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Abstract:0
An object removed from a subjects toe was found to have produced no significant
immune-response or inflammation. Materials analysis revealed the object was
composed of carbon nanotubes and crystallites composted of primarily sodium
chloride. Recently, carbon nanotubes toxicity has been a concern since its introduction
into consumer goods composites. However, it appears object containing carbon
nanotubes may produce a mitigating effect on a subject’s immune- and inflammatory
response. Determination of the underlying cause for such a response by a material
could have far reaching implications for organ donation and prosthetic development.
Introduction:
The subject of this study noticed a burning pain in the tip of his left, second, toe.
Inspection revealed two apparent puncture wounds on the underside of the end of the
left, second, toe and a scratch on its right side. One of the puncture wounds in the toe
was found to fluoresce green under ultraviolet (UV) illumination.
Over the next four days the pain in the toe increased and felt like a strong electric
shock whenever weight was placed on the end of the affected toe. The pain was at a
maximum four days after the incident and decreased slowly thereafter.
The subject was examined by a podiatrist, who obtained X-rays of the subject’s left
foot. A small (~3 mm) foreign object was observed on the X-rays, under the end of the
distal phalanx bone of the left, second, toe.
The object resembled a bent piece of wire on the X-ray, but appeared to have
approximately the same X-ray density as human bone. A subsequent CAT scan of the
left foot confirmed the presence of a foreign object in the same toe.
The object in the subject’s toe was surgically removed on September 6, 2008. The
object was apparently brittle and broke into 12 pieces during removal. Pathology tests
on the tissue surrounding the object showed no inflammation or immunological
reaction by the subject’s body to the presence of the object. The pieces of the object
removed from the subject’s toe turned black and then red upon refrigerated storage in
blood serum. One of the pieces of the object was used for further materials analysis. 0

Optical Analysis:
The sample used in the optical analysis was a small chunk of solid material,
approximately cubic in shape, approximately 1 mm X 0.5 mm X 0.5 mm in dimensions
and dark reddish in color. The sample was stored in a small plastic screw-top medical
specimen vial and covered in blood serum to prevent degradation until analysis was
performed. The sample was visually inspected then imaged under light microscopy
using an Olympus dissecting stereomicroscope and an Olympus laboratory
microscope. Magnifications from 10X-400X were utilized.
The sample was first placed under the dissecting microscope to obtain lowmagnification images (40X) of the entire piece. The sample was imaged both in the
original container, in blood serum, and in the open air (Figures 1a and 1b). Drying the
sample appeared to cause no degradation.

(a)

(b)

(c)

(d)

Figure 1: Sample in air at 40X magnification (a and b), and at 100X (c) and 200X (d).
The low-magnification images of the sample revealed that the sample had a somewhat
rough, and irregular, surface. A reddish patina extended over a large percentage of
the sample surface, which had a color resembling that of iron oxide.0

Magnification is, technically, defined as the ratio of an image metric presented in a form such as printed or projected
media to the actual sample metric. However, for the sake of simplification, the magnification in this brief is the
objective power (5X, 10X, 20X, 50X, and 100X) multiplied by a standard microscope eyepiece power of 10X.

Scanning Electron Microscopy Analysis:
SEM imaging was performed using gradually increasing magnification, with the first
images taken at a magnification low enough to show the samples bulk structure
(Figures 2a and 2b). These images revealed the shiny opalescent phase seen in the
light microscope images appeared to represent an outer layer or coating on the sample
(Figure 2b). The inner, bulk, portion of the sample consists of a darker1 material.
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Figure 2: Low magnification images of sample at (a) 2 40X and (b) 230X, showing entire
sample and outer layer over darker bulk material
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Figure 3: High magnification views of cracks in shiny layer of sample-showing
nanofibers (a) 40,000X and (b) 75,000X
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“Dark”, in the context of SEM imaging refers to a surface which absorbs electrons efficiently. Light areas in SEM
images are those which reflect electrons efficiently. In this case, the darker material, seen in SEM images, was the
Fe-Ni phase as determined by EDX.
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Figure 2a shows the shiny sample surface, seen in light microscopy (upper sample surface in image in Figure 1a).

Nanofibers with a primary bundle diameter of approximately 10 nanometers (nm) were
observed in both the sample outer coating and in the inclusions of light material in the
dark areas of the sample (Figures 3a and 3b). These nano-fibers resemble bundles of
single-walled carbon nanotubes.
Highly regular crystal inclusions and small pits, both ~500 nm in largest dimension,
were also seen in the dark areas of the sample (Figure 4a through 4c). These
nanocrystals consisted primarily of sodium and chlorine with traces of sulfur and
potassium. The orthorhombic crystal habit is unusual for a sodium chloride crystal
which has a cubic crystal structure. Though studies demonstrated the NaCl can form
an octahedral habit through solvent modification, it has not been reported that an
orthorhombic habit can be obtained.3 An orthorhombic habit from sodium chloride is
unlikely, even with solvent modification, since the symmetry and energy of the NaCl
primary crystal faces are identical. Typically, NaCl grows in a cubic habit, slightly
modified by inhibited growth from the face that is blocked by the surface on which the
crystal is growing.
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Figure 4: Unusual surface structures in bulk material of sample.
(a) nanocrystals are observed in the center of the image, (b) a higher magnification of
the crystals reveal orthorhombic crystal habit, and (c) a close up of the pit seen on the
crystal in (b). Notice the pit reveals what appears to be a hollow.
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Figure 5: S.E.M. images of object (a) showing microcavities and a long nanoribbon
structure, (b) close-up of the nanoribbon structure, (c) network structure and open end
of a microcavity structure (top-middle of image), and (d) close-up of a microcavity.
The features in Figure 5 are at the lower diameter range for capillary blood vessels.
The large number of these on the surface of the implant indicates the possibility of
enhanced biocompatibility. The lack of an inflammatory response while the object was
still in the subject supports the conclusion these network may have been capillary
blood vessels.
A close-up of one of these microcavities in Figure 5d shows the interior walls appear
to be very smooth and planar. How these structures might have formed naturally and
the purpose of such cavities is uncertain.

The results of the 532 nm and 633 nm excitation wavelength Raman analyses are
shown in Figures 6 and 7. Raman spectra of the sample are compared to Raman
spectra of iron oxide, a sample of iron meteorite, and single-walled carbon nanotubes.
Three peaks are observed in the sample’s high wavenumber portion of the 532 nm
Raman spectrum (1312.0 cm-1, 1566.8 cm-1, and 1587.7 cm-1, Figure 6). These peaks
match the single-walled carbon nanotube 532 nm Raman spectrum D-band, metallic
(Met), and semi-conducting (SC) G-band peaks. The sample peaks are up-shifted by
approximately 3 cm-1 to 4 cm-1 relative to the single-walled carbon nanotube
spectrum.
If the sample’s peaks are produced by the presence of carbon nanotubes, it is likely the
159 cm-1 peak is a carbon nanotube radial breathing mode (RBM) band. The 633 nm
Raman spectrum of the sample (Figure 7) shows the same peak pattern found in the
532 nm spectrum with somewhat greater intensities for RBMs in the lower wavenumber
spectral region. The single-walled carbon nanotube G-Band is somewhat less intense.

Figure 6: 532 nm Raman spectrum of sample (–) compared to iron oxide from stainless
steel (–), a naturally occurring iron oxide (–), and single-walled carbon nanotubes (–).

Figure 7: 633 nm Raman spectrum of sample (–) compared to iron oxide from stainless
steel (–), and single-walled carbon nanotubes (–).
Elemental Analysis:
Inductively-coupled plasma-mass spectroscopy (ICP-MS) analysis was performed on a
piece of the object removed from Mr. Smith after the SEM, EDX, and Raman data had
been obtained. The ICP-MS analysis was performed by an independent laboratory. The
sample used for ICP-MS analysis was the same analyzed in the optical, S.E.M., EDX, and
Raman analysis.
The sample was digested in a mixture of nitric and hydrochloric acids 4, and an aliquot
of the liquid analyzed by ICP-MS. A portion of the sample, which did not dissolve,
proved to contain carbon nanotubes by Raman analysis.
The ICP-MS elemental analysis supported EDX results concerning the major
components of the sample and also found many trace elements which were not
detected by EDX (Table 1). A total of fifty one (51) elements were detected in the
sample by ICP-MS.5
The major components of the sample, in order of abundance, were iron (greater than
46%)6, and nickel (5.20%).
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See bottom of next page for details of the digestion process.
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The ICP-MS analysis was not sensitive to halogens (F, Cl, Br, I), or sulfur (S).
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exact percentage of iron cannot be obtained from this analysis, because the mass spectrometer detector was
saturated. The EDX-derived value for the percentage of iron in the sample (~94%) is more accurate, in this case.

Discussion:
The high percentage of iron observed in the chemical analysis data strongly indicates
that the red patina on the sample, as delivered, was hydrated iron oxide (rust), a
corrosion product formed by oxygen contact with the iron in the sample and the water
present in the blood serum in which the sample was stored. The salts dissolved in the
blood serum undoubtedly accelerated the corrosion of the metallic portion of the
sample.
The black material, seen on the sample pieces by Dr. Leir, soon after removal from the
patient, was freshly formed iron oxide7, in which hydration had not yet been
completed. The sample had an outer coating of a non-metallic, ceramic-like material,
which was approximately 100 nm-200 nm in thickness. This material had a somewhat
rough texture, as seen under SEM, with surface irregularities up to several microns in
size. Large numbers of inclusions of what appeared to be the same material8 , which
were typically several microns in size, were also seen in the metallic phase.
The high concentration of non-metallic inclusions in the metallic phase probably
account for the brittleness of the original object. Inclusions of unlike material in this
size range, which do not bind well with the sample matrix, act as points of stress
concentration during episodes of mechanical action, leading to cracking at much lower
stress levels than would be the case with a homogeneous metallic material. The
presence of these inclusions is the most likely cause of the breakage of the original
object into small pieces, during its surgical removal.
The non-metallic, ceramic-like, material contains mainly carbon (C), oxygen (O),
silicon (Si), sulfur (S), aluminum (Al), calcium (Ca), iron (Fe) and nickel (Ni), with smaller
amounts of sodium (Na), phosphorus (P), chlorine (Cl), potassium (K), and titanium (Ti),
and chemically resembles a biological hard part, such as shell, or bone9 . The similarity
in composition of the non-metallic phase to biological material may be responsible for
the lack of immune response to the object by the patient’s body.
The opalescence of this material, seen in the light microscopy images, indicates the
presence of an organized, layered, structure, such as occurs in mother-of-pearl, or
opal, which reflects and refracts light strongly into different color bands.
The Raman data, showing what appears to be carbon nanotube D- and G- bands,
along with possible radial breathing modes, strongly indicates the presence of carbon
nanotubes (CNTs). This is confirmed by the SEM images, which show bundles of
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This material (Fe2O3) is black in color, and turns red after long exposure to water.
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EDX elemental analyses of the inclusions and the outer coating were very similar.
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Elemental composition of the non-metallic, ceramic-like phase of the sample was derived from EDX data.

nanotubes, with high carbon content (EDX data), which appear nearly identical to SEM
images of commercial arc-process, single-walled, CNTs.
Therefore, the data indicates the majority of the non-metallic phase material is
probably composed mainly of carbon nanotubes, which are covered and/or filled by a
shell-like coating of aluminum, calcium, iron, nickel, and titanium silicates, oxides,
sulfates, and phosphates.
A smaller percentage of the non-metallic phase of the sample is composed of the very
regularly sized (500 nm), and shaped, sodium, potassium, and iron, chloride and
sulfate-containing crystals, seen in the SEM images.
These crystals appear to be quite regular in size and shape and possess an
orthorhombic habit. Though the blood serum in which the sample was stored
certainly contained sodium chloride, the orthorhombic habit is unusual for a sodium
chloride crystal which has a cubic close packed unit cell and should primarily have a
habit that is cubic. Though habit modification in crystals through crystal face
poisoning with compounds different from the primary growth material is well
documented in peer reviewed literature, it is not possible in the case of a simple crystal
structure such as sodium chloride which has equivalent surface energies on the
dominant growth faces.
Conclusions:
The sample consists mainly of iron, with a high carbon and oxygen content. The iron
base material contains 5.2% nickel, and is highly magnetic. The sample consists of two
major phases; an iron/nickel (Fe/Ni) phase and a non-metallic phase resembling a
hard biological substance, such as shell, tooth, or bone. The iridescence of the nonmetallic phase, seen in light microscopy, suggests a layered microstructure similar to
mother-of-pearl or opal.
The similarity of the non-metallic phase composition to biological material may be
responsible for the patient’s lack of immune response to the object. This non-metallic
phase is high in carbon, oxygen, silicon, magnesium, aluminum, sulfur, and
phosphorus, and is present as an outer covering on the sample and as inclusions in the
metallic Fe/Ni phase. The non-metallic phase of the sample also contains bundles of
carbon nanotubes, perhaps covered or filled, with calcium and magnesium silicates,
phosphates and sulfates.
The lack of immune-response from this sample begs further and more detail analysis
of samples with similar composition. Specifically, kinetic studies of such materials in
blood serum would assist in determining the mechanism by which the material
minimized rejection by the body.

Table 1: ICP-MS results of sample piece 0
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