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Abstract

Aims—To image the distribution of drug molecules attached to single-wall carbon nanotubes
(SWNTSs).

Materials & methods—Herein we report the use of scanning transmission electron microscopy
(STEM) for atomic scale visualization and quantitation of single platinum-based drug molecules
attached to SWNTSs designed for targeted drug delivery. Fourier transform infrared spectroscopy and
energy-dispersive x-ray spectroscopy were used for characterization of the SWNT drug conjugates.

Results—Z-contrast STEM imaging enabled visualization of the first-line anticancer drug cisplatin
on the nanotubes at single molecule level. The identity and presence of cisplatin on the nanotubes
was confirmed using energy-dispersive x-ray spectroscopy and Fourier transform infrared
spectroscopy. STEM tomography was also used to provide additional insights concerning the
nanotube conjugates. Finally, our observations provide a rationale for exploring the use of SWNT
bioconjugates to selectively target and kill squamous cancer cells.

Conclusion—Z-contrast STEM imaging provides a means for direct visualization of heavy metal
containing molecules (i.e., cisplatin) attached to surfaces of carbon SWNTSs along with distribution
and quantitation.
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Carbon nanotubes with attached drugs and directing ligands have excellent potential for
targeted drug delivery (Figure 1) [1]. Single-wall carbon nanotubes (SWNTSs) with very high
specific surface areas can be easily derivatized with bio-molecules either through chemical
attachment, adsorption or encapsulation [2]. Such bioconjugates on SWNTs have the ability
to deliver bioactive molecules across cell membranes and even into cell nuclei [3-6]. We have
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employed SWNTSs bioconjugated with targeting ligand EGF, the drug cisplatin, and quantum
dots to specifically target and image tumors in cell cultures and mice [7]. Careful
characterization of nanoparticle bioconjugates is essential for the future progress of this
approach [8-10]. In particular, nanotube size distributions and the number of biomolecules per
nanotube length are important parameters, especially for drug delivery.

Platinum-based drugs are widely used in chemotherapy [11]. The first discovered member of
this family, cisplatin (cis-diammineplatinum [11] dichloride), is effective against a variety of
cancers [12]. The primary mode of cisplatin action is the formation of covalent intrastrand and,
to a lesser extent, interstrand cross-links. These adducts modify the DNA structure, thereby
inhibiting key cellular processes (e.g., transcription, replication and repair), leading to death
of dividing tumor cells. In a recent report, a Pt (V) prodrug was attached noncovalently to
carbon nanotubes and cytotoxicity to testicular carcinoma cell cultures was demonstrated
[13]. In addition, cisplatin was encapsulated within carbon nanohorns and was slowly released
to kill lung cancer cells in vitro [14].

Techniques based on electron microscopy are very attractive for the quantitative analysis of
nanoparticle systems used in drug-delivery and biomedical imaging applications [15-17]. For
example, Lengyel et al. used cryoelectron tomography to assess size and compositional
variations of liposomal Doxil®, a US FDA-approved nano-medicine [15]. In another study,
Sousa et al. used a hybrid approach based on scanning transmission electron microscopy
(STEM) and energy-filtered transmission electron microscopy to determine quantitatively the
total molecular weight distributions and amounts of Gd atoms within different populations of
dendrimer nanoparticles [16], which have been considered for applications in nanomedicine
[18].

Z-contrast STEM can be a powerful technique for imaging SWNTSs with covalently attached
organic molecules that contain single atoms of medium-to-high atomic number [19]. In the
STEM technique, a focused electron probe of subnanometer diameter rasters across a specimen,
and at each pixel of the raster an annular dark-field (ADF) detector collects electrons that have
been scattered to high angles. As first shown by Crewe and coworkers [20], image intensity in
Z-contrast STEM scales approximately with the square of the atomic number, and thus high
contrast can be observed for heavy atoms such as Pt on substrates made of light atoms such as
carbon. In addition to atomic-scale imaging, it is also possible with STEM to quantify image
intensities [21-25] and determine the number of heavy metal-based drugs or contrast agents
that are associated with nanotubes or other low-Z nanocarriers used in nanomedicine.

Although imaging individual heavy atoms with Z-contrast STEM has found many applications
in materials science [26—30], there has not been a widespread use of this technique in biological
and biomedical applications. Herein we report the use of Z-contrast STEM for the first atomic-
scale visualization and quantification of Pt-based drug molecules attached to SWNTSs.

Experimental methods

SWNT bioconjugate synthesis

High-pressure CO-synthesized SWNTSs from Carbon Nanotechnologies Inc. (Houston, USA)
were first oxidized by sonication in 3:1 HNO3-H>SO4 for 4 h at 70 °C to generate carboxylic
functional groups, then filtered, washed with water and dried [31]. The SWNTSs with diameters
of approximately 1.4 nm and 40-400 nm in length were dispersed in methanol at a
concentration of 0.5 mg ml~1 for further reaction with the Pt drug. The SWNTSs were then
reacted as described previously with 3 mg ml~1 cisplatin (Sigma-Aldrich) dispersed in dimethyl
sulfoxide at room temperature for 1 h [7]. The resulting SWNT—cisplatin bioconjugate was
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centrifuged, washed extensively with detergent solution to remove adsorbed cisplatin
molecules to the surface of the SWNTSs and filtered to remove unbound cisplatin.

STEM methods

Specimens for electron microscopy were prepared by dispersing functionalized SWNTs treated
with cisplatin or control nanotubes in ethanol and placing 3 pl droplets of the dispersion onto
gold lacey-carbon support grids (EMS, Hatfield, USA). STEM images were recorded using an
FEI Tecnai TF30 electron microscope (FEI, Hillsboro, USA) using a field emission source and
operating at an acceleration voltage of 300 kV. Z-contrast dark-field STEM images of the
SWNTs were obtained using a Fischione ADF STEM detector (Fischione, Export, USA). The
inner-collection semi-angle of the STEM detector was 40 mrad. Images were acquired with a
probe diameter of approximately 0.3 nm and pixel size of 0.027 nm, and they were
postprocessed with a low-pass Gaussian filter of 0.13 nm full-width at half-maximum to reduce
high-frequency noise. The incident electron dose was approximately 5.6 x 108 e nm=2.

To estimate the amount of cisplatin drug attached to the nanotubes, we integrated intensities

of bright spots due to Pt atoms in the STEM images and calibrated these intensities using 1.4-
nm-sized gold clusters (Nanogold) that are known to contain around 67 Au atoms (Nanoprobes,
Yaphank, USA) [32]. As an alternative to using Nanogold as a calibration standard, it is also
possible to convert the intensities of the bright spots in STEM images of cisplatin nano-tube

bundles directly into numbers of Pt atoms. To illustrate this possibility, we used the following
equation to determine the number of gold atoms within several individual Nanogold clusters
and confirm that the average result would be close to 67 atoms.

5B
I

n/\u: X A
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Where, B is the collection semi-angle subtended by the ADF detector; S(B) is the measured net
number of scattered electrons from Nanogold clusters; o(B)ay is the integrated elastic-scattering
cross-section of gold atoms for a collection semi-angle B; lincis the number of incident electrons
per image pixel. The summation in the above equation is done over the number of pixels N
encompassing a single Nanogold cluster, and A is the pixel area. The calculation of o(B)a, Was
done using a similar procedure as described previously [25]. Conversion of image counts into
number of electrons (S(B)) was done by taking into account the nonuniform conversion
efficiency of the ADF STEM detector [25].

Z-contrast ADF STEM tomographic-tilt series of cisplatin—-nanotube bioconjugates were

acquired from —60 to 60° in steps of 3°, a pixel size of 0.15 nm and with an ADF detector inner
semi-angle of 40 mrad. 3D reconstruction of the tilt series was performed in IMOD (University
of Colorado, USA) using the weighted back-projection algorithm of the IMOD package [33].
The 3D model was generated in Amira® (Visage Imaging, Germany) by guided segmentation.

Spectroscopy methods

Specimens for energy-dispersive x-ray (EDX) spectroscopy were prepared as above but using
copper lacey-carbon as support grids. EDX spectra were recorded with a Tracor Northern Micro
ZHV ultrathin window detector fitted to a VG HB501 STEM operating at 100 kV acceleration
voltage, using a 4Pi acquisition system and the NIST Desktop Spectrum Analyzer software.

Fourier transform infrared spectroscopy of SWNT—cisplatin conjugates along with control
SWNTs and cisplatin alone was carried out using KBr pellets of each. The wave-numbers of
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the transmittance of each sample were recorded using a JASCO FT/IR-480 plus
spectrophotometer.

Apoptosis assay

Head and neck cancer cells (HN13) were cultured in a 96-well plate and treated with the SWNT
bioconjugates and cisplatin alone. The wells treated with cisplatin (1 uM) alone and nanotube
bioconjugates were washed off 10 min post-treatment according to our previously described
procedure [7]. The wells treated with a high dose of cisplatin (10 pM) alone were left unwashed
to examine the extent of damage to the cancer cells, thus serving as a positive control. The cells
were incubated for an additional 12 h (overnight) and then assessed for caspase activity. The
EnzoLyte™ Rh110 Capase-3/7 Assay Kit from AnaSpec (CA, USA) was employed for these
studies. This assay makes use of (Z-DEVD),-Rh110 indicator for assaying caspase-3/7
activities, which upon caspase-3/7 cleavage, generates the rhodamine 110 fluorophore that has
bright green fluorescence. This resulting fluorescence was detected at excitation/emission
wavelengths of 496 nm/520 nm using a 96-well plate reader and the data were expressed as a
percentage of caspase activity relative to untreated cells.

Results & discussion

Vibrational spectroscopy

STEM

Fourier transform infrared spectroscopy was used to confirm the covalent binding of cisplatin
molecules to carboxylic functional groups at the surface of oxidized SWNTSs (Figure 2). Indeed,
the changes in spectral features in Figure 2C compared with nanotube and free cisplatin spectra
in Figures 2A & 2B suggest the identity and covalent linkage of cisplatin to the oxidized
SWNTSs [34]. The SWNT-COOH groups have bands in the 1700-1500 cm™! range indicated
by arrows, whereas for cisplatin—-SWNT, the peaks are shifted to slightly higher frequencies,
suggesting coupling of Pt to COO™ [35]. A band appearing near 1350 cm ™ (indicated by arrow)
corresponds to Pt—-N—H bending and appears to shift to lower frequency in cisplatin~-SWNT.
The cisplatin band at approximately 700 cm™1 can be assigned to Pt-N, while this band may
shift to higher frequency in cisplatin~-SWNT and a new band appears at approximately 600
cm™L that can be associated with Pt-O [35]. While the assignments for several of the cisplatin—
SWNT require further validation, the IR-spectral differences are clearly consistent with
covalent linkage of cisplatin to the oxidized SWNTSs. Also, the fact that cisplatin is not removed
by washing with detergent solutions, which are well known to displace adsorbed molecules,
reinforces the nature of the covalent attachment of cisplatin to the nanotubes.

Next, the SWNT—cisplatin bioconjugates were characterized using Z-contrast STEM. The
STEM image in Figure 3A shows a 12-nm wide bundle formed by several individual SWNTSs,
each of approximately 1-1.4 nm in diameter [36]. Figure 3A also reveals intense bright dots
throughout the bundle, providing direct evidence for the presence of attached cisplatin
molecules. Z-contrast images of control SWNTSs with no cisplatin attached did not show any
small bright dots (Figure 3B). The presence of cisplatin on the SWNTSs was also confirmed by
EDX spectroscopy (Figures 3C & 3D). Use of Cu TEM specimen grids gave rise to the Cu
lines present in the spectra.

Numbers of Pt atoms associated with individual bright spots such as those in Figure 3A were
determined by calibrating their intensities using images of 1.4 nm gold nanoparticle clusters
that contain approximately 67 Au atoms (Figure 4A). This calibration can be justified since
Au and Pt have nearly the same elastic-scattering cross-sections. Numbers of Pt atoms
associated with all spots in Figure 3A are represented as a histogram of integrated spot intensity
calibrated in terms of the number of Pt atoms (Figure 4C). The histogram reveals that bright
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spots in Figure 3A contain anywhere from one to 20 atoms. We also determined numbers of

Pt atoms associated exclusively with small (around 0.5 nm x 0.5 nm) spots situated towards

the edge of cisplatin—nanotube bundles. The result is displayed as a histogram in Figure 4D,

where three peaks are evident and identified with discrete integer numbers of Pt atoms. Despite
noise in the measurements, the quantized nature of the histogram validates the accuracy of the
quantification scheme.

From these quantitative measurements, we can identify many single cisplatin molecules
attached to the SWNT bundles, some of which are indicated by arrows in Figure 3A. In the
STEM images, individual Pt atoms appear with a full-width at half-maximum of 3 A due to
the finite size of the STEM probe. A few bigger clusters, 1-2 nm in size and containing 10—
20 Ptatoms, which were also associated with the nanotube bundles, are indicated by arrowheads
in Figure 3A. From the histogram in Figure 4C, we estimate that approximately 65% of all
cisplatin is within clusters of up to five molecules, whereas the remaining cisplatin is within
clusters containing from five to 20 Pt atoms. We also determined the number of individual
SWNTs that formed any given bundle by using tobacco mosaic virus as a mass calibration
standard in the STEM [21-22]. Knowing the total number of Pt atoms associated with a given
nanotube bundle as well as the number of individual nanotubes within the bundle enables us
to estimate the number of cisplatin molecules per unit length of SWNT. Using this rationale,
we estimate that there is on average one Pt atom per 10 nm length of SWNT, which is equivalent
to one Pt atom for every 1000 atoms of carbon. This gives an estimate of around 1 uM cisplatin
in the bioconjugate dispersion, compared with the concentration of 1.3 uM from difference
UV-Vis absorption spectroscopy [7].

As described previously, the use of Nanogold as a standard allowed us to calibrate intensities
of bright spots in STEM images of nanotube—cisplatin bioconjugates into numbers of Pt atoms.
We underline, however, that use of Nanogold as a calibration standard is not strictly necessary,
since signal intensities from STEM images can be directly quantified [22,23,25]. To illustrate
this possibility, we used the equation given earlier to determine the number of gold atoms
within Nanogold clusters. The result is displayed in Figure 4B, which shows that the number
of gold atoms measured from images of Nanogold particles (68 + 11) agrees very well with
the known value of 67. The fact that STEM images can be converted directly into absolute
numbers of atoms should be especially attractive in the quantification of biomedical
nanoparticles containing other atoms such as iron, iodine or gadolinium, for which calibration
standards are difficult to find.

Contrary to typical bulk measurements, high-resolution imaging also allows the uniformity of
nanoparticle-drug dispersions to be assessed. This is evidenced here by the visualization of
both individual Pt atoms and clusters containing from two to 20 atoms. It is reasonable to
consider that formation of the smallest clusters (i.e., two or three Pt atoms) can be explained
by the presence of preferentially reactive sites at the surface of the SWNTs. However, this
same hypothesis might not explain the formation of bigger clusters containing 10-20 atoms.
To get an insight into the possible mechanism by which these bigger clusters are formed, we
performed Z-contrast STEM tomography on a set of nanotube bundles to determine the 3D
arrangement of large Pt clusters [37]. A slice across an x-y plane of a STEM tomogram (Figure
5A) shows three SWNT bundles and some large Pt clusters (1-2 nm in diameter) associated
with one of the bundles. The actual 3D distribution of all Pt clusters can be visualized by surface
rendering of the tomogram, which shows that the clusters are situated in the interior of the
nanotube bundles (Figure 5B). This suggests a possibility that the Pt clusters may be formed
inside cavities of individual SWNTSs and/or incorporated between individual nanotubes within
the bundle. The large Pt clusters are visible under relatively low incident electron dose in the
STEM, ruling out the possibility that they could be formed by coalescence of smaller clusters
as a result of electron irradiation. Further characterization of the SWNT—cisplatin
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bioconjugates is required to determine the 3D distribution of not only large clusters, but also
single Pt atoms. This might be achieved by confocal STEM using aberration-corrected
transmission electron microscopes [38].

A potential application of SWNT-Pt bioconjugates in nanomedicine is the targeted delivery
of anticancer drugs to tumors. This can be particularly important in advanced squamous cell
carcinoma of the head and neck (HNSCC), where treatment options of concurrent chemo-
radiotherapy for organ preservation is the standard of care. At present, due to the improvement
of the locoregional control, chemoradiotherapy with cisplatin or another platinum compound
is considered to be one of the standard treatment regimes for patients with locoregionally
advanced HNSCC [11]. However, only 50-60% of the patients treated with this combination
are cured of cancer, and even those patients who are cured can suffer from acute side effects
[11]. Thus, a novel and more effective treatment with a relatively favorable toxicity for HNSCC
is clearly needed. In this regard, we have previously shown that SWNT bioconjugates are
capable of targeted killing of HNSCC cells in vitro as well as in HNSCC mice cells in vivo
[7]. Here, cancer cells overexpressing EGF receptor on their surface were cultured and treated
with SWNT bioconjugates, which were prepared by conjugating EGF along with cisplatin onto
SWNTSs according to a previously described method [7]. The EGF on the SWNTSs targets EGF
receptors overexpressing on HN13 head and neck cancer cells [39], and promotes the
internalization of the entire SWNT-cis-platin~-EGF complex. Quantification of the percentage
apoptosis of cancer cells in vitro according to a caspase assay revealed that the bioconjugates
achieved a similar killing power than that of a conventional cisplatin treatment (Figure 6A)
[4]. Cell death was also observed by using a bright-field light microscope as shown in Figure
6B-D. Importantly, the high percentage of cell death for the nanotube-based treatment was
achieved with a tenfold lower dosage of cisplatin compared with the conventional treatment
(1 uM vs 10 uM), thus potentially avoiding the rate-limiting toxicities associated with the
current standard of care available to cancer patients.

Conclusion & future perspective

The results reported above have important implications for quantifying dosage levels of
nanoparticle-based drug-delivery systems incorporating heavy metal-based drugs. Z-contrast
STEM can be used to image single cisplatin molecules attached to carbon nanotubes for
anticancer drug-delivery applications. In addition to atomic-level imaging, the STEM method
makes possible the direct quantification of platinum-based drugs and other heavy metal-
containing molecules or ions on carbon nanotubes, and perhaps on other low-atomic number
nanomaterials as well. STEM tomography was able to provide insights concerning the
approximate locations of cisplatin clusters on the nanotube bioconjugates. Such drug mapping
on the bioconjugates may have implications concerning drug availability — specifically, are
small and large clusters both available for cell killing? These issues are under further
investigation in our laboratories.

Carbon nanotubes functionalized with active biomolecules show excellent potential for
biological and biomedical applications; for example, as drug-delivery systems. In future, Z-
contrast STEM will be an important tool for direct visualization and quantification of organic
molecules that are covalently attached to the surface of the nanotubes, either by imaging heavy
atoms already present in the molecules (e.g., cisplatin) or those that are added as labels [19].
Using a STEM microscope with aberration-corrected optics [26—30] will further improve the
accuracy for imaging individual medium-to-high atomic number elements, so as to provide
reliable estimates of drug concentration in nanoparticle-drug dispersions. Ultimately, the
effective killing of HNSCC cells using SWNT-EGF—cisplatin complexes provides a rationale
for the future exploration of the use of SWNT bioconjugates to selectively target and kill
tumoral cells as an anticancer option for aggressive human malignancies.
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Executive summary

e Carbon nanotubes bioconjugated with the anticancer drug cisplatin and a specific
receptor ligand can selectively target and kill squamous cancer cells.

e Z-contrast scanning transmission electron microscopy provides a means for direct
visualization of heavy metal-containing molecules (such as cisplatin) attached to
surfaces of single-wall carbon nanotubes.

e Quantitative electron microscopy using scanning transmission electron
microscopy can be used to determine the average number of cisplatin molecules
associated with single-wall carbon nanotube bundles in order to provide estimates
of drug concentration in nanoparticle—drug dispersions.
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Figure 1. Nanotube-based delivery system for active targeting and killing of cancer cells
Nanotubes bioconjugated with EGF target the cell-surface receptor (EGFR) and are
internalized through receptor-mediated endocytosis. Killing of cancer cells is also
accomplished by conjugating nanotubes with an anticancer drug, such as cisplatin [7].
EGFR: EGF receptor.
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Figure 2. FTIR spectra of (A) oxidized single-wall carbon nanotubes, (B) cisplatin molecules and
(C) single-wall carbon nanotube-cisplatin conjugates

Spectral features between 500 and 1600 cm™1 in (C) indicate covalent binding of cisplatin to
single-wall carbon nanotubes. Peak at 1700-1500 cm™? indicates coupling between the
carboxylic groups on the nanotubes and the Pt atom of cisplatin. Arrows point towards specific
bands (see text for details).
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Figure 3. Characterization of nanotube—-cisplatin bioconjugates

(A) Z-contrast scanning transmission electron microscope image of a single-wall carbon
nanotube (SWNT) bundle reacted with cisplatin. Small bright spots correspond to individual
Pt atoms (arrows), whereas large spots correspond to clusters of atoms (arrowheads). (B) Z-
contrast scanning transmission electron microscope image of an untreated SWNT bundle
showing no bright spots. (C) The group of Pt lines in the energy-dispersive x-ray spectrum
confirms the presence of cisplatin on the SWNTSs. (D) Energy-dispersive x-ray spectrum of
control region of sample without cisplatin shows no Pt lines. Scale bar is 5 nm.
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Figure 4. Quantitation of cisplatin in single-wall carbon nanotube bundles

(A) Z-contrast scanning transmission electron microscope image of Nanogold clusters
containing around 67 Au atoms within a diameter of 1.4 nm. These clusters can be used as a
calibration standard to measure the number of Pt atoms associated with nanotube bundles.
(B) Histogram displaying the number of Au atoms within individual Nanogold particles. The
histogram was calculated using scanning transmission electron microscopy image intensities
from Nanogold according to equation 1. The average number of Au atoms (68 + 11) agrees
well with the expected value of 67. (C) Histogram of humber of Pt atoms associated with all
bright spots in Figure 3a. (D) Histogram of number of Pt atoms from integrated intensities of
small spots situated towards the edge of cisplatin-nanotube bundles (e.g., see arrows in Figure
3A). The peaks at 1, 2 and 3 on the x-axis correspond to clusters containing 1, 2 and 3 Pt atoms.
Scale bar is 4 nm.
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Figure 5. 3D distribution of cisplatin clusters in nanotube bundles

(A) Slice across an xy plane of Z-contrast scanning transmission electron microscopic
tomogram showing three nanotube bundles (arrows) of 8—10 nm diameter. Clusters of Pt atoms
that are approximately 1-2 nm in diameter are seen in one of the bundles. (B) 3D rendering of
the scanning transmission electron microscopic tomogram showing the nanotube bundles and
several large Pt clusters represented as bright dots. The 3D model reveals that the large Pt
clusters are situated in the interior of the nanotube bundles. Scale bar is 10 nm.
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Figure 6. Toxicity of SWNT bioconjugates on head and neck cancer cells

(A) Caspase assay plot showing acute killing (% cell death) of HN13 head and neck cancer
cells by SWNT bioconjugates. Cells alone as a control treated with approximately 1 uM
cisplatin showed minimal cell death, whereas SWNT—cisplatin~-EGF bioconjugates showed
60% cell death even after being washed after 10 min post-treatment. Cell death (%) was
determined HN13 relative to untreated cells. Conventional drug treatment (clinical dose) with
cisplatin only and no wash showed 70% cell death. The high percentage of cell death for the
nanotube-based treatment was achieved with a tenfold lower dosage of cisplatin compared with
the conventional treatment (~10 vs 1 uM, respectively). Bright-field light microscopy images
showing (B) cultured cancer cells before treatment with nanotube bioconjugates, (C) cells with
dark contrast following treatment with nanotubes and (D) detached and floating cells indicating
cell death after ~7 h post-treatment. Scale bar = 25 pm.

SWNT: Single-wall carbon nanotube.
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