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C
arbon nanotubes (CNTs) are steadily
becoming a viable component in con-
sumer products, drug delivery systems,

composite materials, and electronics.1 The in-
creased demand and production of CNTs
warrants consideration of their risks to the
environment and human health as a conse-
quence of exposure throughout product life.
Inhalation and dermal exposures during CNT
manufacturing are of great concern; inhalation
is the most likely exposure pathway.2�5 Rats
are often used as model organisms for in vivo

studies of respiratory tract responses to CNTs.
Many studies have explored the pulmonary
toxicity of CNTs,6�11 but little is known about
exposure�dose�response relationships due
to technical difficulties in reliably extracting
and detecting CNTs from target tissues and
complex matrices.12

In a previous study, we showed that CNTs
can be quantified in simple and some com-
plex organic matrices using programmed

thermal analysis (PTA),13 an analytical meth-
od that relies on the unique thermal stability
of CNTs. PTA uses a similar instrument setup
as the National Institute for Occupational
Safety and Health (NIOSH) 5040 method,14

which is designed for elemental and organic
carbon analysis, but it is designed specifi-
cally for CNTs.13 The PTA instrument detec-
tion limit for carbon mass is approximately
200 ng. In this study, PTAwas used to evaluate
the recovery and thermal stability of CNTs.
We used two types of multiwalled CNTs
(MWCNTs) to represent the lower and upper
bounds of CNT thermal stability, as deter-
mined previously.13 The thermal fingerprint
(thermogram) of the CNTs obtained fromPTA
was used to indicate changes in the thermal
stability of the CNTs after extraction. As a
complementary analysis, Raman spectrosco-
py was used to determine if CNT structural
damage was evident; such damage may in-
dicate a change in the thermal stability.15
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ABSTRACT Extraction of carbon nanotubes (CNTs) from biological matrices such as rat lung

tissue is integral to developing a quantification method for evaluating the environmental and

human health exposure and toxicity of CNTs. The ability of various chemical treatment

methods, including Solvable (2.5% sodium hydroxide/surfactant mixture), ammonium hydrox-

ide, nitric acid, sulfuric acid, hydrochloric acid, hydrofluoric acid, hydrogen peroxide, and

proteinase K, to extract CNTs from rat lung tissue was evaluated. CNTs were quantified using

programmed thermal analysis (PTA). Two CNTs were used to represent the lower (500 �C) and
upper (800 �C) PTA limit of CNT thermal stability. The recovery efficiency of each of the eight
chemical reagents evaluated was found to depend on the ability to (1) minimize oxidation of

CNTs, (2) remove interfering background carbon from the rat lung tissue, and (3) separate the solid-phase CNTs from the liquid-phase dissolved tissue via

centrifugation. A two-step extraction method using Solvable and proteinase K emerged as the optimal approach, enabling a recovery of 98( 15% of a

2.9 ( 0.19 μg CNT loading that was spiked into whole rat lungs. Due to its high yield and applicability to low organ burdens of nanomaterials, this

extraction method is particularly well suited for in vivo studies to quantify clearance rates and retained CNTs in lungs and other organs.
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Chemical digestion methods utilizing oxidants,
acids, and alkalis are commonly used to extract metals
from soils, sediments, sludges, plants, and animal
tissues.16,17 For CNTs in complex matrices, the major
challenge is dissolving the matrix carbon while keep-
ing the CNTs intact, which is required for quantifica-
tion. Alkalis and enzyme reagents effectively dissolve
lung tissue while minimizing damage to soot
carbon,18,19 but they have not yet been applied to
CNTs. Although CNTs are one of the most thermody-
namically stable forms of carbon, these digestion
reagents (e.g., HNO3) may induce defects (i.e., break
CNT carbon�carbon bonds, oxidize CNT surface) or
degrade them to carbon monoxide and carbon
dioxide.20�22 Increasing the number of defects in the
CNT decreases the thermal stability, which makes
detection of CNTs over background carbon more
difficult when using PTA. So, developing an extraction
method thatminimizes physical and chemical changes
to the CNT is necessary for obtaining a high CNT
recovery.
The aim of this study was to develop a method for

extracting CNTs from rat lung tissue for CNT quantifica-
tion analysis. To achieve this, we examined (1) the
effect of various chemical digestion reagents on the
recoverability of CNTs, as defined by PTA, (2) the ability
of various chemical digestion reagents to completely
dissolve rat lung tissue, and (3) the ability to extract
CNTs from rat lung tissue using the optimal digestion
method defined by (1) and (2). Commonly used acids,
alkalis, oxidants, and enzymes were evaluated as pos-
sible chemical digestion reagents. We considered the
digestion reagent to be unsuccessful if it (a) damaged/
destroyed the CNTs to the extent of impacting quanti-
fication or (b) did not effectively dissolve the rat lung
tissue. The results of this study will have an impact on
carbon nanomaterial toxicology studies, specifically
those aiming to identify tissue doses that are related
to adverse outcomes, and they will expand our knowl-
edge about carbon nanomaterial extraction from com-
plex matrices.

RESULTS AND DISCUSSION

Effect of Chemical Treatment Methods on CNTs. Figure 2
shows the percent recovery for strong (S-CNT) and
weak (W-CNT) CNTs after treatment with various re-
agents. Solvable resulted in the highest recovery for
both CNT types. For some of the extraction methods,
recovery>60%wasnot achievedbecause theCNTs could
not form a stable pellet, resulting in losses during wash-
ing, or because they adhered to the sides of the centri-
fuge vials. Hydrogen peroxide and hydrochloric acid
samples stuck to the centrifuge vials (e.g., Figure SI-2)
and did not form a stable pellet, resulting in a significant
loss of CNTs. Hydrofluoric acid, proteinase K, and water
samples stuck slightly to the vials, and they formed
semistable (not fully compacted) pellets. Solvable and

ammonium hydroxide samples formed very solid pellets
without any sticking to the vials, although pellet forma-
tion decreased for hydroxide samples as the number of
washing steps increased. For the samples that did not
produce compact pellets, neither increasing the centri-
fugation speed (up to 25000� g) nor increasing the time
(up to 1 h) improved pellet formation. A functionalized
version of the W-CNT was used to determine the appli-
cability of centrifugationusingSolvable, themostoptimal
method. Even though the functionalized W-CNTs are
very stable in water, pellet formation was compact
(e.g., Figure SI-3), indicating the effectiveness of using
Solvable for hydrophilic CNTs aswell. One explanation for
this observation is that Solvable contains surfactants,
which presumably could keep CNTs from sticking to
the centrifuge tube, as well as hydroxyl ions, which could
promote aggregation through electric double layer com-
pression. Because of problems with pellet formation
during the separation step, the recovery results intrinsi-
cally reflect both separation and the damage done by
each method. Consequently, other analyses, such as
thermal analysis and Raman spectroscopy, were com-
pleted to clarify the recovery results.

The PTA thermograms of the CNT samples (see SI,
Figure SI-4) were analyzed to determine if the reagents
had an effect on the CNT oxidation temperature. This is

Figure 2. Recovery for S-CNTs and W-CNTs after treatment
with the chemical digestion reagents (single run as a screen-
ing experiment).

Figure 1. Chemical digestion procedure for rat lung tissue
and CNTs.
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important for two reasons: (1) a significant decrease in
oxidation temperature may indicate CNT mass loss
from chemical oxidation during the extraction process,
and (2) decreasing the oxidation temperature of the
CNTs results in an increase in possible interferencewith
matrices containing background carbon that has simi-
lar oxidation temperatures.

The thermograms had eight distinct peaks that
correlated to the temperature program steps (500,
550, 600, 650, 700, 750, 800, and 910 �C; see SI, Figures
SI-1 and SI-4). To analyze thermogram changes result-
ing from the extraction process, the area of each peak
was normalized to the total thermogram area (peak
fraction = peak area/total area). Figures 3 and 4 show
the peak fraction of the total CNT area for each
temperature step and the time required for 50% mass
loss after treatment of the W-CNTs and the S-CNTs,
respectively, with various methods. A decrease in the
time to 50% mass loss indicates a decrease in the
thermal strength of the CNT. For both CNTs, the
“untreated” sample (i.e., the raw CNT analyzed as a
dry powder) was used as a control.

W-CNTs evolved over a wide temperature range
from 500 to 750 �C, with the maximum peak fraction
occurring at 750 �C for the untreated sample. Samples
treated with Solvable, hydrochloric acid, hydrofluoric
acid, and proteinase K had no change in the time to
50% mass loss (<5%), indicating that these reagents
had little effect on the thermal stability. Nitric acid had
a mild effect (5�10%), and the peak fraction at 750 �C
decreased but remained the maximum in comparison
with the other peak fractions.Water, hydroxide, sulfuric
acid, and peroxide each had a significant effect on the
time to 50% mass loss (10�20%), and the maximum
peak fraction temperature decreased to 700 �C. The
functionalized W-CNT treated with Solvable had a
severe decrease of 40%, and the maximum peak
fraction temperature decreased to 600 �C.

S-CNTs evolved from 700 to 910 �C; the maximum
peak fraction occurred at 910 �C for the untreated
sample. Solvable, hydroxide, nitric acid, sulfuric acid,
hydrofluoric acid, peroxide, and proteinase K had no
change in the time to 50% mass loss (<5%). Water and
hydrochloric acid had a mild change (5�10%). These
results indicate the S-CNTs' ability to withstand oxidation
caused by the reagents used in the extraction process.

The key factor in the thermal stability was the
availability of oxygen on the surface of the CNT. For
both CNT types, the “water” sample exhibited the
largest decrease in thermal stability. This was attribu-
ted to the CNT dispersant, which likely remained
wrapped around the CNTs during washing and then
contributed oxygen during the thermal analysis, caus-
ing premature oxidation. This is especially evident for
the S-CNTs that were resilient to oxidation from harsh
reagents but exhibited a decrease in the time to 50%
mass loss for the water sample when the dispersant

was presumably still present on the CNTs. For the other
reagents, thedispersantwas likely destroyed (i.e., oxidized,
hydrolyzed) during the treatment process and did not
contribute oxygen. Similarly, the functionalized W-CNT,
which contained a large amount of oxygenated functional
groups (∼6%), exhibited the most significant change in
thermal stability compared to W-CNTs that had gone
through the same treatment process.

No reagent was detrimental (>30% change) to the
thermal stability of either CNT types. Peroxide, hydro-
xide, and sulfuric were the most damaging to the
W-CNTs, and the reagents had little effect on the
thermal stability S-CNTs, which is in good agreement
with their “weak/strong” classifications. For nitric, hy-
drofluoric, and hydrochloric, significant CNT damage
was not observed from the thermograms (i.e., >10%
change to the time to 50% mass loss), but the percent
recovery was low in comparison to the other reagents
(Figure 2). This was attributed to the poor performance
of the centrifugal separation method and indicates
that new separation methods need to be developed
if these reagents are to be used for applications
requiring different reagents (e.g., hydrofluoric acid for
dissolving silica in sediments). Furthermore, some of
the treatments resulted in damage to the PTA instru-
ment tubing (e.g., silicon, copper) and metal parts

Figure 3. Peak fraction of the total CNT area for six tem-
perature steps (bars) and time required for 50% mass loss
(solid diamonds connected by a line) for a W-CNT under
oxidizing conditions after treatment with the chemical
digestion reagents. Gray shaded area is the functionalized
WCNT after treatment with Solvable.

Figure 4. Peak fraction of the total CNT area for four
temperature steps (bars) and time required for 50% mass
loss (solid diamonds connectedby a line) for an S-CNTunder
oxidizing conditions after treatment with the chemical
digestion reagents.

A
RTIC

LE



DOUDRICK ET AL. VOL. 7 ’ NO. 10 ’ 8849–8856 ’ 2013

www.acsnano.org

8852

(e.g., stainless steel in valves and FID) from residual
acids/alkalis (e.g., sulfuric acid, nitric acid). Although
additional washing steps could minimize this risk, this
may result in decreased CNT recovery.

Evaluating CNT Structural Damage Using Raman Spectrosco-
py. Raman spectroscopy is a good characterization
tool for CNTs with spectral peaks that are specific to
CNTs or graphite and to no other form of carbon.33

Figure 5 shows the ID/IG ratios for S-CNTs and W-CNTs
after treatment with the chemical digestion reagents.
For the S-CNTs, hydroxide, nitric, hydrochloric, and
peroxide each exhibited a >20% increase in the ID/IG
ratio compared to water only, but this amount of
damage was not enough to have a marked effect on
the thermal stability as revealed during thermal anal-
ysis. For example, hydroxide increased the ID/IG ratio
from 0.33 ( 0.05 to 0.43 ( 0.04, but the time to 50%
mass loss decreased only 4%. This suggests that de-
fects alone are not enough to reduce the thermal
stability of the CNT, and that oxygenated groups must
be present at these defect sites. For the W-CNTs, no
significant change (<5%) in the ID/IG ratiowas observed
for any of the treatment methods. This absence of
change is expected because theW-CNTs already have a
high initial defect density, which leaves little room for
the formation of additional defects.34 Although there
was no change in the defect density of the W-CNTs
after treatment, some reagents caused a decrease in
the thermal stability (e.g., peroxide, sulfuric). This sug-
gests that the decrease in thermal stability for W-CNTs
was caused by the addition of oxygenated groups and
not new defects.

Rat Lung Tissue Digestion. For CNT quantification, the
rat lung tissue should be fully dissolved, as its remaining
carbon can interferewithCNTdetectionusing PTA.When
dissolving organic matter biological tissue with acids,
alkalis, oxidants, or enzymes, generally some thermal
energy beyond room temperature is needed to speed
up the process. The boiling point of the liquid (i.e.,
temperature at reflux) generates the highest activity
while keeping the sample contained; this can range from
high (e.g., 337 �C for H2SO4) to low (e.g., 84 �C for HCl)
temperatures. However, at higher temperatures, control-
ling the activity of the treatment becomes more difficult
(i.e., the reaction occurs too fast), and CNTs may oxidize.
In this study, chemical treatment of bothCNT types at the
reagent reflux temperatures resulted in major CNT loss
when using strong acids and oxidants (e.g., H2SO4, H2O2;
results not shown, recovery less than10%). As a result, the
rat lung tissue treatment methods were evaluated at a
milder treatment temperature of 60 �C.

For the rat lung tissue, initial success was assessed
visually; samples that were dissolved (i.e., no visible
tissue remaining) were considered successful, whereas
those with tissue remaining were deemed unsuccessful
(Figure 6). All alkalis (Solvable, ammonium hydroxide,
tetramethylammonium hydroxide (TMAH; not shown),

and potassium hydroxide/ethanol (KOH-EtOH, not
shown)) effectively dissolved the tissue within the first
hour. However, KOH-EtOH and TMAH are not discussed
further because KOH-EtOH melted the QFFs during PTA,
and upon heating TMAHproduced triethylamines, which
makes its use nonideal due to the offensive odor that is
produced. The resultant liquid for the alkalis was trans-
parent yellow, and a small pellet of undigested material
was formed (Figure 6a,b). Nitric acid effectively dissolved
the tissue within 30min, resulting in a transparent yellow
solution with no obvious pellet (Figure 6c). Sulfuric acid,
hydrochloric acid, and hydrofluoric acid each dissolved
the tissue, but the result was a dark liquid consisting of
highly refractory soluble carbon, and black particulates
remained (Figure 6d�f), indicating incomplete digestion.
Peroxide dissolved most of the tissue, but visible white
particulates remainedafter 24h, and these formeda large
pellet of presumably undigested material (Figure 6g).
Proteinase K successfully dissolved the tissue (Figure 6h),
but without the ATL buffer present, it showed no activity
within 24 h (not shown), indicating the need for the buffer
to achieve activation. On the basis of the visual screening,
Solvable, hydroxide, nitric acid, and proteinase K were the
most successful at dissolving the rat lung tissue.

Screening of the different treatment methods in-
dicated that Solvable was the only reagent that had a
high recovery efficiency for CNTs and successfully
dissolved rat lung tissue. Solvable, which has a low
hydroxide concentration (5%), was also ideal because it
has a lower risk of corroding PTA instrument parts
(e.g., copper tubing, stainless steel, o-rings). For Solvable,
the success of the visual experiment was validated by
PTA, which was used to analyze the amount of inter-
fering carbon remaining in the treated rat lung tissue
pellet. Figure 7a shows the thermogram (oxidation
phase only) for the rat lung tissue pellet after treatment
with Solvable. Although Solvable was successful at
hydrolyzing the tissue and removing most of the
interfering carbon, some hydrolysate still remained in
the pellet (e.g., Figure 6a), resulting in a small amount
(∼0.2 μg) of interfering carbon. Although minimal, this
interference could be significant if CNT levels approach
this value. Proteinase K, which is very effective at

Figure 5. ID/IG ratios obtained fromRaman spectroscopy for
CNTs after treatment with the chemical digestion reagents
(60 �C for 24 h). Error bars represent standard deviation for
triplicate samples.
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cleaving peptide bonds and catalyzing hydrolysis, was
used as a follow-up digestionmethod. Figure 7b shows
the thermogram of the rat lung tissue after Solvable
treatment followed by proteinase K treatment. The
proteinase K successfully eliminated the remaining
interfering carbon. This two-step method was selected
for extraction of CNTs from rat lung tissue.

Demonstration of Final Extraction Method: Recovery of
S-CNTs from Rat Lung Tissue. The final digestion method
was used to determine the recovery of S-CNTs from

whole rat lungs (dry weight ∼0.2 g). First, as a control,
the final extraction method was demonstrated on
S-CNTs alone. Treatment of 3.6 μg of S-CNTs yielded
an average recovery for independent triplicate sam-
ples of 3.3 ( 0.09 μg or 91 ( 2.5% recovery. This
indicates minimal loss of S-CNTs as a result of the two-
step digestion method with centrifugal washing.

The process was repeated for whole rat lungs
spikedwith 2.9( 0.19 μg S-CNTs. The average recovery
for independent triplicate sampleswas 2.8( 0.44 μg or
98 ( 15%. These results show that interfering carbon
was removed from the rat lung tissue and the S-CNTs
were successfully recovered from the rat lung tissue
using the final two-step extraction method developed
herein. Based on the similarity of the results from the
recovery screening and thermogram evaluation ex-
periments for W-CNTs and S-CNTs treated with Solva-
ble or proteinase K, similar spike recovery results are
expected for W-CNTs as well.

SUMMARY AND CONCLUSION

This study considered eight chemicals commonly
used to extract metals from complex matrices for
application to CNTs. The loss of CNTs was attributed
to CNT destruction (e.g., oxidation) and poor pellet
formation during CNT separation from the dissolved
matrix. Solvable proved to be the most effective at
dissolving rat lung tissue while maintaining a high
percent recovery of CNTs. This was attributed to its mild
nature (i.e., ∼2.5% NaOH) and the inclusion of surfac-
tants in the mixture, which presumably helped with
pellet formation. Removal of all interfering carbon from
rat lung tissue required the development of a two-step
digestion method using Solvable and proteinase K. PTA
andRamanspectroscopy results showed that treatmentof

Figure 6. Centrifuged rat lung tissue after treatment with the chemical digestion reagents: (a) Solvable, (b) hydroxide,
(c) nitric, (d) sulfuric, (e) hydrochloric, (f) hydrofluoric, (g) peroxide, and (h) proteinase K.

Figure 7. Thermograms for awhole rat lung after treatment
with (a) Solvable only and (b) Solvable followed by protein-
ase K. Data have been cropped to show only the tempera-
tures at which S-CNTs oxidize (i.e., 700�910 �C).
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CNTs using Solvable and proteinase K resulted in no
apparent structural damage, thus, the CNTs remained
intact during the extraction procedure. Extraction of
2.9( 0.19 μg of S-CNTs fromwhole rat lungs was efficient
with a recovery of 2.8( 0.44 μg or 98%( 15%, indicating
the ability of this method to be used in in vivo studies.
The results were applied to rat lung tissue but will

have an impact on studies focused on other complex
matrices such as composite materials and sediments. If
reagents other than Solvable and proteinase K are to
be used, both CNT type (i.e., S-CNT or W-CNT) and

reagent choice should be considered. For reagents that
had issues forming pellets during separation (e.g., nitric
acid and hydrofluoric acid), addition of a surfactant
mixturemay improve recovery by reducingCNT sticking
to vials and promoting compact pellets. Given the
similarity between CNTs and graphene, these results
should be helpful for developing extraction protocols
for graphene aswell. Using the results presented herein,
continued development of extractionmethods for CNTs
from other complex matrices will be critical for evaluat-
ing CNT risk to human health and the environment.

EXPERIMENTAL METHODS
Materials. Two CNTs were used in this study, a thermally

weak CNT with a high defect density (W-CNT, Cheaptubes, Inc.,
MWCNT, 20�30 nm diameter, 10�30 μm length, as reported by
manufacturer) and a thermally strong CNT with a relatively low
defect density (S-CNT, Mitsui and Co., MWCNT, 40�70 nm
diameter, 10�40 μm length, as reported by the manufacturer
and verified by us). The W-CNTs and the S-CNTs were dispersed
in a medium that has been used previously in rat lung CNT
exposure studies.23 A functionalized version of the W-CNT was
provided by Dr. SomMitra.24 The dispersion media consisted of
bovine serum albumin (BSA, Sigma Aldrich A-2058, >97%), 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Sigma Aldrich
P-0763, >99%), and sodium chloride (NaCl, SigmaAldrich S7653,
>99.5%). Chemicals used for digestion included nitric acid
(HNO3, EMD NX0409�2, 67�70% (15.8 M)), sulfuric acid
(H2SO4, JT Baker 6902�05, 98% (18.4 M)), hydrogen peroxide
(H2O2, JT Baker 5155�01, 30% (9.8 M)), hydrochloric acid (HCl,
EMD HX0603�3, 32�36% (11 M)), hydrofluoric acid (HF, JT
Baker 6904�05, 40% (22.6 M)), ammonium hydroxide (NH4OH,
Sigma Aldrich 320145, 28�30% (14.8 M)), Solvable (Perkin-
Elmer, 2.5% NaOH, 2.5�10% N,N-dimethyldodecylamine N-
oxide, 2.5�10% polyethylene glycol trimethylnonyl ether),
and proteinase K (20 g/L)/ATL buffer (QIAGEN 19131/19076).
The ATL buffer composition is mostly proprietary; the known
components include sodium dodecyl sulfate (2.5�10%) and
edetic acid. The proteinase K mixture was prepared by mixing
20 μL of proteinase K, 180 μL of ATL buffer, and 800 μL of water
(total volume = 1 mL). Rat lungs were obtained from female
Sprague�Dawley rats (250�400 g body weight).

Preparation of CNT Suspensions. Dispersion medium was pre-
pared as described previously.23 Briefly, 10 mL of dispersion
medium was prepared using 3.99 mL of 0.9% NaCl, 6 mL of BSA
(1 mg/mL in 0.9% NaCl), and 0.01 mL of DPPC (10 mg/mL in
ethanol, made fresh each time). CNTs were then added to the
dispersion medium to obtain a concentration of 0.5 mg CNT/
mL. The dispersion was stirred briefly and then probe sonicated
(Sonics VibraCell VCX750, 3 mm microtip) in an ice bath for
10 min at 50% duty cycle (10 s on, 10 s off), as described
previously for preparing nanoparticle suspensions for in vivo
and in vitro studies.25

Programmed Thermal Analysis. PTA was used to determine CNT
recovery, determine changes in CNT thermal stability after
treatment, and quantify rat lung tissue background carbon
after treatment; PTA operation is described in detail
elsewhere.13 Briefly, samples were heated using a CNT-specific
temperature ramp program in 100% He (inert conditions) and
then in 90%He/10% O2 (oxidizing conditions; see Figure SI-1).
The carbon that evolves during analysis is converted to
methane and then detected using flame ionization (FID). This
FID signal is calibrated with internal and external standards and
then used to calculate the mass of carbon evolved. The initial
inert heating process is used to remove any organic carbon
remaining after digestion, and the oxidizing heating program is
used to develop the CNT thermogram. The maximum tempera-
ture under inert conditions was set at 675 �C to avoid loss of

W-CNTs, as found previously13 The thermogram and the time
required to reach 50%CNTmass loss was used to determine the
effect of the treatment methods on the thermal stability of the
CNTs.

Raman Spectroscopy. Raman spectroscopy was used to deter-
mine the changes in the CNT structure (i.e., defects) due to the
various treatment methods. Raman spectroscopy was per-
formed on a custom-built instrument in 180� geometry. The
sample was excited using a 532 nm laser with 100 mW max-
imum power, which was controlled using neutral density filters.
The datawere collected using anActon 300i spectrograph and a
back-thinned Princeton Instruments liquid nitrogen-cooled
CCD detector with a spatial resolution <1 μm and spectral
resolution of ∼1 cm�1. Between 1300 and 1600 cm�1, there
are two distinct peaks for CNTs, called the D-band and the
G-band. The D-band is present because of defects or disorder
present within the CNT sample and increases in intensity with
increasing disorder. The G-band is the graphitic band, and a
higher, narrower peak indicates a more ordered CNT. The ratio
of the D-band and G-band intensities (ID/IG) is often used to
determine the defectiveness of CNTs, and this ratiomay be used
to estimate the thermal stability of CNTs.26�31 For this study, the
average ID/IG ratio was calculated from four measurements
taken at different points for each sample.

Procedure for Screening Chemical Digestion Reagents for CNTs and Rat
Lung Tissue. Reagents examined included nitric acid (“nitric”),
sulfuric acid (“sulfuric”), hydrofluoric acid (“hydrofluoric”), hy-
drochloric acid (“hydrochloric”), hydrogen peroxide (“peroxide”),
Solvable, sodiumhydroxide (“hydroxide”), andproteinaseK. CNTs
and rat lung tissue were screened separately. Briefly, CNT or rat
lung tissue sampleswere placed in a 2mLplastic centrifuge tube,
and the appropriate digestion reagent was added. For CNTs,
approximately 25 μg were added to 1 mL of digestion reagent.
For rat lung tissue, samplesweredried in air at 110 �C, ground to a
powder using an agate mortar and pestle, and then 10 mg were
added to 1 mL of digestion reagent. The samples were heated at
60 �C and mixed (30 s on at 700 rpm, 5 min off) for 24 h. After
treatment, samples were washed with water using centrifugal
separation at 25000 � g for 15 min. Acidic and alkaline samples
were neutralized with 1 M NaOH and 1 M HNO3, respectively,
during the initial washing steps (∼30 μL added). After wash-
ing, sample pellets consisting of CNTs and undigested rat
lung tissue (for inefficient reagents) were loaded onto pre-
fired quartz-fiber filters (QFFs, Pall Tissuquartz Filters, 2500
QAT-UP), wrapped in prefired aluminum foil, dried in air for
1 h to prevent sticking to the foil, and then dried in a furnace
at 90 �C. Filtration directly onto the QFF was examined as an
alternative separation method to centrifugation, but some
CNTs passed through the filter. No replicates were performed
for screening experiments.

Extraction of CNTs from Rat Lung Tissue. The final extraction
method was demonstrated using whole rat lungs and CNTs in
independent triplicate samples. CNTs in dispersion medium
were spiked directly onto fresh lung tissue. The samplewas then
dried in air at∼110 �C, and the extraction was performed in the
same vessel without grinding to avoid potential CNT losses.
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Dried lung tissue was used so the CNT mass could be normalized
to the lung mass for equal comparison between samples. Similar
results were obtained using wet lung tissue, so the drying step
could be eliminated if this was the desired application. For whole
lungs, the extractionprocedurewas similar to that described in the
screening experiments, but a 15 mL round-bottom centrifuge vial
and 5 mL of the appropriate digestion reagent were used. The
extraction protocol is outline in Figure 1. As a control, CNTs in
dispersion medium were injected directly onto a QFF and quanti-
fied by PTA; this result was used to define the percent recovery of
CNTs. The target CNT dose for these experiments was 3 μg, which
is in the appropriate range (1�10 μg), as predicted by a particle
deposition model simulating inhalation of CNTs for 4 h at the
occupational exposure limit of 2 mg/m3 for elemental carbon.32
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