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Abstract

Nanoparticle-conjugated anticancer drugs provide novel opportunities for
cancer therapy. In this study, we evaluated nanodiamond (ND), a carbon
nanomaterial, to covalently bind paclitaxel for drug delivery and cancer therapy.
Paclitaxel was bound to the ND’s surface through a succession of chemical
modification. Treatment with 0.1-50 pg/mL ND-paclitaxel for 48h significantly
reduced the cell viability in A549 human lung cancer cells. However, ND alone or
denatured ND-paclitaxel (after treatment with strong alkaline solution, 1M NaOH)
did not induce the damage effects on A549 cells. The ND-paclitaxel was taken into
cell and located in the microtubules and cytoplasm of A549 cells observed by
confocal microscopy. Moreover,-ND-paclitaxel still reserves the anticancer activity
of paclitaxel. ND-paclitaxel was attributed both mitotic blockage and apoptotic
induction in cancer cells. The protein levels of CDC2, phosphorylated CDC2, and
cyclin B1 were decreased by treatment with ND-paclitaxel. Besides, ND-paclitaxel
inhibited the tumorigenesis of xenograft human lung tumor in SCID mice. Moreover,
we also found ND-paclitaxel was significantly induced cytotoxicity and apoptosis in
other cancer cells including colon cancer cells (RKO and HCT116) and bladder
cancer cells (BFTC 905). ND-paclitaxel induced the caspase-3 activation and the
protein cleavage of PARP. In summary, we have developed a functional covalent
ND-paclitaxel, which still preserves its anticancer activities on the mitotic blockage,

apoptosis induction and anti-tumorigenesis.
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1.

Introduction

Cancers have been become the leading reason of death in the world. In Taiwan,

lung cancer has become the first mortality among all cancer patients (Department of

health, Executive Yuan, 2009). Although treatments of cancers include surgery,

radiation, and chemotherapy, patients in late stage diseases are usually managed

primarily with chemotherapy. However, poor intracellular uptake, limited

circulation stability, and normal cell damages reduce the abilities of

chemotherapeutic drugs. Therefore, development of novel strategies for cancer

therapy is highly desired. Nanoparticles. have been evaluated for biomedical

applications in recent years. ‘Moreover,  nanoparticles can be developed for

biomedical application such as cancer.detection and drug delivery (Kang et al., 2010;

Liu et al., 2008).

Nanoparticles refer to are the substance of investigation size at range 1-100 nm

at one dimension (McNeil, 2005). Nanomaterials as drug delivery systems facilitate

approach for cancer therapy (Alexis et al., 2010). Nanoparticles can improve cancer

therapeutics by conjugated with drugs and biological molecules (Akerman et al.,

2002; Gao et al., 2004; Michalet et al., 2005; Tada et al., 2007). For example,

guantum dots, which exhibit varying colors of fluorescence, have been applied for

the labeling and imaging of tumors by conjugation with specific target proteins



(Akerman et al., 2002; Gao et al., 2004; Tada et al., 2007). Nanoliposomal carrying

cancer drugs have been successfully used in cancer therapy, demonstrating benefits

of prolonged tissue residence and reduced toxicity (Chau et al., 2006; Koshkina et

al., 2003; Noble et al., 2006). Utilization liposome-encapsulated doxorubicin have

been successfully used in cancer therapy, demonstrating doxorubicin displayed less

cardiac toxicity (Batist et al., 2001). Besides, carbon nanotube has been used as a

carrier for cancer drug delivery that effectively inhibited tumor growth in mice (Liu

et al., 2008).

It has been concerned on the issue of toxic potential of nanomaterials (Nel et

al., 2006; Service, 2004), although it is intensively developed for biomedical

applications. A non-toxic and biocompatible nanomaterial is desired for clinical

applications. Nanodiamond (ND) is a carbon derivative nanomaterial, which has

been evaluated for biomedical applications in recent years. It has been shown that

ND do not induce cytotoxicity in a variety of cells including lung (Liu et al., 2007;

Liu et al., 2009), neuronal (Schrand et al., 2007), renal (Lechleitner et al., 2008; Yu

et al., 2005), and cervical cells (Chang et al., 2008). Moreover, ND particles did not

alter cell division and differentiation (Liu et al., 2009). In addition, the intravenous

injection of ND particles into mice did not significantly induce symptoms of

abnormality (Yuan et al., 2009). It is a relative safe nanomaterial based on its



non-cytotoxicity and biocompatibility, although ND should be to further evaluation

before clinical use.

The surface of ND particles has a unique platform for conjugation of chemicals

and bio-molecules after functional modifications (Yang et al., 2002; Chao et al.,

2007; Ushizawa et al., 2002; Huang et al., 2004; Cheng et al., 2007; Krueger et al.,

2008). ND is suitable for bioconjugation either chemically (covalently or

noncovalently) or physically (adsorption) (Cheng et al., 2005; Krueger, 2008).

The modified ND’s surfaces have been shown to conjugate with DNA (Yang et al.,

2002; Ushizawa et al., 2002), lysozyme (Chao et al., 2007), cytochrome ¢ (Huang et

al., 2004), growth hormone (Cheng et al.; 2007), biotin (Krueger et al., 2008),

alpha-bungarotoxin (Liu et al., 2008), and-insulin (Shimkunas et al., 2009), and

folate (Zhang et al., 2009). Lysozyme and alpha-bungarotoxin proteins can be

absorbed on the surface of carboxylated ND via non-covalent bonding that still

preserve the biological activities of these proteins (Chao et al., 2007; Liu et al.,

2008). The hydrogel of ND with chemotherapeutic drugs such as doxorubicin was

developed for drug delivery by non-covalent adsorption (Huang et al.,2007). In

addition, ND has been covalently linked to folate for targeting cancer cells (Zhang

et al., 2009).

Until now, the covalent linking of cancer drugs to ND particles and the



anticancer activities of these conjugates are poorly understood. Paclitaxel is the one

of most widely used chemotherapeutic drugs in the clinic for the treatment of

advanced solid carcinomas (Wang et al., 2009). Paclitaxel disturbs microtubule

dynamics and impairs the transition of cells in mitosis, and leading to cell death

(Wang et al., 2010).

In this study, we create a novel covalent bonded ND-paclitaxel for drug

delivery and cancer therapy. ND-paclitaxel can be taken into human lung and colon

carcinoma cells. More importantly, ND-paclitaxel displays anticancer activities by

inducing mitotic arrest, apoptosis and.anti-tumorigenesis. Accordingly, we create a

functional covalent conjugation .of*ND and paclitaxel, which provides the possible

biomedical applications for drug delivery and cancer therapy.



2. Materials and methods

2.1 Reagents and antibodies

Paclitaxel was purchased from Tokyo Chemical Industry Co. (Ltd. Japan).

Powdered ND particles with diameters of 3-5 nm were purchased from

Nanostructured and  Amorphous  Materials  Inc.  (Houston,  TX).

3-(4,5-dimethyl-thiazol-2-yl) 2,5-diphenyl tetrazolium bromide (MTT), Hoechst

33258, and the Cy3-labeled mouse anti-p-tubulin (c-4585) were purchased from

Sigma Chemical Co. (St Louis, Mo.). Anti-CDC2, anti-phospho-CDC2 (tyrsion-15,

threonine-14, and threonine-161), and,anti-poly(ADP-ribose) polymerase (PARP)

antibodies were purchased from Cell Signaling: Technology Inc. (Beverly, MA).

Anti-caspase-3 antibody was purchased fram BioVision (BioVision, Inc., USA).

Anti-cyclin B1 (Ab-2) antibody was purchased from Oncogene Sciences

(Cambridge, MA). Anti-actin (1-19) antibody was purchased from Santa Cruz

Biotechnology, Inc. (Santa Cruz, CA).

2.2 Cell lines

A549 cell line (ATCC number: CCL-185) was derived from the lung

adenocarcinoma. RKO (ATCC number: CRL-2677) was a colon carcinoma cell line.

HCT116 (ATCC number: CCL-247) was a colon carcinoma cell line. BFTC 905

cells (BCRC number: 60068) were derived from human bladder papillary



transitional cell carcinoma.

2.3  Cell culture

A549 and BFTC 905 cells were maintained in RPMI-1640 medium (Invitrogen

Co., Carlsbad, CA). RKO cells were cultured in DMEM medium (Invitrogen).

HCT116 cells were maintained in McCoy’s 5A medium. The complete media were

supplemented with 10% FBS, 100 units/ml penicillin, and 100 ug/ml streptomycin.

These cells were cultured at 37 “C and 5% CO2 in a humidified incubator (Thermo,

Forma Scientific, Inc., Marietta, OH).

2.4  Synthesis of ND-conjugated paclitaxel

ND-paclitaxel was synthesized and kindly -provided by our collaborator Dr.

Chinpiao Chen (Department of< Chemistry, National Dong-Hwa University,

Hualien). The chemical synthetic procedure for the conjugation of ND and

paclitaxel was been shown in Scheme 1. Initial chemical treatment of ND powders

(1) by carboxylation was carried out according to standard procedure. The ND

particles were stirred in a 3:1 (v/v) mixture of concentrated HCI and HNO3 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)x and THF was sonicated under argon for 5 min. After this
time, LiAIH, was added, and the system was refluxed for 24 h. The reaction mixture
was cooled to room temperature and quenched with deionized H,O. 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 € 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)sOTHP), (4) in MeOH/H,0O (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,O(CH;)sOH)y (5) in THF at 0 €, and the mixture was
stirred under argon for 30 min. Methanesulfonyl chloride was then added dropwise,

and the resulting mixture was stirred at 0 € 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 Vyield

ND-(CH2,0(CH,)sOMs)x (6). ND-(CH,O(CH2)sOMs), (6) was suspended in DMF

and sonicated under argon for 5 min; NH,OH was then added and the mixture was

again sonicated for 3 min. It was then stirred at 70 < 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(CH2)sNH,)x

(7), which was then dried under a vacuum. Paclitaxel-2'-succinate (8) was prepared

according to the known procedure (Zakharian et al., 2005). 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 Et3N 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,Cly, 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 grey powder. The basic hydrolysis of (9) was

performed by treating with a 1M 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.
2.5 Cytotoxicity assay

In all experiments, the powders of ND or ND-paclitaxel were prepared with
sterilized distillated water in laminar flow. To avoid aggregation, the samples were
ultrasonicated for 20 min at room temperature before use. The MTT systematic
name is 3-(4,5-dimethyl-thiazol-2-yl) 2,5-diphenyl tetrazolium bromide, that is
agent of offer cell toxicity test. The.surviving cells were converted MTT to
formazan that generates a blue-purple colour. Briefly, the cells were plated in
96-well plates at a density of 1 x10* cells/well for 16-20 h. Then the cells were
treated with ND or ND-paclitaxel in complete medium for 48 h. Subsequently, the
medium was replaced and the cells were incubated with 0.5 mg/ml of MTT in
complete medium for 4 h. After 4 h discard supernatant MTT then replaced DMSO.
The intensity was measured at 565 nm using a plate reader. The cell viability was
calculated by dividing the absorbance of the treated cells by that of the untreated
cells.
2.6  Fluorescence intensity of ND-paclitaxel in cells by flow cytometer

The cells were plated at a density of 7x 10° cells per 60-mm Petri dish in



complete medium for 16-20 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. A minimum of ten-thousand cells were

analyzed. The fluorescence from the ND-paclitaxel was excited with wavelength

488 nm and the emission was collected in the green light signal range. The

fluorescence intensity was quantified by a CellQuest software (BD Biosciences, San

Jose, Cal.).

2.7  Confocal microscopy

The cells were cultured on coverslips.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 379C. Thereafter, the coverslips were

washed three times with PBS, and non-specific binding sites were blocked with PBS

that contained 10% FBS and 0.25% Triton X-100 for 1 h. The nuclei and p-tubulin

were stained with Hoechst 33258 and the Cy3-labeled anti-B-tubulin, respectively.

At the end of staining, the samples were examined under a confocal laser scanning

microscope (Leica TCS SP2, Mannheim, Baden-Wirttemberg). 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).

-10 -



2.8  Cell cycle analysis

To investigate the effect of ND and ND-paclitaxel on the cell cycle progression.
The cells were plated at a density of 7x 10° cells per 60-mm Petri dish in complete
medium for 16-20 h. After drug treatment, the cells were collected and fixed with
ice-cold 70% ethanol overnight at -20 €. Thereafter, the cell pellets were treated
with 4 pg/mL propidium iodide solution containing 1% Triton X-100 and 100
ug/mL RNase for 30 min. To avoid cell aggregation, the cell solutions were filtered
through a nylon mesh membrane. A minimum of ten thousand cells in each samples
were analyzed by CellQuest software.in:flow cytometer (BD Biosciences, San Jose,
Cal.). The percentage of cell cycle phases was guantified by ModFit LT software
(\Ver. 2.0 and Ver. 3.2, Becton-Dickinson)
2.9 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 a complete cell membrane
but did not produce the cell membrane blebbing or the formation of apoptotic bodies.
The adherent cells were cultured on coverslips 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 round-up cells, and then fixed with 4%

-11 -



paraformaldehyde solution in PBS for one hour at 37 <. The B-tubulin was stained

with the Cy3-labeled mouse anti-f-tubulin (1:50) for 30 min at 37 <C. Finally, the

nuclei were stained with 2.5 ug/mL Hoechst 33258 for 30 min. Mitotic index

indicated the percentage of mitotic cell number/total counted cells that was counted

under a fluorescence microscope (Leica TCS SP2, Mannheim, Baden-Wirttemberg)

in each treatment.

2.10 Apoptotic nuclear counting

After treatment with or without ND-paclitaxel, the cells were carefully and

gently washed with isotonic PBS (pH.7.4), and fixed with 4% paraformaldehyde

solution in PBS for one hour-at 37 €. The B-tubulin was stained with the

Cy3-labeled mouse anti-B-tubulin(1:50) for 30 min at 37 <C. The nuclei were

stained with 2.5 pg/mL Hoechst 33258 for 30 min. The number of apoptotic nuclei

was counted under a fluorescence microscope (Leica TCS SP2, Mannheim,

Baden-Wirttemberg). 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.

2.11 Annexin V-PI staining

-12 -



Theapoptosis induction by ND-paclitaxel was analyzed by Annexin
V-propidium iodide (PI) assays. The cells were plated in P60 dish at a density of 7 x
10° cells/well for 16-20 h. Then the cells were treated with or without
ND-paclitaxel in complete medium for 48 h. Then the cells were collected by
centrifugation at 1500 rpm. Thereafter, the cells were resuspended in 500 ul of 1X
binding buffer and then add 5 pl of Annexin V-FITC and 50 ug/mL PI. Finally, the
samples were incubated at room temperature for 5 min in the dark and analyzed by
flow cytometer. The cells shows Annexin V'/PI" indicated at the early stage
apoptosis. The Annexin V*/PI" indicated.the late stage apoptosis. The percentage of
Annexin V-PI staining cells was quantified from a minimum of 10,000 cells by
CellQuest software (BD Biosciences, San Jose, Cal.).

2.12 Time-lapse observation of apoptosis induction

The cells were plated in a 35-nm Petri dish for 16-20 h, then treatment with 1
ug/mL  ND-paclitaxel. Immediately, using has the live cell imaging system
microscope in long-duration observation for 24 h (OLYMPUS 1X71, Japan). The
pictures were edited by DP manager software (Ver. 3.3.1, OLYMPUS)

2.13 Western blot analysis
At the end of treatment, the cells were lysed in the ice-cold whole cell extract

buffer containing the protease inhibitors. Equal amounts of proteins in samples were

-13-



subjected to electrophoresis using sodium dodecyl sulfate-polyacrylamide gels.
After electrophoretic, the proteins transfer onto polyvinylidene fluoride membranes
(Millipore, Anaheim, Cal.). Then, they were sequentially hybridized with primary
antibody and followed with a horseradish peroxidase-conjugated secondary
antibody. Finally, the protein bands were visualized using the enhanced
chemiluminescence detection system (PerkinElmer Life Sciences, Waltham, MA).
2.14 Xenograft animal model

Lung carcinoma xenograft was developed in 4-6 week-old
CB17/Icr-Prkdc™/Crl mice that were.obtained from BioLASCO (BioLASCO Co.,
Ltd., Taipei, Taiwan). The A549-cells were treated with or vehicle, ND, and
ND-paclitaxel (10 pg/mL for 48 h). The A549 cells were collected, each mouse was
s.c. injection of 1x10° cells in 100 pl PBS 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: (length) x (width)> x 0.5. Finally, the
visible lung tumors were separated from sacrificed xenograft mice.
2.15 Statistical analysis

Each experiment was repeated at least three times. The data were analyzed
using t-test, and a p value of < 0.05 was considered as statistically significant in the

experiments.

-14 -



3. Results

3.1 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. Fig. 1A shows that

treatment with 0.1-50 pg/mL ND particles for 48 h did not significantly induce the

cytotoxicity of A549 cells. However, ND-paclitaxel for A549 cells cytotoxicity, fig.

1B shows that treatment with ND-paclitaxel for 48 h significantly reduced the cell

viability and in a concentration-dependent manner. To further prove the biological

activity of paclitaxel on ND, ND-paclitaxel was treated with strong alkaline solution

(I M NaOH), which caused dysfunction- of paclitaxel. Indeed, denatured

ND-paclitaxel lost the activity to cause-the lung cancer cell death (Fig. 1C).

3.2 Uptake ability of ND-paclitaxel in lung carcinoma cells

To analyze the uptake ability of ND-paclitaxel, the cells were analyzed by flow

cytometer. Fig. 2A shows that treatment with ND-paclitaxel (0.1-50 ug/mL for 48 h)

increased the green fluorescence intensities that the spectra were shifted to right in

A549 cells. The quantified fluorescence intensities showed the uptake ability of

ND-paclitaxel via a concentration-dependent manner in A549 cells (Fig. 2B). The

fluorescence intensities were increased to 4-5-folds in A549 cells than untreated

cells at treatment with 50 pg/mL ND-paclitaxel (Fig. 2B).

-15-



3.3 ND-paclitaxel blocks microtubules to induce abnormal mitotic cells

To examine whether ND-paclitaxel disturbed microtubule dynamics, A549 cells

were treated with ND-paclitaxel 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, the red color was

indicated the location of microtubules, and blue color was represented the location

of nuclei in A549 cells. Treatment with ND-paclitaxel or paclitaxel markedly

increased the abnormal mitotic cell number (Fig. 3A, stars). Fig. 3B shows that

treatment with ND-paclitaxel or _paclitaxel blocked spindle formation and

chromosomes segregation in A549 cells. The disturbance of chromosomes was

elicited by ND-paclitaxel or paclitaxel (Fig.-3B, arrows). In contrast, ND particles

did not induce the aberrant chromosomes in the A549 cells. Fig. 4A shows that

ND-paclitaxel particles were located on the microtubules and blocked the spindle

formation. Nevertheless, NaOH-treated ND-paclitaxel particles did not block

microtubules and located in cytoplasm by dissection of confocal scanning of Z-axis

(Fig. 4B).

3.4 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
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index. Comparing with untreated and ND-treated samples, ND-paclitaxel

dramatically decreased the Gi1/Gy fractions and increased the G,/M fractions in

A549 cells (**p <0.01) (Fig. 5A). The average percentages of G,/M fractions were

elevated at 83.4% after treatment with ND-paclitaxel. In untreated and ND treated

samples, the cells were dividing into two daughter cells during cytokinesis; however,

ND-paclitaxel blocked cell division and arrested in the prophase of mitosis (Fig. 5B).

Furthermore, treatment with 0.1-50 ug/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 (Fig. 6). Actin protein was as an

internal control protein, which was:not altered by ND-paclitaxel. Additionally, the

mitotic index was increased by treated with-ND-paclitaxel but not in the untreated,

ND alone, and NaOH-treated ND-paclitaxel samples (Fig. 7A).

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) (Fig. 5A). 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 (Fig.
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7B).
3.5 ND-paclitaxel inhibits tumorigenesis of human lung tumor xenograft in SCID

mice

The model of xenograft lung tumor in SCID mice was used to study the effect of
ND-paclitaxel on anti-tumorigenesis. The xenograft tumor was developed in
five-week-old SCID mice. After treatment with vehicle, ND, or ND-paclitaxel in
A549 cells, then cells were collected and mice received 1 x 10° cells by
subcutaneously injected. The visible lung tumors that were separated from
sacrificed xenograft SCID mice (Fig..8A). The tumors of mice were growth to
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?® (Fig. 8B). ND alone did not significantly alter the tumorigenesis of A549 cells
in mice during 70 days observation.
3.6 ND-paclitaxel induces cytotoxicity in various human cancer cells

To examine the effect of ND-paclitaxel in other human cancer cells, the
colorectal (RKO and HCT116) and bladder (BFTC905) cancer cells were exposed
to ND-paclitaxel and analyzed by MTT assay. Fig. 9 shows that treatment with
0.1-50 ug/mL ND-paclitaxel for 48 h significantly reduced the cell viability in all

cancer cell types. Furthermore, we found that ND-paclitaxel was more sensitive on
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cell death in RKO cells than other cancer cell lines.

3.7 Uptake ability of ND-paclitaxel in colon carcinoma cells

The uptake ability of ND-paclitaxel in RKO cells was examined by flow

cytometer. Treatment with ND-paclitaxel (0.1-1 ug/mL for 48 h) elevated the green

fluorescence intensities that the spectra were shifted to right in RKO cells (Fig.

10A). The quantified fluorescence intensities showed the uptake ability of

ND-paclitaxel (Fig. 10B). The fluorescence intensities were significantly increased

by treatment with 0.5-1 pg/mL ND-paclitaxel comparing to untreated cells (Fig.

10B).

3.8 ND-paclitaxel increases sub-Gl-and G2/M fractions in colon carcinoma cells

We have examined the effect of ' ND-paclitaxel on the cell cycle progression and

sub-G1 formation in RKO cells. ND-paclitaxel dramatically decreased the Gi/Gq

fractions and increased the G,/M fractions in RKO cells (Fig. 11A and 11B).

ND-paclitaxel also significantly increased the sub-G; fractions (apoptosis fractions) in

RKO cells (Fig. 11A and 11B). Moreover, ND-paclitaxel decreased the protein levels

of CDC2, phospho-CDC2 (Tyr-15 and Thr-161), and cyclin B1 in RKO cells (Fig. 12).

The protein level of phosphor-CDC2 (Thr-14) was slightly seduced by ND-paclitaxel.

Actin was as an internal control, which was not altered by ND-paclitaxel.

3.9 ND-paclitaxel induces apoptotic formation in colon carcinoma cells
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To further examine the effect of ND-paclitaxel apoptosis induction, Annexin

V-Pl assay was analyzed by flow cytometry. Treatment with 0.5-1 pg/mL

ND-paclitaxel for 48 h increased the early and late apoptosis percentage in RKO

cells (Fig. 13A). Fig. 13B shows quantified results that treatment with

ND-paclitaxel significantly increased the apoptosis. Furthermore, the active forms

of caspase-3 were induced following treatment with 0.5-1 pg/mL ND-paclitaxel (Fig.

14). The protein cleavage of PARP, was significantly increased by ND-paclitaxel

treatment (Fig. 14). We also confirmed the apoptosis formation following

ND-paclitaxel by direct observation,.of..time-lapse cell morphology alteration.

Treatment with 1 pg/mL ND-paclitaxel induced apoptosis cells formation (Fig. 15

arrows).
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4. Discussion

Chemical drugs linked covalently with nanoparticles have been developed for

diagnostic and therapeutic applications in recent years. In this study, we created a

novel covalent linkage of ND-paclitaxel. ND-paclitaxel significantly induced the cell

death in a variety of cancer cell types. ND-paclitaxel can be taken into lung and colon

cancer 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

cancer cells. The covalent linkage of nanoparticles and drugs provides the advantage

for stabilization to avoid drug dissociation during-delivery process. We suggest that

ND is a potential nanomaterial for drug.delivery and cancer therapy. Recently, it has

been demonstrated that carbon nanotubes conjugated with paclitaxel exerted drug

delivery for tumor suppression in mice (Liu et al., 2008). Recently, Danhier et. al.

reported that paclitaxel-loaded PEGylated PLGA-based nanoparticles displayed

greater on the inhibition of tumorigenesis by compared with paclitaxel (Danhier et al.,

2009). Moreover, nanoliposomal delivering cancer drugs that have the benefits of

prolonged drug in tissue residence during cancer therapy (Chau et al., 2006;

Koshkima et al., 2003; Noble et al., 2006). Therefore, nanoparticles provide the

opportunities for improving cancer therapeutics by conjugated with cancer drugs.
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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 (Liu et al., 2007; Liu et al., 2009; Schrand et al., 2007; Lechleither et al.,

2008; Yu et al., 2005; Chang et al., 2008). It is presented that ND particles are

non-cytotoxic during cellular division and differentiation (Liu et al., 2009). 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.

However, ND-paclitaxel is effective to.induce the mitotic blockage, apoptosis and

anti-tumorigenesis in cancer cells.-Recently, it has been reported that no mice showed

any symptoms of abnormality after intravenous injection of ND particles (Yuan et al.,

2009). We propose that ND is a benign nanomaterial for drug delivery based on its

non-cytotoxicity and bio-compatibility.

It has been shown that ND is detectable by its fluorescence property but without

photobleaching (Chao et al., 2007; Liu et al., 2009; Yu et al., 2005). We have

examined the location and uptake ability of ND-paclitaxel in human carcinoma cells

by confocal microscope and flow cytometer. 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
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clathrin-mediated endocytosis and macropinocytosis (Liu et al., 2009; Faklaris et al.,

2008). Interestingly, we found that ND-paclitaxel was uptake into cancer cells 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 cancer cells for releasing paclitaxel to

execute microtubule inhibition and apoptosis. As a whole, the visualization, uptake

ability, and paclitaxel released of ND-paclitaxel contain the advantages for cancer

drug delivery.

Paclitaxel induced apoptosis pathway threugh multiple mechanisms (Wang et al.,

2000). Moreover, paclitaxel initiated apoptosis has been associated with CDC2 and

other CDKs (Donaldson et al., 1994; Meikrantz et al., 1996). In this study, we found

that the protein levels of CDC2 and phosphorylated CDC2 (Tyr-15 and Thr161) were

decreased by treatment with ND-paclitaxel. We also observed that ND-paclitaxel

increased caspase-3 activation and the cleavage of PARP indicating ND-paclitaxel can

induce apoptosis pathway in cancer cells. Accordingly, ND-paclitaxel still reserves

the anticancer activity of paclitaxel.
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5. Conclusion

In summary, we have provided a novel covalent linkage of ND and paclitaxel.
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 and colon carcinoma cells. A functional ND-paclitaxel conjugate is potential for

drug delivery and cancer therapy.
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a b C
ND — ND—(CO,H), — ND-(CH,OH), ——

1) 2) 3)

ND -(CH ,O(CH 5)6-O-THP ), 4, ND -(CH ,O(CH)g-OH)

(4) ()

f
2. ND-(CH,0O(CH5)g-OMs)y — ND-(CH,O(CH)g-NH>),

(6) ()

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; 1M NaOH, 90 €C, 2 h; 1M HCI, 90 <C, 2 h; (b) LiAlH4, THF,
reflux 24 h; 6M NaOH, 90 <C, overnight; (c¢) NaH, THF, THP-O-(CH,)sCH,CI; (d)
p-TsOH, MeOH/H,0 (3:1), rt, overnight; (e) MsCl, EtsN, THF, 0 <C, 1 h, rt, overnight;
(F) NH4OH(aq), reflux, 24 h; (g) 8 (paclitaxel-2’-succinate), EEDQ, EtsN, CH,Cl,, rt,

3 h; (h) 1M NaOH, rt, overnight.
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Figure 1. 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 ug/mL for 48 h). (B) A549
cells were treated with or without ND-paclitaxel (0.1-50 ug/mL for 48 h). At the end
of treatment, the cell viability was measured by MTT assay. Results were obtained
from four-twelve 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 treated samples. (C) A549 cells were treated with 50 pg/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.
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Figure 2. Uptake ability of ND-paclitaxel in human lung carcinoma cells. (A) A549
cells were treated with 0-50 pg/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 a CellQuest software of flow cytometer. Results were
obtained from four separate experiments and the bar represents the mean + SE. 'p <

0.05, “p < 0.01, and "p < 0.001 indicate significant difference between untreated

and ND-paclitaxel samples.
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Figure 3. Effect of ND-paclitaxel on the blockage of microtubule and chromosome
segregation in human lung carcinoma cells. (A) A549 cells were treated with ND (50
ug/mL), ND-paclitaxel (50 ug/mL), or paclitaxel (50 nM) for 24 h. The microtubule
were stained with Cy3-labeled mouse anti-B-tubulin. The nuclei were stained with
Hoechst 33258. Microtubules and nuclei were exhibited red and blue color,
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 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.
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Figure 4. Location and distribution of ND-paclitaxel in human lung carcinoma cells.
(A) An A549 cell from ND-paclitaxel (50 ug/mL for 24 h) treatment was visualized by
examining Z-axis scanning images using a confocal microscope. The distribution of
ND-paclitaxel interacting with microtubules was observed by scanning in the vertical
direction from top to bottom. Microtubule and nuclei exhibited red and blue color,
respectively. The green color indicates the location of ND particles. The yellow color
indicated that ND-paclitaxel particles were co-localized with microtubules. (B) An
A549 cell from NaOH-treated ND-paclitaxel (50 ug/mL for 24 h) treatment was

visualized by examining Z-axis scanning images of a confocal microscope.
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Figure 5. Effect of ND-paclitaxel on the cell cycle progression in human lung
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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-G1 fractions
were represented the average values from three separate experiments. (B) The
B-tubulin and nuclei were stained with the Cy3-labeled mouse anti-B-tubulin and
Hoechst 33258, respectively. Microtubules and nuclei were exhibited red and blue
color, 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 confocal microscope. The untreated and ND-treated cells were separating to two
daughter cells during cytokinesis. The ND-paclitaxel-treated cell was arrested in the

prophase of mitosis.
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Figure 6. 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-paclitaxel (0.1-50 pug/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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Figure 7. Effect of ND-paclitaxel on the percentages of mitotic index and apoptosis in
human lung carcinoma cells. A549 cells were treated with 50 pg/mL ND,
ND-paclitaxel, or NaOH-treated ND-paclitaxel for 24 h. (A) After the end of
treatment, the B-tubulin and nuclei were stained with the Cy3-labeled mouse
anti-B-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.
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Figure 8. The effect of pretreated ND and ND-paclitaxel on tumor growth in
xenograft SCID mice model. (A) A549 cells were treated with ND or ND-paclitaxel
(10 mg/mL for 48 h). Then the SCID mice were subcutaneously injected with 1x10°
cells. The visible lung tumors were separation from sacrificed xenograft mice after
inoculation for 70 days. (B) The tumor volume in SCID mice were measured every
four days until 70 days. The bar represents the mean + S.E. **p < 0.01 indicates

significant difference between the controls and ND-paclitaxel.
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Figure 9. Effect of ND-paclitaxel on the cell viability in various human cancer cells. A
variety of cancer cell lines including lung (A549), colorectal (RKO and HCT116), and
bladder (BFTC 905) cancer cells were treated with or without ND-paclitaxel (0.1-50
pg/mL for 48 h). The cell viability was measured by MTT assay. The results were
from 4-8 separated experiments. The bar represents mean = S.E. **p < 0.01, and ***p
< 0.001 indicate significant difference between control and ND-paclitaxel treated

sample.
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Figure 10. Uptake ability of ND-paclitaxel in human colon cancer cells. (A) RKO
cells were treated with 0-1 pg/mL ND-paclitaxel for 48 h. At the end of treatment, the
cells were harvested and subjected to flow cytometer. (B) The fluorescence intensities
of ND-paclitaxel in RKO cells were quantified by CellQuest software of flow
cytometer. Results were obtained from three separate experiments and the bar
represents the mean = S.E. *p < 0.05 indicate significant difference between untreated

and ND-paclitaxel samples.
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Figure 11. Effect of ND-paclitaxel on cell cycle progression in human colon cancer
cells. (A) RKO cells were treated with or without ND-paclitaxel (0.1-1 ug/mL for 48
h). At the end of treatment, the RKO cells were trypsinized and then subjected to flow
cytometry analyses. (B) The each cell cycle phases were quantified by ModFit LT
software of flow cytometer. Results were obtained from three 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 treated samples.
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Figure 12. Effect of ND-paclitaxel on the protein levels of phosphorylated CDC2,
total CDC2 and cyclin B1 in human colon cancer cells. RKO cells were treated with
or without ND-paclitaxel (0.1-1 pg/mL for 48 h), total protein extracts were prepared
for Western blot analysis using specific anti-phospho-CDC2 (Thr-14, Tyr-15, and
Thr-161), anti-CDC2, anti-cyclin B1 and actin antibodies. Western blot data were

shown from one of three separate experiments with similar findings.
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Figure 13. Effect of ND-paclitaxel for apoptosis in the RKO cells. (A) RKO cells
were treated with or without 0.1-1 ug/mL ND-paclitaxel for 48 h. At the end of
treatment, the A549 cells were trypsinized and then the cells were analyzed by
Annexin V-FITC assay. The percentages of the cell forms mentioned below were
calculated by the CellQuest software (mean values are given). (B) The early and late
apoptosis cells were quantified by CellQuest software of flow cytometer. Results were
obtained from three experiments and the bar represents the mean + S.E. ~p < 0.01

indicate significant difference between untreated and ND-paclitaxel samples.
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Figure 14. Effect of ND-paclitaxel on the active of caspase-3 and cleavage of
poly(ADP-ribose) polymerase (PARP) in human colon cancer cells. Induce of
caspase-3 was activated and PARP cleavage by ND-paclitaxel at the indicated

concentrations after 48 h of treatment.
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Figure 15. Time-lapse observation of apoptotic formation following treatment with

ND-paclitaxel. RKO cells were treated with ND-paclitaxel 1 pug/mL. The cell were

immediately observed by live-cell imaging microscope for 0-24 h. The arrows

indicate the apoptotic cells by ND-paclitaxel treatment.
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