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ABSTRACT: Detection of SWCNTs in complex matrices presents a unique
challenge as common techniques lack spatial resolution and specificity. Near
infrared fluorescence (NIRF) has emerged as a valuable tool for detecting and
quantifying SWCNTs in environmental samples by exploiting their innate
fluorescent properties. The objective of this study was to optimize NIRF-based
imaging and quantitation methods for tracking and quantifying SWCNTs in an
aquatic vertebrate model in conjunction with assessing toxicological end points.
Fathead minnows (Pimephales promelas) were exposed by single gavage to
SWCNTs and their distribution was tracked using a custom NIRF imaging
system for 7 days. No overt toxicity was observed in any of the SWCNT treated
fish; however, histopathology observations from gastrointestinal (GI) tissue
revealed edema within the submucosa and altered mucous cell morphology.
NIRF images showed strong SWCNT-derived fluorescence signals in whole
fish and excised intestinal tissues. Fluorescence was not detected in other tissues examined, indicating that no appreciable
intestinal absorption occurred. SWCNTs were quantified in intestinal tissues using a NIRF spectroscopic method revealing values
that were consistent with the pattern of fluorescence observed with NIRF imaging. Results of this work demonstrate the utility of
NIRF imaging as a valuable tool for examining uptake and distribution of SWCNTs in aquatic vertebrates.

■ INTRODUCTION

Single walled carbon nanotubes (SWCNTs) are a highly
ordered allotrope of black carbon exhibiting strong covalent
(sp2) bonding between carbon atoms and structural and
electronic properties most similar to graphite or diamond.
Individual SWCNTs typically have a diameter in the range of
0.5−2 nm and are characterized by their high tensile strength,
aspect ratio, and tunable electrical conductivity.1 These unique
characteristics have led to increased use in manufacturing and
biomedical applications, yet the potential adverse health effects
these materials may pose are not well understood.2,3

Much of the research on potential adverse health effects of
SWCNTs has focused on mammalian health end points with a

robust investigation of inhalation as a primary route of
exposure.4−6 Fewer studies have probed the toxicity associated
with SWCNT exposure to aquatic organisms and the majority
of these have focused on bacterial and invertebrate models.
These reports reveal that SWCNTs can inactivate bacteria
commonly found in wastewater treatment plants7 and decrease
survival of Daphnia magna8 and the copepod Amphiascus
tenuiremis.2 Only a handful of studies have investigated effects
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on aquatic vertebrates, namely fish, and demonstrate that
SWCNTs can impact reactive oxygen species production,9,10

immune responses,11 hatching success,12 and modulate
biomarkers of oxidative stress and gill pathology.13

A limitation inherent to investigating effects of carbon-based
nanomaterials is our restricted ability to effectively assess their
distribution in exposed animals. Unfortunately, traditional
analytical methods for nanoparticles are relatively poorly suited
for differentiating nanosized carbon materials from the carbon
that comprises most of the biomass of living cells.14 Some
researchers have applied techniques such as transmission
electron microscopy (TEM), Raman spectroscopy, fluorescent
tagging, thermogravimetric analysis, size exclusion chromatog-
raphy, and absorbance measurements in attempts to localize
SWCNTs in vivo; but each of these techniques has
limitations.15−19 For example, Edgington et al.15 used high
resolution TEM and Raman spectroscopy to qualitatively assess
SWCNT distribution in Daphia magna but were unable to
differentiate these nanomaterials in tissues due to low contrast
and lack of quantitative methods established for carbon. This
poses a major challenge in advancing our understanding of
carbon nanoparticle health impacts and highlights the crucial
need for the development of superior methods for qualitative
and quantitative measurements of SWCNT detection and
distribution in complex biological samples.
Depending on the particular chiral graphene sheet wrapping

vector (n,m) inherent to each SWCNT isoform, SWCNTs
exhibit particular allowed and disallowed electronic transitions
leading to classification as either semiconducting or metallic.20

When excited with 600−800 nm wavelength light, individu-
alized, pristine semiconducting SWCNTs in suspension exhibit
native and intense fluorescence emission in the near-infrared
(NIR) range due to electronic transitions across a semi-
conductor bandgap after excitation.21,22 Their emission spectra
thus reveal information about the structure of SWCNTs and
can also be used to detect and quantify these materials in
complex matrices. Fluorescence in the NIR region is especially
valuable because biological systems exhibit little to no
endogenous background fluorescence in this spectral range.23

Additionally, these long excitation and emission wavelengths
have lower extinction coefficients (due to scatter or absorption)
than visible wavelengths, allowing high-quality imaging of
nanotubes buried in several millimeters of tissue.24 This has led
investigators to consider the use of NIR fluorescence (NIRF)
measurements to examine SWCNT interactions with biological
systems without the need for molecular tagging. Recently, the
principle of NIRF spectroscopy has been applied by members
of our research team to develop a highly sensitive, quantitative
method for quantifying SWCNTs in environmental and
biological samples at nanogram levels.25,26 High-resolution
NIRF imaging methods have also been used in vitro to
investigate ingestion of SWCNTs by phagocytic cells and to
localize targeted cell receptors by utilizing the SWCNTs as
fluorescent probes.27,28 In vivo, SWCNTs fed to drosophila
were identified in the malphighian tubules, salivary glands,
brain, trachea, and fat bodies using NIRF imaging29 and
Welsher et al.30,31 has demonstrated the utility of NIRF for
deep tissue anatomical imaging in mice during intravenous
injection. While this technology has been successful for the
aforementioned applications, the use of NIRF spectroscopy and
imaging in higher order aquatic vertebrates, organisms that are
likely targets of exposure via water and food routes, has not
been performed to date.

Aquatic environments may act as a sink for nanoparticulate
contaminants such as SWCNTs,32 therefore development of
sensitive methods for tracking these agents in aquatic matrices
is essential for assessing the biological effects of nanomaterials.
The primary goal of the current research was to expand the use
of NIRF imaging and spectroscopy methods to examine
SWCNT distribution in fish. To accomplish this goal, we have
constructed and optimized a custom NIRF imaging system that
allows us to track real-time presence and distribution of
SWCNTs via imaging of whole organisms and individual
organs and tissues. As an initial proof of concept approach, oral
gavage was used to simulate foodborne exposure in the fathead
minnow (Pimephales promelas). Chirally enriched, predom-
inantly semiconductive (6,5) SWCNTs, characterized by
electron microscopy and light scattering, were used for the
exposure. Distribution analysis via NIRF imaging was coupled
with quantification of SWCNT in homogenized individual
organs using NIRF spectroscopy methodologies.25,26 Histology
and transmission electron microscopy of the gastrointestinal
tract were also employed to examine potential alterations at the
tissue and cellular level.

■ MATERIALS AND METHODS
Suspension Preparation. Single-walled carbon nanotubes

were graciously donated by SouthWest Nano-Technologies
(Norman, OK) in dry form. SWCNT solutions were freshly
prepared from powdered nanotubes as a suspension in 0.5%
gum arabic (Sigma Aldrich, St. Louis, MO) dissolved in
nanopure water. Initially, 4 mg of SWCNTs were added to 4
mL gum arabic solution and mixed vigorously using a vortex
mixer. The solution was then sonicated on ice for two 10 min
intervals at 50% amplitude using a Branson 450 sonifier fitted
with a 1/8” diameter microtip probe. After sonication, the
solution was centrifuged at 14 100 rpm for 5 min. The resulting
supernatant was carefully collected and the final concentration
of SWCNTs in solution was measured by near-infrared
fluorescence spectroscopy as previously described.25

Metal Leaching From SWCNT Suspensions. To quantify
total metal content, triplicate SWCNT samples (20 mg dry
weight) were combusted in 50 mL quartz beakers (precleaned
with 3 M trace metal grade hydrochloric acid for three days
prior to air-drying in a cleanroom hood) at 550 °C for 12 h in
an electric muffle furnace. After cooling, 1 mL of concentrated
nitric acid and 3 mL of concentrated hydrochloric acid (both
trace metal grade) were added to the ash for digestion. The
samples were then refluxed at approximately 150 °C for 30 min
using a hot plate. After digestion, the samples were then
evaporated to dryness with continuous heating. The residual
solids in each beaker were redissolved in 4 mL of mixed acid
(2% nitric acid and 0.5% hydrochloric acid), and this solution
was diluted 1:5 with the same acid solution. The samples (5
mL) were then analyzed for a suite of trace elements by ICP-
MS (Agilent 7700 quadrupole mass spectrometer) using
internal calibration. Detection limits and sample recovery
were assessed by concurrent analysis of trace elements in
samples of NIST SRM 1643e (Trace Elements in Water).
For leaching experiments, SG65 SWCNTs were added to 1.5

mL of DMEM cell culture media at a final concentration of 50
μg/mL and incubated in the CO2 incubator for 48 h.
Incubation was carried out in properly cleaned (described
above) glass vials. After 48 h of incubation, 1 mL from each
sample were ultracentrifuged in properly cleaned tubes at 80
000 rpm for 30 min at 25 °C (Beckman Rotor, TLA-120.2). 3.
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A total of 600 mL of the supernatant from each centrifuge tube
was collected and transferred into 1.5 mL microcentrifuge tubes
(properly cleaned as described above). The supernatants were
stored at 4 °C for further metal analysis as described above.
Dynamic Light Scattering/Static Light Scattering.

Dynamic light scattering (DLS) using a goniometer system
(ALV-CGS/3, ALV-GmbH, Langen, Germany) was employed
to evaluate stability of SWCNTs suspended in gum arabic (GA)
solution over a 7 day period. A detailed measurement
procedure has been described elsewhere.33,34 In brief, 2 mL
of 10 mg/L SWCNT sample was introduced to the sample
chamber in a previously cleaned borosilicate vial (Fisher
Scientific, Pittsburgh, PA). A 632.8 nm laser was shined
through the sample and scattered light was collected at an angle
of 90° in 15 s intervals for 1 h. Hydrodynamic radii (HR) of the
nanoparticles were calculated by the software interface using
the collected time-dependent scattering data. HRs of the
particles were then plotted against measurement time to see the
stability in this time period. This procedure was repeated after
6, 12, 24 h followed by a 24 h interval for 168 h to monitor
changes in SWCNT aggregate size over the entire exposure
period.
The ALV-CGS/3 goniometer system was also utilized to

perform angle-dependent static light scattering (SLS) of GA
suspended SWCNTs. Ten mg/L SWCNTs was added to a
borosilicate glass vial and angle-dependent scattering was
performed for an angular range of 12.5° to 100° with 0.5°
increments. Fractal dimension was computed from log−log
profiles of scattering intensity and wave vector. The slope of the
fractal regime profile was then computed using linear fit, which
represented the fractal dimension. Data were collected every 2
h for a 24 h duration. Further details of this method are
described elsewhere.35

NIRF Imaging System. Excitation of samples was achieved
with a Visotek 30 W, fiber coupled diode laser at 808 nm
emission wavelength, set to 5 W output power (Visotek, Inc.
Livonia, MI). The laser beam was reflected onto the sample
with a 900 nm long-pass dichroic mirror (Thor Laboratories,
Newton, NJ). Stokes-shifted emission was transmitted through
the dichroic mirror, passed through two 1000 nm long-pass
filters (Thor Laboratories, Newton, NJ), and finally imaged
onto the detector by a 18−108 mm C mount zoom lens (Thor
Laboratories, Newton, NJ). Emission was measured using a
liquid nitrogen cooled Princeton Instruments OMA V InGaAs
two-dimensional array detector (320 × 256 pixels) controlled
by WinView Software (Princeton Instruments, Trenton, NJ).
Please see the accompanying table of contents figure for a
diagram of the NIRF imaging system.
NIRF images collected using the imaging system were

exported to x,y,z matrix waves in Igor Pro 6.2 and processed for
semiquantitative analysis. Specifically, the images were back-
ground subtracted (using a reference image containing no
sample), smoothed (Savitsky-Golay 3 point algorithm), and
thresholded (based on background pixel intensity). NIRF
intensity at each pixel was evaluated and used to detect image
“features” exhibiting significant SWCNT fluorescence. Such
features were then defined and the outlines were used to create
a mask for the processed image. Pixels within the feature mask
were then intensity integrated to give an averaged intensity that
could then be multiplied by the area (square pixels) to yield a
fluorescence intensity value for each feature within a SWCNT-
containing sample image. These intensity values for intestine
samples were then used to evaluate total loss of SWCNT-

derived NIRF signal over the course of the experimental time
points.

NIRF Imaging System Detection Limits. There are many
factors that influence the limit of detection (LOD) in our NIRF
imaging system including image exposure time, laser power,
laser wavelength, and tissue interactions. To provide a detection
limit for the current study we chose to use the same settings as
used for the fish images (808 nm laser @ 5W power, 1 s image
exposure). Because dispersant plays a large role in fluorescence
we conducted LOD experiments for 2% sodium deoxycholate
(SDC), 1% pluronic F68, and 0.5% gum arabic. New
suspensions in each of these dispersants were created as
described above. A dilution series of each was prepared and
imaged by placing a 10 μL aliquot on the sample platform.
LOD was defined as the lowest concentration where discernible
fluorescence was detected.

Fish Exposures. All animal studies were performed in
accordance with the University of Florida Institutional Animal
Care and Use Committee. Fathead minnows were bred and
maintained at the Aquatic Toxicology Core Laboratory at the
University of Florida. Fish were approximately 6 months old at
the time of exposure (Mass: 1.70 ± 0.78g; Length: 55.6 ± 7
mm). Feed was withheld for four days prior to the initiation of
the experiment to purge the intestines. On experiment day
zero, fish were individually anesthetized using buffered MS-222
(Western Chemical Company, Ferndale, WA) and gavaged
with 10 μL of SWCNT suspensions or 0.5% gum arabic
depending on the treatment condition. Gavage was achieved by
gently inserting a 10 μL pipet tip filled with suspension into the
esophagus and carefully dispersing a 10 μL bolus it into the gut.
NIRF images were taken before and immediately after gavage
to visualize introduction of the SWCNTs to the GI tract. Fish
were then placed in treatment- and time-point-specific holding
tanks until sacrifice with MS-222. Fish were not fed during
exposures. The mass, length, and gender of each fish was
recorded, and light field and near-infrared images were
acquired. Following whole fish imaging, internal organs were
removed including intestine, liver, gonad, gall bladder, and
spleen. Light field and near-infrared images were taken of the
intact fish with the left “filet” removed, with and without
organs, as well as all of the individual organs to examine
distribution.

Experimental Design. Two separate experiments were
conducted to examine distribution of SWCNTs in fish during
GI exposures. For histological analysis and transmission
electron microscopy (TEM), four fathead minnows were
gavaged for each treatment and 2, 8, 24, 48, 96, and 168 h
time points. The SWCNT treated fish were gavaged with 10 μL
of a 318 μg/mL SWCNT in 0.5% gum arabic suspension and
the control fish received 10 μL of 0.5% gum arabic. For
SWCNT quantification in tissues, three fathead minnows were
gavaged for each treatment and time point. Time points were 0,
2, 8, 24, 48, 96, and 168 h. The SWCNT treatment was gavaged
with 10 μL of a 426 μg/mL SWCNT in 0.5% gum arabic
suspension and the control treatment was gavaged with 10 μL
of 0.5% gum arabic.

Transmission Electron Microscopy. Five to ten milli-
meter-long gut tract sections were dissected and placed into a
3.0% buffered glutaraldehyde (pH 7.1) solution overnight in 1.5
mL centrifuge tubes. After sections were fixed, they were rinsed
in 0.2 M cacodylate buffer at pH 7.1 for 15 min and stepwise
dehydrated in ethyl alcohol diluted with ultra pure water at 50,
70, 80, and 95% for 15 min and then 100% ethyl alcohol for 30
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min. Sections were then rinsed with a 1:1 ethyl alcohol and L.R.
white resin for 15 min on a nutating mixer. After rinsing with
diluted resin, sections were placed into fresh L.R. white resin
and placed back on the nutating mixer. After 15 min of mixing,
sections were transferred into BEEM capsules with fresh L.R.
White resin polymerization occurred at 60 °C in a drying oven
overnight.
After the embedding process was complete, samples where

sectioned using a DiATOME diamond knife on a Reichert
Ultramicrotome, 90−100 nm thick, and captured on 200-mesh
carbon Formvar copper grids (type FCF200-Cu). Microscopy
samples were viewed on Hitachi 7600 TEM at 120 kV. Energy
dispersive X-ray spectroscopy was performed on the Hitachi
4800SE at 25 kV with TE detector using Oxford instruments
EDS/EDX detector (Clemson University Electron Microscope
Facility).
Histology. The intact gastrointestinal tract from each fish

was carefully dissected immediately upon sacrifice, positioned
straight with fine needles on a piece of dental wax, and
preserved in 10% neutral buffered formalin. Following
preservation, each intestine was separated into four equally
sized pieces, representing sections from proximal to distal.
Sections were embedded in paraffin wax and cut in for routine
histological processing.36 Tissues were sectioned at 5 μM and
sections were stained with hematoxylin and eosin for general
tissue-level observations. Serial sections were stained with alcian
blue/nuclear red counter stain to observe the number and
relative size of mucin-positive cells.
SWCNT Quantification. Tissue concentrations of

SWCNTs were measured using near-infrared fluorescence
spectroscopy according to a previously published method 25

with modifications in sample preparation. Fish tissues (typically
<50 mg wet) were suspended in 0.75 mL of SDC prior to
ultrasonication (Branson Sonifier 450) using a 1/8” microtip
probe at 50% amplitude for 10 min on ice. After a second
round of sonication with an additional aliquot of SDC solution,
the combined solution was transferred to a quartz cuvette and
NIRF emission spectra were collected using an NS1
spectrofluorometer (Applied NanoFluorescence, Houston,
TX) at three laser excitation wavelengths (638, 691, and 782
nm). Calibration was performed by five-point matrix-matched
standard addition of SG65 SWCNTs to nonexposed fathead
minnow intestinal tissue to account for any matrix effects on
quantitation (e.g., internal filter effects or reduced recovery in

extraction). SWCNT burdens were reported as mass SWCNT
per fish.

■ RESULTS AND DISCUSSION
Assessment of the distribution and sublethal effects of carbon
nanomaterials presents unique challenges that must be
addressed to determine if these agents pose a significant risk
to human and ecosystem health.37 While routine methods exist
for identifying various types of nanoparticles (e.g., metal oxides,
TiO2, quantum dots) in aquatic matrices, our current ability to
track and quantify carbon-based materials is limited. Advanced
imaging techniques are time-consuming and expensive and still
lack in their ability to positively identify carbon nanomaterials
in biological organisms.15−19 The objective of this study was to
enhance our capability to track SWCNTs in aquatic vertebrates
by applying NIRF imaging and spectroscopy to the examination
of SWCNT distribution in fish in conjunction with assessing
toxicological end points.
SG65 SWCNTs are a well characterized mixture of primarily

semiconductive (6,5) chirality-enriched, nonfunctionalized
SWCNT formulation that has been used in a number of
systematic environmental studies25,26,34 These particular
SWCNTs are produced by chemical vapor deposition method
(specially termed CoMoCAT by the manufacturer SouthWest
NanoTechnologies, Inc.) with >90% purity, and have an
average diameter of 0.8 nm.25 For the current study, we
performed characterization of SWCNTs before and after
suspension in 0.5% (w/v) gum Arabic dispersant solutions
using TEM and dynamic and static light scattering (DLS and
SLS) techniques. An example electron micrograph (Figure 1A)
illustrates the presence of both filamentous and bundled
SWCNTs. However, the micrographs did not show presence of
significant metal catalysts, which are typically observed as dark
and spherical entities in TEM imaging.38 Our previous work
has shown that the particular batch of SG65 SWCNTs used in
this study contains <5% (w/w) metal catalyst (approximately
2:1 molybdenum:cobalt).25 We additionally performed leaching
experiments in cell culture media to represent a worst case
scenario and results indicate that 3.8% and 0.93% (w/w) of the
total cobalt and molybdenum, respectively, leached from the
SWCNTs. For the highest dose used in this study, 4.26 μg of
SWCNTs, the worst case scenario would be leaching of 8 ng
and 2 ng of total cobalt and molybdenum, respectively. While
these metals cannot be completely discounted as contributing
to biological effects, the levels are quite low and well below

Figure 1. Particle characteristics of SWCNTs in suspension. (A) TEM images of dry SWCNTs before suspension revealed long filamentous and
bundled particles; scale bar = 200 nm.(B) Suspensions used for gavage were diluted to 10 ug/mL with 0.5% gum arabic and particle size was
measured over the exposure period at 25 °C using DLS. The aggregate mean size ranged from 153 to 132 nm. (C) Fractal dimension of particles in
suspension over 24 h was measured by SLS and showed no change in fractal structures over time.
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reported effect levels of cobalt (LC50: 2.67−4.57 mg/L)39 and
molybdenum (LC50: 577−678 mg/L)39 in the fathead minnow.
To determine SWCNT aggregation state, gavage suspensions

were diluted to 10 mg/L in 0.5% gum arabic and DLS was
measured revealing an initial average cluster size of 153 nm that
stabilized to 132 nm after 24 h (Figure 1B). It should be noted
that that SWCNTs fold in suspension and form colloidal
clusters and therefore the DLS measurement gives a measure of
the average hydrodynamic radius of these clusters, rather than
individual tubes.33,34,40,41 Data provided by SLS analysis,
measuring fractal dimension (Df), showed moderately compact
aggregates with Df in the range of 2.2−2.3. The Df also did not
show any noticeable changes over the 24 h period (Figure 1C).
These results imply that the SWCNTs maintain a relatively

stable aggregate size and structure when suspended in gum
arabic over time.
Fish were exposed to SWCNTs via a single gavage of 10 μL

of the respective suspension for each experiment. NIRF
imaging, quantitation, and histology analyses were performed
at 2, 4, 8, 24, 48, 96, and 168 h. Exposure to SWCNTs did not
cause any overt toxicity as we did not observe any impacts on
viability and qualitative health throughout the study. To discern
potential sublethal exposure effects at the tissue level, intestines
were examined histologically for alterations in general
architecture and cell morphology (Figure 2). Mild to moderate
edema and vasodilation were observed in the intestinal
submucosa (Figure 2B) of SWCNT treated fish relative to
control fish (Figure 2A). Altered mucous cell morphology was

Figure 2. Histological sections of intestines from fish exposed to SWCNTs. H&E stained sections from (A) control and (B) SWCNT-treated fish
showing mucous cell atrophy (arrowheads) and submucosal edema (sm) 24 h after treatment. (C) Alcian blue stained composite sections showing
typical morphology of intestinal mucous cells in control fish (left) compared with mucus cell atrophy observed in SWCNT-treated fish (right) after
24 h. Also on the right, bolus of dark material associated with SWCNT exposure is seen within the lumen. (D) Mucin-positive cell counts in
proximal and distal intestinal sections.
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observed from alcian blue stained sections in SWCNT treated
fish which can be interpreted as atrophy or massive mucus cell
secretion compared with control fish (Figure 2C). We did not
observe any obvious hypertrophy or reduction in the number of
mucous cells between treatments in proximal and distal
sections of intestine (Figure 2D). These specific effects have
not been previously documented in fish exposed to SWCNTs
to date however one other study with rainbow trout
(Onchorynchus mykiss) reported increases in respiration rates,
mucous secretion, and edema in gill tissues, as well as erosion
and fusion of intestinal villi.13 Increases in intestinal Na+K+-
ATPase activity and thiobarbituric acid reactive substances
(TBARS) were also noted, most likely due to fish swallowing
the SWCNTs. In a follow-up feeding study by the same group,
similar effects were not observed and such variability may
indicate the importance of exposure route in determining
effects.42 It is worth noting that in the current study and the
aqueous exposure performed by Smith et al.,13 fish were not fed
throughout the duration of the study which may allow for more
irritation of the intestinal tissue by SWCNTs compared to a
food-borne exposure. Additionally, while the SWCNTs used in
the current study and those used in the two previously
mentioned studies shared similar characteristics, different
dispersants were used to suspend the particles (gum arabic vs
SDS) that have been shown to influence toxicological effects in

aquatic organisms.43 It is possible that the variable selection of
dispersants contributes to some of the differential effects
observed between studies. It should also be noted that the
alteration in mucous cell morphology may not necessarily
reflect a pathological response to SWCNTs and may in fact be
a normal gut response to solid materials in general. Future
studies to assess a food-born exposure route of SWCNTs will
be informative in determining whether similar effects are
observed under such scenarios.
Histological examination of proximal and distal sections of

intestines revealed accumulation of mucin-encapsulated dark
areas within the lumen of SWCNT-exposed animals which
were not observed in association with the intestinal villi (Figure
3). Due to the absence of these areas in the controls (Figure
3A), it was assumed they represented large aggregates of
SWCNTs (Figure 3B, 3C). TEM was used to delineate the
presence of SWCNTs in the intestinal lumen (Figure 4).
Though nanosized dense objects were observed, we were
unable to confirm that they were SWCNTs, as similar
structures were observed in some control images. Energy
dispersive X-ray (EDX) spectroscopy was applied to attempt
confirmation of the presence of SWCNTs indirectly by
detection of the catalyst metals Mo and Co but this strategy
proved to be unsuccessful (results not shown). These results
are consistent with other studies, where identification of carbon

Figure 3. Histological cross sections of alcian blue stained intestinal tissue from (A) control and SWCNT treated fish after (B) 2 h and (C) 96 h.
Note the dark bolus in the intestinal lumen of the SWCNT treated fish that is visible at 2 h and then becomes more dispersed and packaged by 96 h.

Figure 4. Transmission electron microscopy images of fathead minnow intestinal sections from (A) control and (B) SWCNT exposed fish. Electron
micrographs were taken at 20,000x magnification; scale bar = 500 nm. Micrographs were focused on microvilli on an individual intestinal villus.
Direct interactions with biological tissues were not observed throughout the exposure and SWCNTs could not be positively identified when
compared to controls. Further attempts to identify particles using EDX analysis (not shown) did not reveal any catalyst metal signatures.
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nanotubes using TEM in complex biological systems is
ambiguous at best. For example, studies examining the
distribution and effects of multiwalled carbon nanotubes
(MWCNTs) in the African clawed frog (Xenopus laevis)
positively identified materials in the intestines of the organisms
using Raman spectroscopy, but could not discern dark masses
within the intestinal tissues as MWCNTs.44,45 Edgington et
al.15,46 examined the uptake and distribution of SWCNTs and
MWCNTs in Daphnia magna using Raman, high resolution
TEM, EDX, selective area diffraction, and electron energy loss
spectroscopy. In these studies the authors were able to
positively identify carbon nanomaterials within the intestinal
lumen by Raman spectroscopy but dark areas within the
intestinal tissue could not be confirmed as carbon particles and
were identified as staining artifacts. The aforementioned studies
collectively highlight the challenges associated with detection of
carbon-based nanomaterials in vivo. In addition to the lack of
specificity, time and resources required to perform nanoscale
imaging limit the ability to evaluate material distribution in
whole tissues.
In the current study, we were able to optimize a NIRF

imaging technique to track SWCNTs in whole fish and organs.
Immediately after gavage, SWCNT fluorescence was visible
through the side of live fish tissue (Figure 5B vs Figure 5C)
using NIRF imaging. As the gavage bolus dispersed in the
intestinal tract over time, the ability to image the SWCNTs
through lateral epidermal tissues decreased (Figure 5D).
However, removal of the left filet revealed significant
fluorescence that was contained in the intestinal tissue (Figure
5E). To further examine distribution, individual organs were
dissected throughout the time series and NIRF images were
collected. Liver, spleen, gall bladder, and reproductive organs
did not show any significant SWCNT-derived NIRF
fluorescence over time (images not shown), indicating no
appreciable uptake through the intestinal epithelium. SWCNTs
were only positively visualized in the intestines of the fish
throughout the exposure (Figure 5H) and removal of all the
organs in the body cavity eliminated fluorescence signal
completely (Figure 5F). It is important to note that one
major advantage of NIRF imaging for SWCNT detection is the
extremely low background fluorescence in the near IR range
inherent to most biological tissues. In our study of SWCNT
distribution in fish with this technique, this low background
conferred increased sensitivity of detection to our assay
throughout the exposure time.
Image analysis of SWCNT-derived fluorescence in fish

intestines was used to track residence time of the nanoparticles
in the fish (Figure 6A), both visually and semiquantitatively.
During the first 24 h following the exposure, the fluorescence
appeared as a compact bolus that began to separate into smaller
pockets and spread throughout the intestine at later time-
points. We noted that under normal feeding conditions, fathead
minnows package their intestinal contents as they move distally
through the lumen which may explain development of these
pockets as the SWNCTs traveled through the intestine. By 96
h, the majority of the SWCNTs had been excreted and by 168
h no SWCNTs were detected in the intestines as observed by
the lack of fluorescence. Spatial fluorescence intensity maps
were created (Figure 6B) based on individual pixel intensity
which were used to semiquantify SWCNT fluorescence in
intestinal images. Plotting average integrated fluorescence
intensity of the images over time showed a trend consistent
with our qualitative assessment of the images, that SWCNTs

are excreted primarily within the first 24 h and then completely
eliminated by 168 h post exposure (Figure 6C).
Quantitative analysis of SWCNT accumulation and depu-

ration in intestines throughout the gavage exposure was
conducted using a NIRF spectroscopic method (Figure 7)
modified from previous studies.25,26 Since the presence of
intestinal tissue had a strong influence on recovery, a matrix-
matched spike standard curve was used to quantify the
SWCNTs. Initial recovery of gavage-spiked SWCNTs (0 h)

Figure 5. Near infrared fluorescence (NIRF) imaging for tracking
SWCNTs in fish. Examples of fish images taken for a fish exposed via
gavage for 8 h. (A) White light illuminated image of a fish is provided
for reference. (B) NIRF image of a fish before gavage. (C) NIRF
images of a fish immediately after gavage show strong fluorescence
through depth of tissue which decreased dramatically after 8 h (D).
Removal of left filet reveals strong fluorescence signal confined within
the intestine (E). Removal of internal organs shows NIRF signal is also
eliminated (F). Individualized intestines were imaged with white light
for reference (G) and NIRF images were taken for tracking SWCNT
distribution over time (H). Scale bars = 5 mm.
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averaged 125% and declined over the remaining observation
time following approximately first-order decay kinetics
throughout the exposure until complete loss was observed at
168 h, yielding an estimated half-life of 27.1 ± 2.8 h.
Comparison of SWCNT quantities measured in tissue (Figure
7) with the semiquantified images (Figure 6C) produced
similar trends, indicating that both of these qualitative
(imaging) and quantitative (spectroscopic) approaches can be
used in conjunction to track and quantify SWCNTs in vivo.
These techniques expand our ability to gain toxicological
information regarding in vivo distribution of SWCNTs. The
importance of our newly developed approach is highlighted in a
recent report by Fraser et al.,42 where the lack of validated
techniques for examining broad distribution of SWCNTs in
exposed fish limited their ability to determine if intestinal
adsorption occurred.
While determining strict detection limits for our imaging

system is difficult due to numerous factors influencing
fluorescence (laser power, exposure time, tissue depth,
dispersant, etc), using 10 μL of dilute suspensions we were
able to detect as little as 0.75, 20, and 5 ng of SWCNTs in 2%
SDC, 1% pluronic F68, and 0.5% gum arabic, respectively.

Comparison of our NIRF images with our quantitative
homogenate based NIRF spectroscopy method shows that at
a minimum we can detect values at or below the detection limit
(ng) of the quantitative method. We conclude that there was
no appreciable uptake through the intestinal epithelium due to
absence of fluorescence signal in the other organs examined
during the exposure (liver, spleen, gall bladder, gonad)
however, it is possible that very low concentrations of
SWCNTs were present below our detection limits for both
methods. In any case, the vast majority of SWCNTs remained
confined in the intestines and were likely excreted by 168 h.
Future studies performed with SWCNT mixed in a food matrix
are warranted as this route of delivery may result in differential
half-life and intestinal absorbance profiles.
Results of the current study demonstrate that NIRF can

provide qualitative and quantitative assessment of SWCNT
distribution in tissues with many advantages over other
techniques that have been used to examine SWCNTs in
environmental matrices. Techniques such as TEM require a
high level of expertise, can be cost and time prohibitive, and
lack adequate protocol for positive identification of carbon
nanomaterials in tissues.15 Other approaches, such as

Figure 6. SWCNT residence time in fathead minnow intestines. (A) NIRF images of fish intestines over time demonstrate strong fluorescence after
initial gavage decreasing over time with 168 h required for total excretion. Scale bars = 5 mm. (B) Image intensity was semiquantified using spatial
fluorescence intensity mapping and (C) plotted over time for comparison to quantified intestine SWCNT burdens.
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fluorescent tagging of carbon nanomaterials, have been
employed for in vivo tracking;47,48 however, the potential for
enzymatic cleavage of the tag, background endogenous
fluorescence, and alteration of biological uptake kinetics limit
the usefulness of such techniques.27 Radioactive labeling of
carbon nanomaterials has also been used, which requires
customized synthesis, additional purification, and can also be
cost prohibitive.25,49 Although Raman spectroscopy has been
shown to be effective in identifying SWCNTs in some systems,
it lacks the sensitivity necessary for detection at low
concentrations in biological samples.15 Major advantages of
NIRF imaging thus include: no requirement for tagging of
semiconducting SWCNTs, ability to image whole live
organisms that can be dissected with no special preparation,
and ease of operation and rapid evaluation of samples.
In the current study we have demonstrated that our NIRF

technique is highly sensitive, with little endogenous background
fluorescence and possess low detection limits. Parallel measure-
ments using semiquantitative NIRF and spectroscopy-based
NIRF quantitation methods showed comparable trends,
indicating accuracy of the technique in detecting semi-
conducting SWCNTs live fish samples. To date, NIRF has
been successfully used to analyze SWCNTs in aqueous
environmental samples, sediment, invertebrates, and now fish
tissues. This study highlights the applicability of NIRF for

SWCNT detection in aquatic environmental and toxicological
studies.
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