube parent population, the 
irradiated ampoules of Long, Medium, and Short 
nanotubes, and the irradiated 1% sodium deoxycholate 
reference. Two concentrations of nanotubes were used 
to inoculate the growth media, as irradiated and 20-fold 
diluted in phosphate buffered saline (PBS), to discount 
the possibility that a potential contaminant species 
could be inhibited by the nanotube concentration in 
the full-strength samples. For all liquid cultures, 50 µL 
of sample (either undiluted or 20-fold diluted) was 
added to 3 mL of liquid medium in a 15 mL centrifuge 
tube. For all agar cultures, 10 µL of sample were spotted 
on the agar plate. Sterile PBS was used as a negative 
control. Positive controls for the growth conditions 
were demonstrated through addition of live bacteria 
to some samples for each condition. For the liquid and 
agar LB positive controls, Escherichia coli (E. coli) K-12 
strain SF2086 was added to the samples by inoculation 
with a 10–6 dilution of an overnight culture grown in 
LB. For the BHI liquid and agar positive controls, the 
facultative anaerobe Streptococcus mutans (S. mutans) 
Clarke UA159 from the American Type Culture Coll- 
ection (ATCC) was added at a 10–3 dilution of an 
overnight culture grown in BHI. All samples and 
controls were tested in triplicate for each culture 
condition. Cultures were visually inspected for growth 
for 7 days. Positive growth was defined as colony 
formation on the agar cultures, and by the observation 
of turbidity in the liquid cultures. Turbidity measure- 
ments via optical density, a common way to determine 
growth in liquid cultures, were not utilized due to the 
presence of the nanotubes. Digital images of the cultures  
were taken on days 3 and 7. 

UV–Vis–NIR experiments were made in transmission 
geometry on a PerkinElmer Lambda 950 UV–Vis–NIR 
spectrophotometer over a wavelength range of 1880 
to 185 nm. The incident light was circularly polarized 
prior to the sample compartment, and the spectra 
corrected for both dark current and background. The 
optical absorption spectra were recorded at 1 nm incre- 
ments with an instrument integration time of at least 
0.16 s per increment using a 1 mm pathlength quartz 
cuvette. The reference beam was left unobstructed, and 
the subtraction of the appropriate reference sample  
was performed during data reduction.  

NIR fluorescence spectra were measured using a 
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HORIBA Jobin Yvon NanoLog-3 spectrofluorometer 
with a liquid nitrogen cooled InGaAs array detector 
and a 450 W xenon lamp. Excitation was selected 
using a dual grating monochromator with 1200 × 500 
gratings, and a slit selected bandpass of 5 nm (single 
wavelength measurements) or 8 nm (excitation versus 
emission contour plot). Emission was measured in 
the right angle geometry with a 10 mm square quartz 
cuvette through a long-pass filter and dispersed with 
a 100 × 800 grating onto the array detector. Bandpass for 
the emission side was set to 8 nm. Most measurements 
were collected using excitation at 568.5 nm, which was 
measured to produce the largest (6,5) emission, for 90 s. 
For large wavelength range acquisitions, excitation 
was stepped in 5 nm increments with an integration 
time of 45 s. Collected spectra were corrected for the 
wavelength-dependent irradiance of the excitation 
beam, and the wavelength dependence of the long 
pass filter and detector train as calibrated to a NIST 
traceable lamp. To account for differences in concen- 
tration of the fractions, all fractions were diluted to a 
common absorbance of 0.04/cm at 775 nm using a 
solution of 1% sodium deoxycholate in D2O. At this 
dilution, peak locations can be measured with minimal 
in-filter effects, however the comparison of the abso- 
lute intensities of emission at different wavelengths  
may still be affected.  

The spontaneous Raman backscattered light was 
collected in a collinear 180° backscattering configuration 
with a triple grating spectrometer (Dilor XY800) and 
a liquid nitrogen cooled CCD detector. An Ar+ laser 
(Coherent Innova Sabre with multiline visible head) 
provided the 514.5 nm excitation, and a HeNe laser 
was used to provide the excitation at 632.8 nm; in each 
case approximately 15 mW of power was focused to 
a spot size of approximately 100 µm within the liquid 
sample volume. Cyclohexane was used as a reference 
standard to ensure wavenumber accuracy. Raman 
frequency shifts in the range from approximately 100 
to 3600 cm–1 were measured at 514.5 nm excitation, 
which covers the region of spectral shift in which RBM, 
D band, G band, G’ (2D), and water Raman features 
occur; specific spectral windows to cover the RBM,  
D, G, and G’ modes were measured at 632.8 nm. The 
integration time for the fractions was 45 to 180 s 
averaged over 3 scans for the D and G band region, 

measuring longer for the shorter fractions. The G/D 
ratio was calculated using the peak values of the G 
and D features after subtraction of a linear and sloped 
background respectively. The backgrounds were taken 
as the non-resonant signal averaged from 1270 to 
1273 cm–1 for the G band, and as sloped line between 
the measured signal averaged over the region 1270 to 
1285 cm–1 and the average over the region from 1380  
to 1400 cm–1. RBMs were assigned using [51]. 

Unless otherwise noted, the standard uncertainty 
is denoted in this contribution through error bars 
representing one standard deviation. 
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