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Abstract

Modified Carbon NanoTubes (CNTs) have demonstrated early success
in the field of nanomedicine. However, the progress of engineered CNTs
toward clinical and preclinical trials will depend upon the outcome of safety,
efficacy, and toxicological studies of CNTs. In this review, we have attempted
to highlight the progress made so far, focusing on the effects of CNT surface
modification, the analytical methods to measure the interactions between CNT
and biomolecules, the progress in Nanomedicine and the toxicology issues that
remains to be investigated.
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Abbreviations

CNTs: Carbon Nano Tubes; SWCNTs: Single-Walled Carbon
NanoTubes; MWCNTs: Multi-Walled Carbon Nano Tubes; BLI:
Bio-Layer Interferometry; AFM: Atomic Force Microscopy; TEM-
Transmission Electron Microscopy; FS: Fluorescence Spectroscopy;
MDS: Molecular Dynamics Stimulation; DOX: Doxorubicin

Introduction

CNTs are allotropes of carbon with a cylindrical nanostructure
that was initially discovered in the late 1980s [1,2]. CNTs are
members of the fullerene structural family categorized as Single-
Walled Carbon NanoTubes (SWCNTs) or Multi-Walled Carbon
NanoTubes (MWCNTSs). Most SWCNTSs are 0.4-2nm in diameter
while MWCNTSs are 2-100nm in diameter, but both can be millions
of times longer. Using van der Waals forces nt-stacking of sp? bonds,
SWCNTs and MWCNTs naturally align themselves into cylindrical
forms with different “chiral” angles and radiuses that decides their
unique structure and fascinating physical and chemical properties,
including low density, high ductility, high mechanical strength,
and excellent conductivity [3-7]. These properties led to numerous
technological applications including electronic devices, field emission
devices, composite materials, and important biomedical applications.

For examples, low weight (percentage) of CNTs provided
significant the mechanical properties of
biodegradable polymeric nanocomposites, which allowed it to be
suitable scaffold materials for tissue engineering including bone,
cartilage, muscles [8], cardiac [9] and nerve tissue.

improvements in

The electrical conductive capacity, strong mechanical properties,
and similar morphological characteristics of CNTs to neurons and
neuronal structures [10] have attracted many research groups to
investigate potential CNT mediated therapies for Alzheimer disease/
Parkinson disease. These therapies disrupt the disarranged protein
aggregation in the nervous system, deliver functional neuroprotective
growth factors, change the oxidative stress and excitotoxicity of the

affected neural tissues, and regenerate the damaged neurons [11,12].

The high loading capacity and the ability to penetrate into cells
without the need for an external transporter system make CNTSs
emerge as a potentially efficient drug delivery carrier in the biomedical
and drug delivery fields [1]. Numerous research studies have been
done in CNT mediated cancer drug delivery and CNT mediated
thermal ablation of tumor growth in deep and poorly accessible areas
(hyperthermia) [13,14].

However, undesirable side effects such as cardiopulmonary
diseases, inflammation, and fibrosis [3] have been reported for several
CNTs. The causes might be the differences in CNTSs’ roughness,
surface charge, surface group distribution [15] and affinity to various
biomolecules [16]. There has been effort made to modify the CNT
surface to reduce the toxicity used in cell manipulation technology
[17-21] butin vivo toxicity of CNTs is still not very clear. In this review,
we will focus mainly on their biomedical application and issues to be
solved, so we could fulfill the promise of CNTs for nanotechnology
application in biomedical science in the future.

CNT and Biomolecule Interactions

CNTs can load molecules inside their inner cavity to achieve high
loading efficiency. Geometrical parameters were recognized to be
important, as the most efficient host-guest interaction mechanism is
achieved when the van der Waals diameter of the guest molecules
matches the internal diameter of the nanotubes [22]. Additional
adsorption can be in the interstitial triangular channels between the
tubes, on the outer surface of the bundle (external sites), or in the
grooves (major and minor) formed at the contacts between adjacent
tubes, known as “endohedral filling” [23].

Unmodified CNTs contains conjugated double bonds interacting
with biomolecules through van der Waals forces n-stacking of sp?
bonds. Modified CNTs contain functional groups such as carboxylate
or amino group [24] that could interact with biomolecules through
five interactions: hydrogen bonding, hydrophobic effects, covalent,
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Figure 1: Plexera Instrument measurement of k_, k ., K; sensorgrams show
tight binding of -MWCNT to FKBP52 and KGA, but essentially no binding
of p-MWCNT to FKBP52 or KGA. (A) 57.7 yM FKBP52 in PBS binding to
f-MWCNT with k_ : 4.1x10° 1/Ms; k. 1.33x10? 1/s; K:3.25x10° M; (B) 8.3
UM KGA in PBS binding to -MWCNT with k_: 9.09x10° 1/Ms; k ,: 1.57x10*
1s; K:1.73x10°M; (C) 57.7 uM FKBP52 in PBS with no significant binding
to p-MWCNT;(D)Essentially no binding of 8.3 yM KGA in PBS to p-MWCNT.

electrostatic, and p-p stacking interactions [25].

The interactions between the CNTs and biomolecules have been
studied by Atomic Force Microscopy (AFM) [26], Transmission
Electron Microscopy (TEM) [27], Fluorescence Spectroscopy (FS)
[28,29], Molecular Dynamics Stimulation (MDS) methods [30], and
recently bio-molecular interaction assay [16]. AFM microscopic
analysis provides valuable information about shape and roughness,
surface charge, and surface group distribution of the modified CNTs.
The Bio-Layer Interferometry (BLI)-based biomolecular interaction
assay provided valuable kinetic binding information (k_, k ., K)
between CNTs and biomolecules [16]. Spectroscopy is a commonly
used method to measure the binding of biomolecules to CNTs based
on the concentration difference before or after CNT bindings [31],
but at high protein concentration, the subtraction method might have
huge experimental errors and result in false positives.

For examples, we recently measured the interaction between
CNT and proteins [16] using multiple analytical approaches. The
biomolecular interaction assay demonstrated that Wheat Germ
Agglutinin (WGA) protein binds extremely tightly to the carbonated
MWCNTs (-MWCNT) but not to the unmodified MWCNTs
(p-MWCNT). However, the spectroscopy measurement of WGA
concentration in solution before or after CNT bindings, p-MWCNT
appeared to have higher binding capacity and f-MWCNT showed
a 2 fold better binding affinity; the apparent contradiction between
the spectroscopy results and BLI data could explained by the ability
of spectroscopy subtraction method fails to differentiate the specific
from the non-specific interactions, and also the off-rate of a WGA to
CNTs cannot be measured directly using the spectroscopic method.
The tight binding of the f-MWCNT to WGA was discovered because
after extensively washing the WGA-f-MWCNT complex by water
for 5 times, WGA could still bind to f-MWCNT beads as shown in
Bradford assay [16]. However, it is labor intensive to wash tens of
fractions for 5 times manually.

Interestingly, CNTs are known to be extremely effective carriers
of proteins, peptides, nucleic acids, and small molecular drugs for
delivery into living cells. Recently, however, biomolecular interaction
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Figure 2: Fortebio K2 Instrument measurement of k_,
Ky Ko sensorgrams show f-MWCNT binding of DOX,
Ebselen, BSA and ssDNA. (A) 10 uM Doxorubicin in PBS
withk :8.06x10* 1/Ms; k - 1.45x102 1/s;K: 1.81x107 M;
(B) 0.5 uM ssDNA in PBS obtaining k_: 1.55x10° 1/Ms;
ko 1.01x10° 1/s;K :6.5x10"° M; (C) 10 uM Ebselen in
PBST-5% DMSO gaining k : 4.19x10% 1/Ms; k . 5.52x10
$1/s; K, 1.32x10°M; (D) 0.5 uM BSA in PB Shaving k

5.2x10° 1/Ms; k 2.5%10° 1/s; K: 4.82x10° M.

analysis by Forte Bio and Plexera methods demonstrated that the
binding affinities to CNTs are dependent on its surface modifications
[16]. In Plexera assay, CNT was cross-linked on a chip and
biomolecule binding was detected by Surface Plasmon Resonance
(SPR) technology. In Forte Bio assay, CNT was absorbed on a chip
and biomolecule binding was detected by Bio-Layer Interferometry
(BLI)-based techno technology. Both assay showed that non-
functional CNT (p-MWCNTs)could not bind to proteins effectively,
whereas the carboxylated functional CNT (f-MWCNTs) bound to
proteins extremely tightly with a very small off-rate with its binding
K, to WGA at 4.6x10"' M and FKBP12 at 3.2x10° M [16].

Since the kinetic data of CNTs binding to biomolecules (proteins,
peptides, nucleic acids, and small molecular drugs) are rare, we
extended our early kinetic study [16] and measured more k_, k ;
and K values of f-MWCNT or p-MWCNT binding to various
biomolecules. Figure 1 showed binding data collected using Plexera
instrument and Figure 2 using ForteBio K2 instrument.

As shown in Figure 1 in the Plexera assay where both -MWCNT
and p-MWCNT are cross-linked on the chip, the f-MWCNT showed
strong binding to random proteins such as KGA andFKBP52 with K|
of 3.2x10°M, 1.7x10° M, respectively; however, p-MWCNT showed
essentially no binding to any of these proteins.

Interestingly, as shown in Figure 2 in ForteBio assay, the binding
modes of -MWCNT to various biomolecules are different. The
f-MWCNT could bind to proteins and DNA strongly and non-
selectively. Strong dose dependent binding to random proteins
such as BSA, WGA [16], and FKBP12 [16] were observed with K
of 4.82x10° M, 2x10% M, 6x10° M, respectively. The ssDNA with 20
base pairs could also bind to f-MWCNT very strongly (K: 6.5x10"
M) with very small off-rate of k ;: 1.01x10° 1/s. Since proteins
and DNA are important macromolecules for biological functions,
the random and tight binding are likely to inhibit DNA replication,
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Figure 3: CNTs showed great promise as nanomedicine, but the biocompatible and toxicological investigations of CNTs
will have to take place simultaneously to transform carbon nanotubes into a clinical reality.

transcription, translation, and cellular signaling; this could contribute
to the in vivo cytotoxicity.

In addition, although CNT was reported to have high binding
capacity for small drug molecules, ForteBio assay (Figure 2) showed
that both water-soluble Doxorubicin (DOX) and lipophilic Ebselen
have a quick off-rate with K  of 1.81x107 M and 1.32x10”° M,
respectively. Therefore, in order to use -MWCNT as a vehicle for
Doxorubicin (DOX) and Ebselen drug delivery, a cross-link between
the f-MWCNT and the drug must be made to keep both together in
in vivo biological system.

Taken together, these results showed that not only the shape
and size are important for CNT functions, but also the modification
on CNT could totally change the property and the toxicity of the
materials. The f-MWCNT showed essentially no selectivity among
various polypeptide and proteins, and is likely to bind to any proteins,
DNA and lipids; this might explain why CNT is able to penetrate
membrane directly [28] and could inhibit Calcium channels [29].
To predict the in vivo biocompatibility, novel CNTs are highly
recommended to test the kinetic binding to biomolecules such as
proteins, DNA, RNA and cofactors.

CNT Surface Modification

Biomolecular interaction analysis demonstrated that CNT surface
modification might determine the property of the modified materials
[16]. Unmodified CNT showed good biocompatibility because it
does not show strong interaction with biomolecules. However, the
carboxylated CNT binds to various biomolecules tightly and non-
selectively and resulted in poor biocompatibility such as hemolysis
and inhibition of cell proliferation[16].

To reduce toxicity, various CNT surface modifications have been
prepared [34,35]. For example, pulmonary surfactant was coated on
CNTs to improve their chemical properties for biological application
[36]. Perfluorooctanesulfonyl fluoride was used to form a super
hydrophobic surface that provided CNT's with enhanced antibacterial
and mechanical properties [37]. Using the layer self-assembly

technique, laminin CNTs formed basement membranes that could
successfully induce the differentiation and maturation of the neural
stem cells [38]. Primary rat hippocampal neurons that were cultured
on 4-hydroxynonenal protein coated CNT basement grew a greater
number of axons and branches than those in the control group [39].
In addition, serum-coated CNTs could significantly decrease the CNT
toxicity [26], whereas WGA-modified CNT could reduce hemolysis
and increase its inhibition of cancer cell growth [16].

Current hot research field is to modify CNT for targeted drug
delivery. Both Folate-decorated magnetic MWCNTs [40] and
pluronic-F108  surfactant-wrapped ~CDDP-encapsulated — ultra
short SWCNTSs (US-tube) [41] were prepared; when loaded with
Doxorubicin (DOX), both modified CNTs demonstrated enhanced
cytotoxicity toward cancer cell lines than free DOX in both a
dose- and a time-dependent manner. Thiol-modified siRNA cargo
molecules were engineered to link to the amine functional groups
on the sidewalls of phospholipid—polyethylene glycol-SWCNTs via
cleavable disulfide bonds; these disulfide linkages facilitate the release
of the cargo molecules from the SWCNT conjugate upon cellular
uptake [42]. Recently, antibody-conjugated multi-walled carbon
nanotubes were reported suitable for targeted ultrasound imaging
and drug delivery [43].

These experiment data demonstrated that after surface
modifications, CNTs obtained additional property of its coating
materials.

CNT in Anti-Cancer Drug Delivery

Preclinical in vitro and in vivo results showed early promise
of CNT as nanocarriers for cancer treatment [44-48], but no FDA
approvals or clinical trials up to date has been reported. Nanocarriers,
once in the vicinity of the tumor, can:

(i) release their cytotoxic content next to the cancer cells; (ii) bind
to the membrane of the cancer cells and release their content in a
sustained ways; (iii) be internalized into the cells [49].
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CNTs are completely insoluble in all solvents. Therefore, CNTs
need to be shortened in length and diameter and then chemically
modified to transform into water-soluble carriers, which increases
their biocompatibility and decreases their toxicity [50-52]. These
novel modified CNTs can cross the plasma membrane and enter into
the cancerous cells by endocytosis or direct penetration [53,54]. In
addition, surface modification using cancer cell targeting molecules,
provides CNT with enhanced tumor cell specificity which could
overcome the cytotoxicity and the multidrug resistance issues [55-
60].

For example, the sidewall of SWCNTs was conjugated to a first-
line cytotoxic agent (cisplatin) and a targeting moiety (Epidermal
Growth Factor, EGF); the resulting nanocarrier showed an enhanced
efficacy in inhibiting squamous cancer cells that have Epidermal
Growth Factor Receptor (EGFR) over expressed, accumulating
CNT in the tumor tissue, and causing reduction in tumor size
[61,62]. Also, a water-soluble SWCNT conjugated with docetaxel
and NGR (Asn-Gly-Arg) peptide was reported to enhance in vitro
and in vivo efficacy in the PC3 cell line and in a murine S180cancer
model [63]. In addition, several targeted conjugates were prepared
to deliver doxorubicin specifically to tumor tissue. The folic acid
conjugated chitosan modified CNT could selectively deliver DOX
to SMMC-7721 hepatocellular carcinoma cells; the nanocarrier
killed the HCC SMMC-7721 cell, minimized the tumor growth in
nudemice xenograph model, enhanced pharmaceutical efficiency
and decreased in vivo toxicity [64]. The MWCNT conjugated to
doxorubicinloadedhyaluronic acid could be internalized specifically
by A549 human lung adenocarcinoma cells via hyaluronan receptors;
this resulted in improved potency and apoptotic activity in cell-based
assay, tumor growth inhibition in Ehlrich ascites tumor bearing mice
model and in breast cancer-induced rat model, and essentially no
toxicity in mice and rats [65]. The doxorubicin-loaded PEGylated
and angiopep-2 conjugated MWCNT was tested for the treatment
of brain glioma; the modified nanocarrier demonstrated superior
anti-glioma effect in vitro by inhibiting C6 glioma cells and in vivo
by increasing in the median survival time of mice with glioma [66].
In addition, gemcitabine-loaded folic acid-conjugated CNT was
shown to release sustainly gemcitabine at the lysosomal pH in MCE-7
tumor; appreciable gemcitabine release was observed in the systemic
circulation, but a lot less in liver, kidney, spleen and lungs [67]. Taken
together, the in vivo pharmacokinetic parameters demonstrated that
drug-loaded active-target-conjugated CNT could enhance residence
time and half-life with respect to the free drug and the non-targeted
system

CNT Toxicity and Potential Mechanism of
Actions

CNT showed great promise in biomedical application, and thus
the CNT toxicity evaluation become extremely important. As an
insoluble material, the toxicity of CNTs is not easy to be investigated.
Non-functionalized CNTs was reported to decrease cell viability, and
an inflammatory response has been observed with pristine CNTs [68].
Since CNTs have large surface areas to absorb chemicals, irreversible
depletion of the nutrients in the culture solution was proposed as a
mechanism to inhibit cell growth. Another reason is that CNTs could
contain residual chemicals from preparations that might inhibit cell
proliferation in a dose and time-dependent manner.

Limited research has shown that CNT can penetrate into the
body through intravenous, dermal, subcutaneous, inhalational,
intraperitoneal, or oral routes [69]. The inhaled CNTs (0.5 mg)
could encounter macrophage and form granuloma; furthermore,
CNT aggregation via van der Waals’ interactions could stimulate
profibrogenic cellular responses and result in the pulmonary toxicity
in vivo.

Recently, CNTs were reported to stimulate strong cellular
response, not only based on their similarity to the surface roughness
and the diameter of the neural cells [70], but also throughcalcium
channels [71].We discovered that on the basis of the results shown in
(Figure 1,2), carboxylated CNTs bind strongly and non-specifically
to important biomolecules such as proteins, DNA, RNA, and small
molecules; these molecules are delicately balanced to maintain
important signaling pathways and normal functions of cellular
machinery. Once the CNTs enter the cells though endocytosis or
direct penetration, these CNTs could bind to biomolecules, interrupt
the cellular machinery, and result in oxidative stress, which is
recognized as the main mechanism of CNT toxicity [72].

To make the toxicity and inflammation situation even worse,
CNT degradation is very slow. After respiratory exposure, only 18%
of instilled CNT was eliminated in the lungs after 60 days [73]. The
calculated biological half clearance time of CNT was around 50 days
[74]. The biodegradation routes of CNT are still poorly understood.
However, limited in vitro experiment results suggested that MPO
mediated radical mechanism might involve with CNT biodegradation
pathway [75].

Concluding Remarks and Future Perspective

CNTshave unique structure and fascinating physical and chemical
properties. After various modifications, CNTs have demonstrated
early success in nanomedicines to advance pharmacokinetics and
drug delivery, which might be able to address problems in central
nervous system pathologies and Multi Drug Resistant (MDR) cancer
therapeutics. In our view, multifunctional CNTs will continue
to receive significant research attention because of their unique
physicochemical properties in targeted and controlled drug delivery.
However, the use of CNTs in therapeutics and disease diagnosis
needs to be evaluated by systematic determination of the benefit
and the risk. The progress of engineered CNTs toward clinical and
preclinical trials will depend upon the outcome of safety, efficacy, and
toxicological studies of CNTs.

Biocompatibility of CNTs is largely determined by its surface
modifications, which interacts with bio macromolecules in cells and
tissues. AFM, TEM, FS, MDS, BLI and SPR are advanced technologies
that provide critical information of the interactions between modified
CNTs and bio macromolecules, which can be used to determine
preliminary CNT biocompatibility issues. However, for further safety
evaluation, both the in vivo metabolic profiling (ADME) of CNT
and the mechanism of toxicity are critical information that is still
poorly understood. Currently, the major hurdle in pharmacokinetic
investigation is the insolubility of CNTs. Effort has been made to
explore methods to increase the solubility of CNTs which including
shortening the length dramatically, adding more amine groups or
other water-soluble groups.
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In this article, we have attempted to highlight the progress

made so far, focusing on the effect of CNT surface modification,
the interactions between CNT and biomolecules, nanomedicine
and toxicity studies, as shown in Figure 3, looking into the future,
modified multifunctional CNTs as nanomedicine might provide
cutting-edge technology for cancer theranostics, targeted cancer
therapy and imaging diagnosis to monitor the treatment in real time.
However, in vivo toxicity studies are imminent and critical in order to
transform carbon nanotubes into a clinical reality.
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