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Abstract

A nanoparticle-conjugated cancer drug provides a novel strategy for cancer therapy. In this

study, we manipulated nanodiamond (ND), a carbon nanomaterial, to covalently link paclitaxel
for cancer drug delivery and therapy. Paclitaxel was bound to the surface of 3—-5 nm sized ND

through a succession of chemical modifications. The ND-paclitaxel conjugation was measured
by atomic force microscope and nuclear magnetic resonance spectroscopy, and confirmed with
infrared spectroscopy by the detection of deuterated paclitaxel. Treatment with 0.1-50 ;1g ml~!

ND-paclitaxel for 48 h significantly reduced the cell viability in the A549 human lung
carcinoma cells. ND-paclitaxel induced both mitotic arrest and apoptosis in A549 cells.
However, ND alone or denatured ND-paclitaxel (after treatment with strong alkaline solution,

1 M NaOH) did not induce the damage effects on A549 cells. ND-paclitaxel was taken into
lung cancer cells in a concentration-dependent manner using flow cytometer analysis. The
ND-paclitaxel particles were located in the microtubules and cytoplasm of A549 cells observed
by confocal microscopy. Furthermore, ND-paclitaxel markedly blocked the tumor growth and
formation of lung cancer cells in xenograft SCID mice. Together, we provide a functional
covalent conjugation of ND-paclitaxel, which can be delivered into lung carcinoma cells and
preserves the anticancer activities on the induction of mitotic blockage, apoptosis and

anti-tumorigenesis.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Cancers have become the leading cause of death in the
world.  Among all, lung cancer is one of the most-
often causes and occurrences that leads to the mortality.
Although treatment of cancers include surgery, radiation and
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chemotherapy, patients in the late stage are usually managed
primarily with chemotherapy. Unfortunately, poor intracellular
uptake, limited circulation stability and normal cell damages
reduce the abilities of chemotherapeutic drugs. Nanoparticles
provide the opportunity for improving cancer therapeutics
by conjugating drugs or biological molecules to improve the
treatments [1-4]. For example, carbon nanotubes have been
used as a carrier for cancer drug delivery that effectively
inhibit tumor growth in mice [5]. Nanoliposomal-carrying
cancer drugs have been successfully used in cancer therapy,
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demonstrating the benefits of prolonged tissue residence and
reduced toxicity [6-8].

The issue of potential toxicity of nanomaterials has been
the major concern, although nanoparticles were intensively
developed for biomedical applications [9, 10]. A non-toxic
and biocompatible nanomaterial is required for clinical use.
It has been shown that nanodiamond (ND) particles did
not induce significant cytotoxicity in a variety of cell types
including lung [11, 12], neuronal [13], renal [14, 15] and
cervical cells [16]. In addition, cell division and differentiation
were not altered following ND treatment [12]. Recently,
the intravenous injection of ND particles into mice did not
significantly induce symptoms of abnormality [17]. As a
result, ND is a relative safe nanomaterial based on its non-
cytotoxicity and biocompatibility; however, further rigorous
evaluation before clinical applications is needed. Moreover,
ND is a detectable nanomaterial using its fluorescence property
but without photobleaching [12, 14, 18]. It has also been shown
that ND can be used for the labeling and tracking of cancer
cells [12]. Accordingly, the properties of biocompatible and
detectable ND are very useful for biomedical applications.

The surface of ND particles can also be a unique
platform for the conjugation of chemicals and biomolecules
after functional modifications [18-23]. ND particles
provide two strategies of conjugation by covalent or non-
covalent bonding of chemicals and biomolecules.  The
modified ND surfaces have been shown to conjugate with
DNA [19, 20], lysozyme [18], cytochrome c [21], growth
hormone [22], biotin [23], alpha-bungarotoxin [24] and
insulin [25]. Lysozyme and alpha-bungarotoxin proteins can
be adsorbed on the surface of carboxylated ND via non-
covalent bonding while still preserving the biological activities
of these proteins [18, 24]. The hydrogel of ND with
chemotherapeutic drugs such as doxorubicin was developed
for drug delivery by non-covalent adsorption [26]. However,
the covalent linking of cancer drugs to ND particles and their
anticancer activities are poorly understood.

In this study, we create a novel covalently bonded ND-
paclitaxel conjugate for drug delivery and cancer therapy.
ND-paclitaxel can be taken into human lung carcinoma cells.
Interestingly, ND-paclitaxel displayed anticancer activities by
inducing mitotic arrest and apoptosis. This is the first time to
demonstrate that ND-paclitaxel inhibits the tumorigenesis of
human lung cancer cells in xenograft SCID mice but ND alone
did not induce the effects on mitotic arrest, apoptosis and anti-
tumorigenesis. Our study indicates the functional linkages of
drugs or biomolecules with ND may be developed for varying
biomedical applications.

2. Experimental details

2.1. Chemicals and reagents

Paclitaxel was purchased from Tokyo Chemical Industry
Co. (Ltd Japan). Succinic anhydride, triethylamine
and EEDQ (2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline)
were purchased from Acros Organics (Geel, Belgium).
Powdered ND particles with diameters of 3-5 nm were

purchased from Nanostructured and Amorphous Materials Inc.
(Houston, TX). Hoechst 33258, 3-(4,5-dimethyl-thiazol-2-yl)
2,5-diphenyl tetrazolium bromide (MTT) and the Cy3-labeled
mouse anti-f-tubulin (c-4585) were purchased from Sigma
Chemical Co. (St Louis, MO). Anti-CDC2 and anti-phospho-
CDC2 were purchased from Cell Signaling Technology Inc.
(Beverly, MA). Anti-actin (I-19) was purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA).

2.2. Preparation of ND-paclitaxel

The chemical synthetic procedure for the conjugation of ND
and paclitaxel has been shown in scheme 1. Initial chemical
treatment of ND powders (1) by carboxylation was carried
out according to standard procedures. The ND particles
were stirred in a 3:1 (v/v) mixture of concentrated HCI and
HNO; at room temperature for three days, then diluted with
deionized H,O and separated by centrifugation at 900 rpm.
After centrifugation, the pellets were extensively rinsed with
deionized H,O three times. Thereafter, ND particles were
heated in 0.1 M NaOH solution at 90°C for 2 h. The ND
particles were again heated in 0.1 M HCI at 90°C for 2 h.
The resulting carboxylated ND (2) was dried under vacuum
for 24 h. A mixture of ND—(CO,H), and THF was sonicated
under argon for 5 min. After this time, LiAlH, was added
and the system was refluxed for 24 h. The reaction mixture
was cooled to room temperature and quenched with deionized
H,0. The supernatant liquid was removed by centrifugation
at 900 rpm and the residue was rinsed with deionized H,O
three times. The residue was then heated in 6 M NaOH at
90°C overnight. The reaction mixture was cooled to room
temperature, washed and treated with 0.1 M HCI as described
earlier. The repeatedly washed ND-(CH,OH), (3) was dried
under vacuum at 50°C. To the ND-(CH;ONa), mixture
generated from (3) and NaH in THF was added 6-(chloro-
hexyloxy)-tetrahydropyran and the mixture was stirred at 45 °C
for 24 h. The reaction mixture was cooled to room temperature,
washed with THF and water as before, and finally dried under
a vacuum. A suspension of ND—(CH,O(CH;)cOTHP), (4)
in MeOH/H,0 (3:1) was sonicated for 5 min; p-TsOH was
then added until the solution became acidic, after which it
was stirred at room temperature overnight. The reaction
mixture was worked-up as described earlier to generate (5) as
a dry powder. Triethylamine was added to a slurry of ND—
(CH,0(CH;)¢OH), (5) in THF at 0°C and the mixture was
stirred under argon for 30 min. Methanesulfonyl chloride was
then added dropwise and the resulting mixture was stirred at
0°C for 1 h and at room temperature overnight. Deionized H,O
was added and the centrifuged residue was washed repeatedly
with THF, water and finally dried under a vacuum to yield
ND—(CH;0(CH;)6OMs), (6). ND—(CH,O(CH;)cOMs), (6)
was suspended in DMF and sonicated under argon for 5 min;
NH4OH was then added and the mixture was again sonicated
for 3 min. It was then stirred at 70°C for 12 h. The
reaction mixture was cooled to room temperature and rinsed
with THF three times and deionized H,O twice. Separation by
centrifugation at 900 rpm yielded ND—(CH,O(CH;)¢NH>),
(7), which was then dried under a vacuum.
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Scheme 1. Chemical synthesis of ND-paclitaxel. The chemical products are indicated by the numbers. The succession of chemical synthetic
processes is the following: (a) HCI/HNO; (3:1), rt, 3 d; 1 M NaOH, 90°C, 2 h; 1 M HCl, 90 °C, 2 h; (b) LiAlH,4, THE, reflux 24 h; 6 M
NaOH, 90°C, overnight; (¢) NaH, THF, THP-O-(CH,)sCH,Cl; (d) p-TsOH, MeOH/H, O (3:1), rt, overnight; (e) MsCl, EtzN, THF, 0°C, 1 h,
rt, overnight; (f) NH;OH(aq), reflux, 24 h; (g) 8 (paclitaxel-2'-succinate), EEDQ, Et;N, CH,Cl,, rt, 3 h; (h) 1 M NaOH, rt, overnight.

Paclitaxel-2'-succinate (8) was prepared according to the
known procedure [27]. EEDQ was added to a solution of
paclitaxel-2'-succinate (8) in dry CH,Cl, and stirred for 30 min
at room temperature. To this was added an ultrasonicated
suspension of (7) and EtzN in CH,Cl,. The resulting
mixture was sonicated for an additional 5 min and stirred
at room temperature for 3 h. Paclitaxel-conjugated ND
(9) was separated by centrifugation at 900 rpm and then
rinsed three times with CH,Cl,, three times with THF and
twice with deionized H,O; the system was then separated by
centrifugation at 900 rpm. The resulting pellet was transferred
to a round flask using a small amount of deionized H,O and
dried under a vacuum to give paclitaxel-conjugated ND (9) as a
dry gray powder. The basic hydrolysis of (9) was performed by
treating with a 1 M solution of sodium hydroxide, sonicating
for 5 min and stirring overnight at room temperature. The
Paclitaxel-hydrolyzed-ND (10) thus obtained was separated by
centrifugation at 900 rpm, rinsed with THF three times and
deionized H,O twice, and dried under a vacuum.

2.3. Fourier transform infrared (FTIR) spectroscopy

ND and ND derivatives were analyzed using a Fourier
transform infrared spectrometer (Bomem, MB154, Canada)
with samples placed in a vacuum environment (~ 10~ Torr) for
characterization of various functional groups of the prepared
samples deposited on an Si wafer surface. Typically, the
spectra were collected with 4 cm™! nominal resolution and 200
scans for each spectrum in a direct single-path configuration.
A background spectrum of blank Si wafer was collected each
time for background correction.

2.4. Atomic force microscopy (AFM)

For AFM measurements, ND powders were suspended in
dichloromethane by ultrasonication with a concentration of
~5 mgml~! and centrifugation at 10000 rpm for 10 min.
30 ul of the supernatant solution was placed on a glass
substrate (1.5 cmx 1.5 cm) followed by a two-step spin-coating
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process: 3000 rpm for 10 s, then 4000 rpm for 20 s. The AFM
images shown were obtained using an Autoprobe CP-Research
(Veeco, USA) in tapping mode. Silicon nitride cantilevers
from Nanosensors (type PPP-RT-NCHR) with a nominal force
constant of 42 Nm~! and resonant frequency of ~330 kHz
were used.

2.5. Nuclear magnetic resonance (NMR) spectroscopy

The chemical products were analyzed by NMR spectroscopy.
The dried sample was suspended in CDCl; (0.6 ml) and used
the regular methods to scan overnight. The samples were
analyzed by NMR spectroscopy analysis ('H NMR, Bruker
Avance 400 MHz spectrometer).

2.6. Cell culture

The A549 lung cancer cell line (ATCC #CCL-185) was from
the American Type Culture Collection (Manassas, VA, USA)
that was derived from the lung adenocarcinoma of a 58 year-
old Caucasian male. A549 cells were maintained in complete
RPMI-1640 medium (Invitrogen Co., Carlsbad, CA), which
contained 10% fetal bovine serum, 100 units ml~! penicillin
and 100 pug ml~! streptomycin. These cells were incubated
at 37°C and 5% CO, in a humidified incubator (310/Thermo,
Forma Scientific, Inc., Marietta, OH).

2.7. Cell viability assay

In our experiments, the powders of ND or ND-paclitaxel were
prepared with sterilized distilled water in laminar flow. To
avoid aggregation, the samples were ultrasonicated for 20 min
at room temperature before use. In addition, the samples need
to be freshly prepared. Briefly, the cells were plated in 96-
well plates at a density of 1 x 10* cells/well for 16-20 h.
The cells were treated with ND or ND-paclitaxel for 48 h in
complete medium. After treatment, the medium was replaced
and the cells were incubated with 0.5 mg ml~! of MTT in
complete medium for 4 h. The surviving cells converted MTT
to formazan, generating a blue—purple color when dissolved
in dimethyl sulfoxide. The intensity was measured at 565 nm
using a plate reader (Molecular Dynamics, OPTImax). The
cell viability was calculated by dividing the absorbance of the
treated cells by that of the untreated cells.

2.8. Confocal microscopy

The cells were cultured on cover slips and kept in a 35 mm
Petri dish for 16-20 h before treatment. After treatment
with or without ND, ND-paclitaxel or paclitaxel, the cells
were washed with isotonic PBS (pH 7.4) and then were
fixed with 4% paraformaldehyde solution in PBS for 1 h at
37°C. Thereafter, the cover slips were washed three times
with PBS, and non-specific binding sites were blocked with
PBS that contained 10% FBS and 0.3% Triton X-100 for
1 h. The nuclei and B-tubulin were stained with Hoechst
33258 and the Cy3-labeled anti-S-tubulin (Sigma Chemical
Co.), respectively. At the end of staining, the samples were
examined under a confocal laser scanning microscope (Leica

TCS SP2, Mannheim, Germany). The fluorescence images
were displayed using the frames stored in the computer and the
images were merged by software written for the Leica confocal
microscope (Ver. Lite).

2.9. Fluorescence intensity of ND-paclitaxel in cells by flow
cytometer

A549 cells were plated at a density of 7 x 10° cells per
60 mm Petri dish in complete medium for 16-20 h. Thereafter,
the cells were treated with 0-50 g ml~! ND-paclitaxel for
48 h. After treatment with or without ND-paclitaxel, the
cells were collected and fixed with ice-cold 70% ethanol
overnight at —20°C. The samples were analyzed by flow
cytometer (FACSCalibur, BD Biosciences). A minimum of
10000 cells were analyzed. The fluorescence from the ND-
paclitaxel was excited at a wavelength of 488 nm and the
emission was collected in the green light signal range. The
fluorescence intensity was quantified by CellQuest software
(BD Biosciences).

2.10. Cell cycle analysis

The cell cycle phases can be separated into Go/G;, S and
G,/M by flow cytometer analysis. To examine the effect of
ND-paclitaxel on the cell cycle progression, A549 cells were
plated at a density of 1 x 10° cells per 60 mm Petri dish
in complete medium for 16-20 h. At the end of treatment,
the cells were collected and fixed with ice-cold 70% ethanol
overnight at —20 °C. Thereafter, the cell pellets were treated
with 4 pugml~! propidium iodide solution containing 1%
Triton X-100 and 100 +g ml~! RNase for 30 min. To avoid cell
aggregation, the cell solutions were filtered through a nylon
mesh membrane. Finally, the samples were analyzed by a flow
cytometer (FACSCalibur, Becton-Dickinson, San Jose, CA).
At least 10000 cells were analyzed for DNA content. The
percentage of cell cycle phases was quantified by ModFit LT
software (Ver. 2.0, Becton-Dickinson).

2.11. Mitotic index analysis

To determine whether G, or M phases increased by
ND-paclitaxel, the cells were analyzed by mitotic index.
The mitotic cells showed round-up morphology, compact
chromosomes, spindle formation and contained an intact cell
membrane but did not produce cell membrane blebbing or
the formation of apoptotic bodies. The adherent cells were
cultured on cover slips in a 60 mm Petri dish for 16-20 h before
treatment. After treatment, the cells were carefully and gently
washed with PBS (pH 7.4) to avoid the loss of mitotically
rounded-up cells, and then fixed with 4% paraformaldehyde
solution in PBS for 1 h at 37°C. The B-tubulin was stained
with the Cy3-labeled mouse anti-8-tubulin (1:50) for 30 min
at 37°C. Finally, the nuclei were stained with 2.5 g ml™!
Hoechst 33258 for 30 min. The mitotic index indicated the
percentage of mitotic cell number/total counted cells that was
counted under a fluorescence microscope (Leica TCS SP2) in
each treatment.
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2.12. Apoptotic nuclear counting

After treatment with or without ND-paclitaxel, the cells were
carefully and gently washed with isotonic phosphate-buffered
saline (PBS) (pH 7.4) and fixed with 4% paraformaldehyde
solution in PBS for 1 h at 37°C. The S-tubulin was stained
with the Cy3-labeled mouse anti-8-tubulin (1:50) for 30 min
at 37°C. The nuclei were stained with 2.5 g ml~! Hoechst
33258 for 30 min. The number of apoptotic nuclei were
counted under a fluorescence microscope (Leica TCS SP2).
The cell morphology of apoptosis was confirmed by the
observation of nuclear fragmentation, cell membrane blebbing
and cytoskeleton disruption. The apoptotic percentage (the
apoptotic cell number/total counted cells x 100%) was counted
under a fluorescence microscope (Leica TCS SP2) in each
treatment.

2.13. Western blot analysis

Western analyses of phospho-CDC2, CDC2, and actin were
performed using specific antibodies. After treatment with or
without ND-paclitaxel, the cells were lysed in the ice-cold
whole cell extract buffer containing the protease inhibitors
as described [28]. Equal amounts of proteins in samples
were subjected to electrophoresis using 12% sodium dodecyl
sulfate-polyacrylamide gels. After electrophoretic transfer
of proteins onto polyvinylidene difluoride membranes, they
were sequentially hybridized with primary antibody and
followed with a horseradish peroxidase-conjugated secondary
antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
Finally, the protein bands were visualized using the enhanced
chemiluminescence detection system (Perkin Elmer Life
Sciences).

2.14. Human lung tumor xenograft in SCID mice

A lung carcinoma xenograft was developed in five-week-
old CB17/Icr-Prkdc®?/Crl mice that were obtained from
BioLASCO (BioLASCO Taiwan Co., Ltd). A549 lung
carcinoma cells were treated with or without 10 g ml~! ND-
paclitaxel for 48 h. Thereafter, each mouse received 1 x 10°
A549 cells (in 100 ul of sterile 1x PBS) by being injected
subcutaneously into the right flank area. The tumor sizes
in SCID mice were measured by a digital caliper every four
days and calculated tumor volume by the following formula:
(width? x length)/2. Finally, the visible lung tumors were
separated from sacrificed xenograft mice.

2.15. Statistical analysis

Each experiment was repeated at least three times. Data
were analyzed by two-way analysis of variance (ANOVA) and
further post-hoc tests. A p value of <0.05 was considered
statistically significant.

3. Results

3.1. Characterization of ND-conjugated paclitaxel

An ND-conjugated paclitaxel by covalent bonding was
illustrated in figure 1(A). To examine the linkage of ND and

paclitaxel, FTIR analysis was used for characterizing these
ND derivatives. FTIR of the solid ND samples confirmed
the successful functionalization of ND at various steps. The
stretching of the specific functionalities of the intermediates—
SO, (1203 and 1315 cm™'), NH; (3390 cm™!) (figure 1(B)(b)
and inset (II); the green spectra are the spectral fits for
the peaks observed) and CONH (1700 cm—and their
disappearances in the subsequent stages were clearly observed.
As further proof of the conjugation of paclitaxel on the ND
surface, deuterated paclitaxel-2’-succinate (scheme 1, (d-8))
was synthesized in a similar way as (8) and attached to the
ND surface (scheme 1, (d-9)). (d-9) displayed intense bands
around ~2131 and 2219 cm™! that are characteristic of the
C-D stretching frequency (figure 1(B)((c)—(e)) and inset (I1)).
Saponification of (d-9) cleaved paclitaxel from the ND surface
at the ester linkage, leaving behind (d-10), which retained the
C-D stretching frequencies in the IR spectrum (figure 1(B)(e)
and inset (III)). In addition to FTIR analysis, we have further
examined the particle size and surface topography of pristine
ND (1) and ND-paclitaxel (9) by AFM. The average size
(diameter) of the pristine ND particles was around 3-5 nm by
AFM analysis (figure 1(C), left); however, the ND-paclitaxel
particles were increased to ~10 nm (figure 1(C), right). The
NDs after paclitaxel modification may have caused the whole
composite (ND-paclitaxel) to aggregate as observed in our
TEM studies (data not shown). This may be reflected in
our AFM observation for the increased average sizes of the
composite as the AFM reflects the surface morphological
structures. Furthermore, we found that the 'H-NMR spectrum
of (9) displayed signals due to the paclitaxel moiety on the
ND’s surface as compared to the ND sample, showing the
conjugation of paclitaxel on ND (1) (figure 1(D)).

3.2. ND-paclitaxel reduces cell viability in lung carcinoma
cells

The cell viability of ND, ND-paclitaxel and NaOH-treated
ND-paclitaxel on the A549 human lung carcinoma cells
were analyzed by MTT assay. Figure 2(A) shows that
treatment with 0.1-50 pg ml~' ND particles for 48 h did
not significantly induce the cytotoxicity of A549 cells. In
contrast, ND-paclitaxel (0.1-50 ;g m1~! for 48 h) significantly
reduced the cell viability in a concentration-dependent manner
(figure 2(B)). The ICsy value (the concentration of 50%
inhibition of cell viability) of ND-paclitaxel was around
1 g ml~! towards the A549 cells. Paclitaxel (10-100 nM for
48 h) also reduced the cell viability in A549 cells (figure 2(C)).
To further prove the biological activity of paclitaxel on ND,
ND-paclitaxel was treated with strong alkaline solution (1 M
NaOH), which caused dysfunction of paclitaxel. Indeed,
denatured ND-paclitaxel lost the activity to cause lung cancer
cell death (figure 2(D)).

3.3. Uptake ability of ND-paclitaxel in lung carcinoma cells

We have examined the uptake ability of ND-paclitaxel in
lung carcinoma cells by flow cytometer. Treatment with
ND-paclitaxel (0.1-50 pug ml~! for 48 h) elevated the green
fluorescence intensities so that the spectra were shifted to the
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Figure 1. Characterization of ND-paclitaxel conjugation. (A) (a) ND of 3-5 nm (1); (b) ND derivative, ND—(CH,O—(CH;)s—NH,), (7);

(c) deuterated paclitaxel (d-8); (d) ND-deuterated paclitaxel (d-9). (B) Infrared spectra of each step of the synthesis process, (I) FTIR spectra
of 3-5 nm ND and its derivatives taken in vacuum (~10~° Torr): (a) 3-5 nm ND (1); (b) ND—(CH,0—(CH,)¢~NH,), (7); (c) deuterated
paclitaxel (d-8); (d) ND-deuterated paclitaxel (d-9); (e) (d-10) ND-deuterated paclitaxel after treatment with 1 M NaOH. (II) The observed
N-H stretching (~3390 cm™!) from ND—(CH,0-(CH,)s—NH,), in spectrum (b). The green spectra are the fits for the observed peaks. The
prominent peaks from 2800-3000 cm™" are from CH, in the samples. (IIT) The enlarged section of the observed C—D stretching from the
deuterated paclitaxel in spectra ((c), (d)) in the 2000-2400 cm™! region. The broad peaks around 2350 cm™! arise from variation in
atmospheric CO, outside the vacuum chamber. The observation of both CD and NH ensure the products of each step are according to the
designed scheme. (C) ND or ND-paclitaxel particles were coated on the mica slice and were observed by AFM. The deflection images from
AFM show the contour and size of ND (left) and ND-paclitaxel (right). A histogram of height distribution in ND (left, blow) and
ND-paclitaxel (right, below) were measured by AFM. ND and ND-paclitaxel were scanned from random fields (at least three times) in a

5 pm x 5 um area under AFM. The data shown were from one of the scanned images. (D) The chemical products of ND (1), paclitaxel (8)
and ND-paclitaxel (9) were analyzed by NMR spectroscopy. The dried sample was suspended in CDCl; (0.6 ml), and used the regular
methods to scan overnight. The peaks of paclitaxel derivative were presented in the ND-paclitaxel NMR spectrum but not shown in the ND
NMR spectrum. The peaks were assigned as follows: 1.4-1.9 (m, -CH3;, C—-CH,-C); 2.17 (s, -OCOCHj3); 2.6 (s, -NCOCH,CH,COO-); 3.4
(m, C-CH,-NHCO-); 3.75, 3.85 (m, -C—CH,-0-); 4.1 (m, CO,CHR;-); 4.95 (m, -CH,- of cyclic ether (four-membered ring)); 7.17
(Ar-H).
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Figure 2. Effect of ND-paclitaxel on the cell viability in human lung carcinoma cells. (A) A549 cells were treated with or without ND
(0.1-50 g ml~! for 48 h). (B) A549 cells were treated with or without ND-paclitaxel (0.1-50 g ml~" for 48 h). (C) A549 cells were treated
with paclitaxel (0-50 nM for 48 h). At the end of treatment, the cell viability was measured by MTT assay. Results were obtained from 4—-12
separate experiments and the bar represents mean = S.E. *p < 0.05, ™ p < 0.01 and **p < 0.001 indicate significant difference between
control and ND-paclitaxel (or paclitaxel)-treated samples. (D) A549 cells were treated with 50 £g ml~' ND particles or NaOH-treated
ND-paclitaxel for 48 h. The cell viability was measured by MTT assay. Results were obtained from eight experiments and the bar represents

mean =+ S.E.

right in A549 cells (figure 3(A)). The quantified fluorescence
intensities showed the uptake ability of ND-paclitaxel via a
concentration-dependent manner in A549 cells (figure 3(B)).
The fluorescence intensities were increased to 4-5-fold in
A549 cells than untreated cells on treatment with 10—
50 pg ml~' ND-paclitaxel (figure 3(B)).

3.4. ND-paclitaxel blocks microtubules to induce abnormal
mitotic cells

To examine whether ND-paclitaxel induced microtubule
inhibition, AS549 cells were treated with ND-paclitaxel

7

and subjected to cytoskeleton and nuclear staining. The
green fluorescence from the ND particles was excited by a
wavelength of 488 nm and the emission was collected in the
range 510-530 nm and the red color indicated the location
of microtubules in A549 cells. Treatment with ND-paclitaxel
or paclitaxel markedly increased the abnormal mitotic cell
number (figure 4(A), stars). ND-paclitaxel or paclitaxel
blocked spindle formation and chromosome segregation
(figure 4(B)). The derangement of chromosomes was elicited
by ND-paclitaxel or paclitaxel (figure 4(B), arrows). However,
ND particles did not induce the aberrant chromosomes in the



Nanotechnology 21 (2010) 315106

K-K Liu et al

A

o
<)
«
— untreated
3] — 0.1 ug/mL ND-paclitaxel
- 0.5 pg/mL ND-paclitaxel
— 1 ug/mL ND-paclitaxel
£ — 10 pg/mL ND-paclitaxel
3 — 50 pg/mL ND-paclitaxel
o
38
o]
<
o NN b A
100 101 102 103 104
B Fluorescence intensity
6 -
o **k*
(&)
C —_~
8o
n O
o
S >
=0
o [
> 2
= C
® =
(0]
(n'e

0 01 05 1 10 50
ND-paclitaxel (ng/mL, 48 h)

Figure 3. Uptake ability of ND-paclitaxel in human lung carcinoma
cells. (A) A549 cells were treated with 0-50 g ml~! ND-paclitaxel
for 48 h. At the end of treatment, the cells were trypsinized and then
subjected to flow cytometer. (B) The fluorescence intensities were
quantified by CellQuest software of the flow cytometer. Results were
obtained from four separate experiments and the bar represents the
mean £ S.E. *p < 0.05, " p < 0.01 and **p < 0.001 indicate
significant difference between untreated and ND-paclitaxel samples.

A549 lung carcinoma cells. Besides, the cross-section images
of an ND-paclitaxel-treated A549 cell were captured under a
laser scanning confocal microscope. Figure 5(A) shows that
ND-paclitaxel particles were located on the microtubules and
blocked the spindle formation. Nonetheless, NaOH-treated
ND-paclitaxel particles did not block microtubules and were
located in cytoplasm by dissection of confocal scanning of Z
axis (figure 5(B)).

3.5. ND-paclitaxel induces the cell cycle arrest and apoptosis
in lung carcinoma cells

To investigate the effect of ND-paclitaxel on the cell cycle
progression, A549 cells were treated with ND-paclitaxel and

analyzed by flow cytometer and mitotic index. Comparing with
untreated and ND-treated samples, ND-paclitaxel dramatically
decreased the G/G fractions and increased the G,/M fractions
in A549 cells (p < 0.01) (figure 6(A)). The average
percentages of G,/M fractions were elevated to 83.4% after
treatment with ND-paclitaxel by comparing with 23.0%
before treatment (figure 6(A)). In untreated and ND-treated
samples, the cells were divided into two daughter cells during
cytokinesis; however, ND-paclitaxel blocked cell division and
arrested in the prophase of mitosis (figure 6(B)). Furthermore,
treatment with 0.1-50 g ml~!' ND-paclitaxel for 48 h
decreased the mitosis-regulated protein levels of CDC2 and
phospho-CDC2 via a concentration-dependent manner in A549
cells (figure 7). Actin protein was an internal control protein,
which was not altered by ND-paclitaxel. Additionally, the
mitotic index was increased by treating with ND-paclitaxel
but not in the untreated, ND alone and NaOH-treated ND-
paclitaxel samples (figure 8(B)).

ND-paclitaxel also significantly increased the sub-G
fractions (apoptosis fractions) at the average value of 13.4%
in A549 cells, but the sub-G; fractions of untreated or
ND alone were at the basal level of 2-4% (p < 0.01)
(figure 6(B)). Besides, we have confirmed and counted the
percentage of apoptotic nuclear number by morphological
changes under a fluorescence microscope. Consistently, ND-
paclitaxel significantly elevated ~12% apoptosis in A549 cells;
in contrast, the NaOH-treated ND-paclitaxel lost the ability to
increase the apoptosis level (figure 8(B)).

3.6. ND-paclitaxel inhibits tumorigenesis of human lung
tumor xenograft in SCID mice

The model of a xenograft lung tumor in SCID mice was used
to study the effect of ND-paclitaxel on anti-tumorigenesis. The
xenograft lung tumor was developed in five-week-old SCID
mice. After treatment with vehicle, ND or ND-paclitaxel in
A549 lung carcinoma cells, mice received 1 x 10° cells by
being subcutaneously injected. Figure 9(A) shows the visible
lung tumors that were separated from sacrificed xenograft
SCID mice. The tumors of mice were grown to an average
300-400 mm? in control and ND groups after inoculation for
70 days. Moreover, ND-paclitaxel dramatically reduced the
tumor size at an average of ~25 mm? (figure 9(B)). ND alone
did not significantly alter the tumorigenesis of A549 cells in
mice during 70 days’ observation.

4. Discussion

Chemical drugs linked covalently with nanoparticles have been
developed for diagnostic and therapeutic applications in recent
years. Paclitaxel is a cancer chemotherapy drug, which blocks
microtubules to mediate the mitotic arrest and cell death in
cancer cells [29, 30]. Paclitaxel can stabilize microtubules
and induces the formation of abnormal microtubule bundles
to block the mitosis progression [29, 30]. In this study, we
created a covalent linkage between ND and paclitaxel. ND-
paclitaxel significantly induced the cell death in human lung
carcinoma cells. ND-paclitaxel can be taken into lung cancer
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Figure 4. Effect of ND-paclitaxel on the induction of abnormal microtubules and chromosomes in human lung carcinoma cells. (A) A549
cells were treated with ND (50 nug ml~! for 24 h), ND-paclitaxel (50 g ml~! for 24 h) or paclitaxel (50 nM, 24 h), and then subjected to
cytoskeleton and nuclear staining. The microtubule proteins were stained with Cy3-labeled mouse anti-8-tubulin. The nuclei were stained
with Hoechst 33258. Microtubules and nuclei exhibited red and blue colors, respectively. The green fluorescence from ND particles was
excited by a wavelength of 488 nm and the emission was collected in the range 510-530 nm by using a confocal microscope. The stars
indicate that the cell morphology (mitotic round-up) was affected by paclitaxel or ND-paclitaxel compared to untreated or ND-treated
samples. (B) The pictures are amplified from (A). The arrows indicate the derangement of chromosomes after treatment with paclitaxel or

ND-paclitaxel.

cells in a concentration-dependent manner. More importantly,
ND-paclitaxel exerts its anticancer abilities by inducing mitotic
arrest, apoptosis and anti-tumorigenesis. However, ND alone
or denatured ND-paclitaxel did not induce the damage effects
on lung cancer cells. The covalent linkage of nanoparticles
and drugs provides an advantage for stabilization to avoid

drug dissociation during the delivery process. We suggest that
ND is a potential nanomaterial as a drug carrier for cancer
drug delivery and therapy. Recently, it has been demonstrated
that carbon nanotubes conjugated with paclitaxel exerted drug
delivery for tumor suppression in mice [5]. Recently, Danhier
et al reported that paclitaxel-loaded PEGylated PLGA-based



Nanotechnology 21 (2010) 315106 K-K Liu et al

A

ND-paclitaxel treatment

Z-axis scanning images

top

> bottom
o
b2

4 um

ND-paclitaxel (after denatured by NaOH)

Z-axis scanning images

top > bottom

Figure 5. Location and distribution of ND-paclitaxel in human lung carcinoma cells. (A) An A549 cell from ND-paclitaxel (50 j1g ml~! for
24 h) treatment was visualized by examining Z-axis scanning images using a confocal microscope. The interaction of ND-paclitaxel with
microtubules was observed by scanning in the vertical direction from top to bottom. Microtubules and nuclei exhibited red and blue colors,
respectively. The green color shows the location of ND particles. The yellow color indicates that ND-paclitaxel particles were co-localized
with microtubules. (B) An A549 cell from NaOH-treated ND-paclitaxel (50 g ml~! for 24 h) treatment was visualized by examining Z-axis
scanning images of a confocal microscope.

nanoparticles displayed greater inhibition of tumorigenesis by in tissue residence during cancer therapy [6—8]. Therefore,
comparison with paclitaxel [31]. Additionally, nanoliposomal nanoparticles provide the opportunities for improving cancer
delivery of cancer drugs have the benefits of prolonging drug therapeutics by being conjugated with cancer drugs.
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Figure 6. Effect of ND-paclitaxel on the cell cycle progression in human lung carcinoma cells. A549 cells were treated with 50 ug ml~! ND
or ND-paclitaxel for 24 h. (A) At the end of treatment, the A549 cells were trypsinized and then subjected to flow cytometry analyses. These
data of each cell cycle phases and sub-G, fractions represented the average values from three separate experiments. (B) The B-tubulin and
nuclei were stained with the Cy3-labeled mouse anti-S-tubulin and Hoechst 33258, respectively. Microtubules and nuclei exhibited red and
blue colors, respectively. The green fluorescence from ND particles was excited by a wavelength of 488 nm and the emission was collected in
the range 510-530 nm by using a confocal microscope. The untreated and ND-treated cells were separating into two daughter cells during
cytokinesis. The ND-paclitaxel-treated cell was arrested in the prophase of mitosis.

The toxicity of nanoparticles is a critical issue of concern
for clinical applications. Several studies showed that ND did
not induce cytotoxicity in various cell types [11-16]. Recently,
we have presented that ND particles are non-cytotoxic during
cellular division and differentiation [12]. In the present study,
ND particles did not elicit the mitotic blockage and apoptosis
in lung cancer cells. Moreover, it is the first time demonstrating
that ND particles did not influence the tumorigenesis of human
lung cancer cells in xenograft SCID mice. In contrast, ND-
paclitaxel is effective in inducing mitotic blockage, apoptosis
and anti-tumorigenesis in lung cancer cells. Recently, it
has been reported that no mice showed any symptoms of

abnormality after intravenous injection of ND particles [17].
We propose that ND is a benign nanomaterial for drug delivery
based on its non-cytotoxicity and biocompatibility.

ND powder produced by detonation synthesis has become
available in large quantities, which has enabled many
engineering applications [32, 33]. ND particles prepared by
explosive techniques represent a novel class of nanomaterials
possessing unique surface properties [34]. The surface of
ND particles may be covered with a variety of functional
groups, including carboxyl, lactone, ketone, hydroxyl and
alkyl groups [35-37]. The ND-paclitaxel conjugation has been
verified by atomic force microscope and NMR spectroscopy,
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Figure 7. The effect of ND-paclitaxel on the protein levels of
phospho-CDC2 and total CDC2 in human lung carcinoma cells.
A549 cells were treated with or without ND (0.1-50 z2g ml~' for

48 h). The total protein extracts were subjected to Western blot
analysis by using anti-phospho-CDC2, anti-CDC2 and actin
antibodies. Representative Western blot results were shown from one
of three separate experiments with similar findings.
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and confirmed with infrared spectroscopy by the detection
of deuterated paclitaxel. It has been shown that covalent
immobilization of DNA on ND can be verified by diffuse
reflectance infrared spectroscopy [20]. According to our
experiments, we have developed a successful synthetic
method for the covalent bonding of ND and paclitaxel. In
our preliminary evaluation, we have estimated that each
ND particle linked with ~7 paclitaxel molecules (data not
shown). After calculation, 1 ;g ml~' ND-paclitaxel contained
~100 nM paclitaxel. 1 pgml~' ND-paclitaxel executed
approximate 50% inhibition of cell survival in A549 cells. The
50% inhibition of cell survival by paclitaxel was ~100 nM.
These findings show that ND-paclitaxel is effective in inducing
lung cancer cell death as well as paclitaxel. Accordingly,

A

40 -

*k*

35
30
25 A1
20 A1

15 4

Mitotic index (%)

10 4
5
272

we have successfully synthesized a covalent bonding of ND-
paclitaxel, which still preserves the anticancer activity of
paclitaxel.

It has been shown that ND is detectable by its fluorescence
property but without photobleaching [12, 14, 18]. We have
examined the location and uptake ability of ND-paclitaxel
in lung carcinoma cells by confocal microscopy and flow
cytometry. Using confocal microscopy, we observed that
ND-paclitaxel was taken into cancer cells and located in
the microtubules and cytoplasm. ND particles can be taken
into cells by endocytosis pathways such as clathrin-mediated
endocytosis and macropinocytosis [12, 38]. Interestingly, we
found that ND-paclitaxel uptake into cancer cells was in a
concentration-dependent manner by flow cytometer analysis.
The uptake ability of ND-paclitaxel is correlated to the
anticancer activity of paclitaxel on inducing cell death and
mitotic blockage in lung cancer cells. ND-paclitaxel has an
ester bond between ND and paclitaxel that can be hydrolyzed
by esterases. The ester linkage of ND-paclitaxel may be
cleaved by esterases of lung carcinoma cells to release
paclitaxel to execute microtubule inhibition and apoptosis.
As a whole, the visualization, uptake ability and paclitaxel
release of ND-paclitaxel contain advantages for cancer drug
delivery.

In conclusion, we have synthesized a novel covalent
linkage of ND and paclitaxel, which can be delivered into
lung carcinoma cells. More importantly, the covalent bonding
of ND-paclitaxel still preserves its anticancer activities on the
mitotic blockage, apoptosis induction and anti-tumorigenesis
in human lung carcinoma cells. We provide a functional ND-
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Figure 8. Effect of ND-paclitaxel on the percentages of mitotic index and apoptosis in human lung carcinoma cells. A549 cells were treated
with 50 g ml~! ND, ND-paclitaxel or NaOH-treated ND-paclitaxel for 24 h. (A) After the end of treatment, the 8-tubulin and nuclei were
stained with the Cy3-labeled mouse anti-S-tubulin and Hoechst 33258, respectively. Mitotic index (the percentage of mitotic cell number/total
cell number) was counted under a fluorescence microscope. (B) The percentage of apoptosis was counted by apoptotic nuclei. Results were
obtained from three separate experiments and the bar represents the mean £ S.E. **p < 0.01 and ***p < 0.001 indicate significant difference

between the controls and ND-paclitaxel.

12



Nanotechnology 21 (2010) 315106

K-K Liu et al

A

Tumors (from SCID mice)

1 2 3 4 5

Q" @ @ w @ untreated

ok B EO

- - < & © ND-paclitaxel
B 500 +

450 - @+ untreated (n=5)

—O— ND (n=5)
400 A

—&— ND-paclitaxel (n=5)

Tumor volume (mm3)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Days (after cancer cell inoculation)

Figure 9. Effect of ND-paclitaxel on tumorigenesis of lung
carcinoma tumor xenograft in SCID mice. (A) Xenograft lung tumor
was developed in five-week-old CB17/Icr-Prkdc™?/Crl mice. A549
cells were treated with ND or ND-paclitaxel (10 ;g ml~! for 48 h).
Then the SCID mice were subcutaneously injected with 1 x 10°
cells. Each group contained five mice. The visible lung tumors were
separated from sacrificed xenograft mice after inoculation for

70 days. (B) The tumor volume and growth in SCID mice were
measured by a digital caliper every four days until 70 days. Results
were obtained from five mice per each group and the bar represents
the mean = S.E. ** p < 0.01 indicates significant difference between
the controls and ND-paclitaxel.

paclitaxel conjugate developed for a novel strategy on cancer
drug delivery and therapy.
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