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A B S T R A C T

Strategies using carbon-based nanomaterials as carriers for delivering chemotherapeutic

drugs to cancers have been described well. Here a novel magnetic lymphatic-targeting

drug-delivery system, based on functionalised carbon nanotubes (fCNTs), is presented with

the aim of improving the outcome of cancer with lymph node involvement. The potential

therapeutic effect of gemcitabine (GEM) loading magnetic multiwalled carbon nanotubes

(mMWNTs) was compared with that of GEM loading magnetic-activated carbon particles

(mACs) in vitro and in vivo. mMWNTs-GEM and mACs-GEM both had high anti-tumour

activity in vitro similar to free drug. Subcutaneous administration of GEM loading magnetic

nanoparticles resulted in successful regression and inhibition of lymph node metastasis

under the magnetic field, with mMWNTs-GEM superior to mACs-GEM, and more effectively

in the high-dose versus low-dose groups. The successful application of intra-lymphatic

delivery of chemotherapeutics using mMWNTs highlights the clinical potential of fCNTs

for future cancer metastasis treatment with high efficacy and minimum side-effects.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

A variety of cancers are associated with high incidence of

lymph node metastasis, which may occur at an early stage.

Although many measures have been taken to improve the

outcome, the effectiveness of current methods remains lim-

ited. Most studies have not demonstrated that aggressive sur-

gery is associated with benefit in long-term survival. And so

far, clinical evidence has not demonstrated the beneficial
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effects of chemotherapy or radiotherapy for cancer lymph

node metastasis. Furthermore, these interventions may yield

many side-effects because of their toxicities. Therefore, it is

urgent to investigate novel strategies to eradicate metastatic

cancer cells from the regional lymph nodes.

Recently, chemotherapy targeting regional lymph nodes

has emerged as a promising strategy for the treatment of

malignancies, such as breast, gastric, rectal and intraperito-

neal cancers,1 which have high tendency to lymphatic metas-
.
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tasis. Despite that results seemed promising for prevention of

recurrence and metastasis by using lymphotropic drug carri-

ers such as activated carbons (ACs) or liposomes,2 many inter-

esting issues concerning more specific aspects of this

technique remain to be further addressed, such as tumour

cell targeting and high efficiency with low dosage.

Functionalised carbon nanotubes (fCNTs) have the poten-

tial for medical research and application. They have plenty

of inner spaces where the incorporation of drugs is possible,

and on the tube walls of carbon nanotubes (CNTs), drugs

and various functional molecules can be physically adsorbed.

Furthermore, the edges of the tube holes have oxidised func-

tional groups where covalent attachment of chemicals is pos-

sible.3 CNTs have been proved to be versatile carriers for

various drugs, such as doxorubicin,4 carboplatin5 and paclit-

axel.6 Magnetic CNTs have also shown promising results as

a MRI contrast agent with high nuclear magnetic resonance

relaxivities, little cytotoxicity and high cell-labelling effi-

ciency.7 Most recently, CNTs and carbon nanohorns have

been tested as anticancer drug carriers, gene vectors and

thermal ablation agents for in vivo cancer treatment.3,6,8–11

In previous research we have demonstrated that poly(-

acrylic acid) functionalised multi-walled carbon nanotubes

(PAA-g-MWNTs) decorated with magnetite nanoparticles

(Fe3O4) can be efficiently taken up by lymphatic vessels and

delivered to regional lymph nodes in vivo with little toxicities.1

In addition, this magnetic lymphatic targeting system12 can

deliver gemcitabine (GEM) into the lymph nodes in vivo with

high efficiency under the guidance of magnetic field.13 GEM

is a nucleoside analogue and a S-phase specific cytotoxic

agent shown activity in many solid tumours, such as pancre-

atic cancer, non-small cell lung cancer, head and neck squa-

mous cell cancer, germ cell tumours, and tumours of the

bladder, breast, ovary, cervix and biliary tract, as well as some

haematologic malignancies.14 Herein, we further investigated

whether this novel lymphatic targeting drug delivery system

using functionalised mMWNTs can be effective for cancer

treatment.

2. Materials and methods

2.1. Functionalisation of multi-walled carbon nanotubes
and gemcitabine loading

Multi-walled carbon nanotubes (MWNTs, purity >95%), pro-

duced by chemical vapour deposition (CVD) method, were

purchased from Shenzhen Nanotech Port Co., Ltd. The prepa-

ration of magnetic poly(acrylic acid) (Fig. 1A) functionalised

MWNTs (mMWNTs) (Fig. 1B) and its characterisation have

been described previously.1,13 Transmission electron micro-

scope (TEM) analysis of mMWNTs revealed the Fe3O4 nano-

particles (diameter of 8–12 nm) were clearly evident on the

outer surface of the MWNTs with a bundle diameter of

40–60 nm. X-ray diffraction spectra of mMWNTs confirmed

that the nanoparticles attached on the outer surface of PAA-

g-MWNTs were Fe3O4.13 The magnetic properties measured

by a vibrating sample magnetometer showed that mMWNTs

had superparamagnetic behaviour. After being dried under

vacuum, mMWNTs were dissolved in sterilised water con-

taining (polyvinylpyrrolidone) PVP-K30 as stabilizing agent
in a beaker by sonication for 30 min and stirring for 2 h at

room temperature. GEM (purity >99%, Hansen Pharm, Jiangsu)

was mixed into this solution by sonicating and stirring for

60 min, with a weight ratio of mMWNTs to GEM 5:2. The drug

loading efficiency for the mMWNTs-GEM was about 62%.13

Sterilisation procedures with c-rays irradiation were used in

order to obtain bacteria/spore-free suspensions.15

2.2. Preparation of magnetic activated carbon particles
and gemcitabine loading

The preparation and characterisation of magnetic activated

carbon particles (mACs) have also been mentioned previ-

ously.1 mACs had a mean diameter of about 30 nm detected

by TEM. The proportion of each corresponding ingredient in

mACs was the same as that in mMWNTs. GEM was added into

the mACs suspension by sonicating and stirring for 60 min at

room temperature, with a weight ratio of mACs to GEM 5:2.

2.3. Cell culture

The human pancreatic cancer cell lines BxPC-3 and SW1990

(from the American Type Culture Collection) were used in this

study. Cells were cultivated in 75 cm2 culture flasks (Corning

Costar) in RPMI 1640 culture medium (Gibco BRL-Life Technol-

ogies), supplemented with 10% heat-inactivated faetal bovine

serum, 100 U/ml penicillin and 100 U/ml streptomycin, at

37 �C in 5% CO2 and 95% air atmosphere and >95% humidity

and were harvested when they were in logarithmic growth.

2.4. In vitro cytotoxicity

Cells were trypsinised and seeded into 96-well plates at

5000 cells/ml per well. After 24 h the medium was replaced

with fresh medium containing different concentrations of

only mACs, mACs-GEM (based on GEM concentration), only

mMWNTs, mMWNTs-GEM (based on GEM concentration), or

GEM alone, respectively. The in vitro cell cytotoxicity after var-

ious treatments was assessed at given time intervals (12, 24

and 48 h) by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide (MTT) assay. The MTT assay was done in

triplicates for each drug concentration used. After addition

of 20 ll/well of 5 mg/ml MTT solution (Sigma) for 4 h, the

supernatant was removed carefully and 150 ll DMSO was

then added. After mixing for certain minutes on a horizontal

shaker, the absorbance of the supernatant was measured at

490 and 570 nm. Cultures without cells were used as blanks.

The percentage of cell viability was calculated as a ratio of

OD of drugs-treated cells and control cells (treated with DMSO

vehicle).

2.5. Transmission electron microscopy (TEM)

The ultrastructural alterations of cancer cells induced by the

nanoparticles were observed with Hitachi H-600 transmission

electron microscope (TOSHIBA, Japan). BxPC-3 and SW1990

cells were incubated in 75-cm2 plastic culture flasks until

80% confluence. After a 48 h exposure of drugs, cells were

washed with PBS, and fixed with 2.5% glutaraldehyde in

0.045 M sodium cacodylate buffer at 4 �C. After being washed



Fig. 1 – Magnetic lymphatic drug delivery system. (A) Molecular structures of poly(acrylic acid) and gemcitabine (GEM). (B)

Schematic synthetic route of magnetic multiwalled carbon nanotubes (mMWNTs) and illustration of chemical reactions used to

attach gemcitabine onto mMWNTs. (C) Schematic drawing of magnetic lymphatic targeted chemotherapy in mice. mMWNTs-

GEM were subcutaneously injected into a mouse that had cancer lymph node metastasis via the left rear footpad, and were taken

upinto lymphatic vesselsand retained inthe targeted lymphnodeunder the magnetic field. Forclarity, different partsare drawnat

arbitrary scales. PO, popliteal lymph node; IN, inguinal lymph node; IL, para-iliac lymph node; RE, renal hilar lymph nodes.
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with cacodylate buffer, the cells were postfixed with 1% osmi-

umtetraoxide at 4 �C for 2 h. The cells were then dehydrated

in a graded ethanol series and replaced in propylene oxide.

After infiltration and embedding in epoxy resins at 60 �C for

48 h, ultrathin sections were performed using ultramicro-

tome. Then, the sections were stained with lead citrate and

observed with the TEM at 120 kV.

2.6. Animal model and treatment protocol

Six to eight week old athymic nude male mice (BALB/c nu/nu)

were purchased from Shanghai SLAC Laboratory Animal Co.,

Ltd, China and housed in a specific pathogen-free animal facil-

ity. All animal procedures were approved by the institutional

animal care committee. All guidelines met the ethical stan-

dards required by law and also complied with the guidelines

for the use of experimental animals in China. The preparation

of lymph node metastasis model of pancreatic cancer has pre-

viously been described.1 Briefly, a cell line with high metastatic

capacity to the lymph nodeswas established by sequential pas-

sages of BxPC-3 through the nude mouse. The metastatic nude-

mouse model was obtained by inoculating subcutaneously into

the left hind footpad with 0.05ml of this highly metastatic cell

line (5 · 107/ml). The mice were used for treatment when the

tumour diameter reached 8 to 10 mm with neither ulceration

nor necrosis (34 weeks after tumour inoculation).

To evaluate the inhibitory effects on lymph node metasta-

sis, the mice were randomly divided into ten groups (six mice

per group): GEM using mMWNTs as drug carrier with

(mMWNTs-GEM-Mag) and without (mMWNTs-GEM) applying

implanted in vivo magnets, and GEM using mACs as drug

carrier with (mACs-GEM-Mag) and without (mACs-GEM)

applying implanted in vivo magnets, saline, mACs, mMWNTs
and GEM treated groups were used as controls. Both of the

formulations of GEM in the mMWNTs-GEM-Mag and mACs-

GEM-Mag groups were injected at two doses normalised to

be 6 and 12 (high dose group) mg/kg GEM equivalent, respec-

tively (Table 1). The groups containing mACs had the same

concentration as mMWNTs groups. At the day before treat-

ment, a permanent magnet of 1800 Gs was sutured near the

left popliteal lymph nodes in the groups of applying im-

planted in vivo magnets (Fig. 1C). For the treatment, 40–60 lL

of different formulations of GEM were subcutaneously in-

jected into mice via the left rear footpad every 7 days for

two times. At 15th day post-initial administration, mice were

sacrificed and the popliteal lymph nodes were collected. The

metastatic lymph nodes were weighed using electronic bal-

ance and measured by a vernier caliper, and calculated as

the volume = (length) · (width)2/2.

2.7. Histopathological examination of the metastatic
lymph nodes

The lymph nodes removed from each animal were fixed in

10% formalin, and then processed for paraffin embedding.

5 lm thick slices were cut and then stained by standard hae-

matoxylin eosin (H&E) and immunohistochemical methods,

respectively. The immunohistochemical staining of the

lymph nodes was evaluated using a monoclonal mouse anti-

body against human cytokeratin (clone LP34, Dako, Denmark),

employing routine immunoperoxidase techniques. Briefly,

the deparaffinised tissue sections were boiled in 10 mmol/L,

pH 6 citrate buffer for 20 minutes in a microwave oven.

Endogenous peroxidase was blocked by incubation of the

slides at room temperature with 0.3% H2O2 in methanol.

The slides were incubated with monoclonal anti human cyto-



Table 1 – Different experimental groups and their treatment protocols.

Groups GEM dosage (mg/kg) Magnet

Control 0 Without
mACs 0 Without
mMWNTs 0 Without
GEM 6 Without
mACs-GEM 6 Without
mMWNTs-GEM 6 Without
mACs-GEM-Mag 6 With
mMWNTs-GEM-Mag 6 With
mACs-GEM(HD)-Mag 12 With
mMWNTs-GEM(HD)-Mag 12 With

HD indicated high dose; Mag indicated Magnet.
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keratin at room temperature. Sections were then washed with

PBS buffer, and a secondary Envision antimouse antibody

(DAKO) was applied for 30 minutes at 37 �C. Sections were

then washed and reacted with 3,3 0-diaminobenzidine tetra-

hydrochloride and H2O2. Slides were finally counterstained

with haematoxylin, dehydrated and mounted.

After cytokeratin immunohistochemical staining (CK-IHC),

quantification of positively stained cells was evaluated on

three high-powered fields from each section by computer-as-

sisted image analysis.16 Digitised images were obtained by

using an Olympus BH2 light microscope equipped with a

MicroFire digital camera. Quantitative analysis was per-

formed using Image Pro Plus programs. Specific areas of inter-

est were selected, including the total tissue section. The

region covered by diaminobenzidine was quantified (positive

area) and the mean optical density of the positive region

determined. The latter parameter determines average inten-

sity of the selected colour in the region of interest. Protein

expression (CK-IHC index) was determined by multiplying

the positive area by the mean optical density.

Terminal deoxynucleotidyl transferase-mediated dUTP

nick end-labelling (TUNEL) staining was performed using

the In Situ Cell Death Detection Kit (Roche) according to the

manufacturer’s instructions. A total of 1000 cells were

counted from randomly chosen high power microscopic fields

for each sample, and the apoptotic index was calculated as

the percentage ratio between the number of cells displaying

apoptotic appearance and the total number of counted cells.

2.8. In vivo toxicity studies

Skin reactions at injection sites, body weight and behaviours

of mice were recorded during the whole experiment. Blood

samples were collected at time of sacrifice for analysis of

blood serum chemistries. The blood samples were analysed

using an automatic haematological analyser, ADVIA120

(Bayer, Germany). Serum samples were obtained from blood

by centrifugation (3000 rpm for 15 min). Serum creatinine

(Scr) and alanine aminotransferase (ALT) were determined

by a fully automatic biochemical analyser (BTS 370, Spain).

2.9. Statistical analysis

Data were expressed as mean values ± standard deviation

(SD). Statistical analysis of this study was performed with AN-
OVA using SPSS 11.5 software. Values of P < 0.05 were consid-

ered to be statistically significant.

3. Results

3.1. Effects of mMWNTs on cell viability

The in vitro cytotoxicities of only mACs, mACs-GEM, only

mMWNTs and mMWNTs-GEM against SW1990 and BxPC-3

cancer cells were investigated together with a positive control

of GEM alone. The inhibitory rate was determined after 48h of

incubation with a series of doses of only mACs, mACs-GEM,

only mMWNTs, mMWNTs-GEM and GEM alone. The results

indicated that both mACs and mMWNTs had minimal effects

on SW1990 and BxPC-3 cells even at high concentration of

25 lg/ml, suggesting the relatively non-toxic nature of these

compounds on the cancer cells (Fig. 2A and B). As indicated

in Fig. 2C and D, treatment of the cancer cells with various

concentrations (0.001, 0.01, 0.1, 1, and 10 lg/ml GEM) of

mACs-GEM and mMWNTs-GEM caused a dose-dependent de-

crease in cell viability relative to the control culture, which

was similar to GEM alone. Although mMWNTs-GEM exhibited

a little improved cytotoxicity compared with GEM at the

equivalent of GEM 1 or 10 lg/ml (Fig. 2A and B), there were

no significances amongst mMWNTs-GEM, mACs-GEM and

GEM at equal GEM concentrations. All these indicate that

the activity of GEM was not adversely influenced during the

preparation process, and cytotoxic effects of the main active

components from mMWNTs-GEM and mACs-GEM were

GEM. As the dose of nanoparticles in the medium reached

10 lg /ml and cultured for 48 h, mMWNTs were internalised

by BxPC-3 cells and located in the perinuclear region

(Fig. 3A and B). mACs could also be taken by endocytosis in-

side the vesicles in the cytoplasm and morphology of the cells

remained normal. The mACs inside the vesicles formed clus-

ters (Fig. 3C and D).

3.2. Magnetic nanoparticles enhance in vivo therapeutic
effect of gemcitabine

We evaluated the antitumour activity of magnetic nanoparti-

cles, together with GEM in vivo, using the lymph node metas-

tasis model. Under our experimental protocol, administration

of mMWNTs and mACs caused no reductions on the meta-

static lymph node volume. In addition, relative to control



Fig. 2 – In vitro growth inhibitory activities of gemcitabine, mACs, mACs-GEM, mMWNTs, and mMWNTs-GEM. Antiproliferation

effects of gemcitabine, mACs, mACs-GEM, mMWNTs, and mMWNTs-GEM at two concentrations (h gemcitabine 1 lg/ml, mACs/

mMWNTs 2.5 lg/ml; j gemcitabine 10 lg/ml, mACs/mMWNTs 25 lg/ml) in SW1990 (A)and BxPC-3 (B) cells. The percentage of cell

viability was calculated as a ratio of OD of drug-treated cells and control cells. Data were expressed as mean ± standard deviation

(SD). SW1990 (C) and BxPC-3 (D) cells viability curve measured by MTTassay after 48 h incubation with various concentrations of

gemcitabine, mACs, mACs-GEM, mMWNTs, and mMWNTs-GEM. Points, mean; Bars, SD. The experiments for the two cells lines

were done in identical conditions for comparison.
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group, GEM treatment alone also caused no reduction

(P > 0.05) in lymph node volume. However, under identical

experimental conditions, mMWNTs-GEM and mACs-GEM

showed marked decrease in lymph node volume relative to

the control group regardless of the magnet’s existence, except

the mACs-GEM group. The results were consistent with the

effects on lymph node weight. Of interest, mMWNTs-GEM

achieves better efficacy than mACs-GEM. A progressive de-

cline in lymph node volume, as well as lymph node weight,

was apparently evident in the groups with magnet or using

high dose GEM as represented in Fig. 4.

3.3. Tumour histology and immunohistochemistry

H&E evaluation of the lymph nodes from all the groups

showed neoplastic cells with marked nuclear atypia, which

mostly arranged in a cord-like or nest-like distribution. Vari-

ous degrees of tumour apoptosis and necrosis were present

in the lymph nodes. The black nanoparticles were mainly lo-

cated around the metastatic foci (Fig. 5C). To investigate the

tumour suppression mechanism, we performed TUNEL assay

to measure proportions of apoptotic cancer cells in the lymph

nodes17 from mice that received different treatments. The

cancer cells in the control group showed the lowest degree

of apoptosis. Similar to the control group, mMWNTs or mACs

treated group showed only 8.2% and 6.4% of apoptotic cells. In

contrast, in the groups receiving mMWNTs-GEM and mACs-
GEM, there were increased degrees of apoptosis, with the

mMWNTs-GEM(HD)-Mag group having the highest apoptosis

level (22%; P < 0.05 versus the mMWNTs-GEM group). Similar

but lower apoptosis level was seen in the mMWNTs-GEM-

Mag group (20.2%; P < 0.01 versus the GEM group). The groups

receiving mMWNTs-GEM had higher apoptosis levels than

those receiving mACs-GEM when applying implanted in vivo

magnets at either dosage (Fig. 5A). Recent studies demon-

strated that micrometastasis to regional lymph nodes in var-

ious cancers could be detected by CK-IHC.18–21 We evaluated

the distribution of cancer cells within the lymph nodes using

CK antibody staining. As expected, the control group had the

highest CK-IHC index (87420.8 ± 6675.9), with a significant dif-

ference seen between the control group and all the other

groups (P < 0.01). Compared with the mMWNTs group

(57484.4 ± 8491.4), the groups containing mMWNTs-GEM

showed significant lower CK-IHC index (P < 0.05 versus the

mMWNTs-GEM group; P < 0.01 versus the mMWNTs-GEM-

Mag and mMWNTs-GEM(HD)-Mag groups). The same results

were obtained when comparing the groups containing

mMWNTs-GEM and the GEM group (P < 0.01). Similar results

but higher CK-IHC index was seen in the groups receiving

mACs and mACs-GEM. Amongst the groups containing

mMWNTs-GEM, the mMWNTs-GEM(HD)-Mag group had the

lowest CK-IHC index (41009.3 ± 15324.6; P < 0.01 versus the

mMWNTs-GEM group), whilst no significant difference was

seen between the mMWNTs-GEM-Mag and mMWNTs-



Fig. 3 – TEM images of nanoparticles uptake. Transmission electronic microscope micrographs of cancer cells which

internalised nanoparticles. (A) mMWNTs treated BxPC-3 cells, (B) magnified image of the boxed region in (A). The white

arrows point to mMWNTs inside the cytoplasm. (C) mACs treated SW1990 cells, (D) magnified image of the boxed region in

(C). The white circle indicates aggregated mACs inside the vesicles. Scale bars are 2 lm.
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GEM(HD)-Mag groups (P > 0.05) (Fig. 5B). No significance differ-

ence was noted with regard to the groups receiving mACs-

GEM either in the magnetic field or not. The groups receiving

mMWNTs-GEM had lower CK-IHC index than those receiving

mACs-GEM under the magnetic field at either dosage, consis-

tent with the TUNEL results.

3.4. Magnetic nanoparticles avoid side-effects

Our previous in vivo study found that foodpad injection of

mACs and mMWNTs did not cause any obvious local or sys-

temic toxicity in Sprague-Dawley rats, and no particle

agglomerates were found in the major organs, whilst the

nanoparticles accumulated in the draining lymph nodes and

injection sites for a period of time.1 Here, toxicity studies were

carried out by treating tumour-bearing BALB/c mice with

GEM, mACs-GEM and mMWNTs-GEM at the same GEM doses.

During the course of administration, neither mortality nor

noticeable behavioural changes of the mice were observed

in the treated groups compared with the control group. No

evidence of injection-site reactions such as superficial red-

ness, drug allergy, infection, ulceration, erosion or necrosis

of skin was observed, although particle accumulation in the

injection sites was still found. No obvious body weight loss
was noted in all the groups, with body weight increase similar

amongst the control and exposed groups. Blood chemistry

tests showed that the haematological and serum biochemical

parameters were within the normal ranges except for a slight

decrease of white blood cells (WBC) in the GEM group. There

was a significant difference in post treatment WBC counts be-

tween the groups with magnetic field exposure and the GEM

group (P < 0.01), suggesting that clinical applications of these

magnetic nanoparticles could be safe (Table 2).

4. Discussion

Lymph node metastasis has been demonstrated as an impor-

tant negative prognostic factor of cancers. The effectiveness

of current strategies remains modest as the concentrations

of the drugs in the lymph nodes are not enough to kill the

cancer cells. Thus, developing novel formulation or delivery

strategies of conventional chemotherapeutic agents for can-

cer metastasis receives much concern. Lymphatic chemother-

apy may effectively increase and prolong the drug

concentration in locoregional lymph nodes, which may lead

to more effective tumour reduction in these areas and possi-

bly lower locoregional recurrence and metastasis rates clini-

cally, and has been considered as an ideal adjuvant therapy.



Fig. 4 – In vivo lymph node targeting of the nanocomplexes and their therapeutic efficacies. (A) Effects of different treatment

groups on metastatic lymph node growth inhibition in vivo. n = 6 mice per treatment group. Points, mean of lymph node

weight; bars, SD. (B) A representative photograph of the mouse to which mMWNTs-GEM were subcutaneously administered

under the magnetic field. The primary tumour (white arrow), blackened metastatic popliteal lymph node (arrowhead), and

magnet (black arrow) were shown. (C) Photographs of popliteal lymph nodes isolated on day 15 from mice treated with saline,

mACs/mMWNTs, gemcitabine and various combinations with or without applying implanted in vivo magnets were shown.

Scale bars are 5 mm.
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CNTs have been demonstrated to enable researchers to iden-

tify sentinel lymph nodes non-invasively in vivo.22–24 Com-

bined with their therapeutic characteristics, CNTs may play

an important role in the theranostic nanomedicine25 against

cancer metastasis in future. In the present study, we used

mACs and mMWNTs, which have been demonstrated capable

of developing novel magnetic lymphatic-targeting drug-deliv-

ery systems, as drug vehicles to inhibit cancer lymph node

metastasis. The results showed for the first time that mACs

and mMWNTs effectively enhanced GEM cytotoxicity in vivo

and inhibited lymph node metastasis, especially when using

high dose agents and/or applying implanted in vivo magnets.

The systems offer the possibility to enhance therapeutic ef-

fects and decrease side-effects associated with chemothera-

peutic agents by utilising the synergistic effects of magnetic

targeting and lymphatic chemotherapy.

In this study, mMWNTs and mACs showed little toxicities

against BxPC-3 and SW1990 cells, which were in agreement

with previous reports. Previous studies demonstrated that

surface area and surface chemistry were the main variables

that predicted the potential toxicities of carbon nanomateri-

als, and single-wall carbon nanotubes (SWNTs) induced

stronger adverse effect than MWNTs.26–28 The exact mecha-

nisms that induce cellular toxicity are still unclear, but car-

bon-based nanomaterials can lead to cell death either after
contact with cell membranes or after their internalisation.

The present study revealed that mMWNTs were able to cross

cell membranes and affected drug transport. These phenom-

ena could explain a few apoptotic cancer cells presented in

the metastatic lymph nodes treated by mMWNTs or mACs

alone.

CNTs have been investigated for possible applications in

cancer treatment and can provide controlled targeting deliv-

ery of the chemotherapeutic agents with better efficacy and

fewer side-effects.4–6,9–11 In the present study, the therapeu-

tic effectiveness of mMWNTs is better than that of mAC as

drug carriers. The high efficacy of CNTs for the treatment of

lymph node metastasis could be attributed to the following

reasons. First, CNTs had high drug loading efficiency, and

showed a higher efficiency in delivering GEM into the

lymph nodes than mACs, especially under the magnetic

field.13 Second, mMWNTs displayed superparamagnetic

behaviour with better targeting properties than mACs.

Third, mMWNTs had the ability to cross cell membranes,

which suggested that they can be used as intracellular

transporters of biomolecules including proteins, DNA and

drugs.29 Kostarelos and colleagues30 have demonstrated

that functionalised CNTs seemed capable of cellular inter-

nalisation in all cell types and the nature of the functional

group on the CNT surface did not determine whether func-



Fig. 5 – H&E and immunohistochemical analysis of cytokeratin protein and apoptosis (terminal deoxynucleotidyl transferase-

mediated dUTP nick end-labelling) in the metastatic lymph nodes harvested from tumour-bearing mice after subcutaneously

administration of the drugs. (A) Apoptotic index was determined by the ratio of terminal deoxynucleotidyl transferase-

mediated nick end-labelling-positive cells and total number of cells. Columns, mean; bars, SD. a P < 0.01 compared with

group GEM; *P < 0.01; **P < 0.05; ***P < 0.01 compared with group mMWNTs-GEM(HD)-Mag; ****P < 0.05 compared with group

mMWNTs-GEM-Mag. (B) Quantification of cytokeratin-positive cells (CK-IHC index) evaluated by computer-assisted image

analysis. Columns, mean; bars, SD. a P < 0.05 compared with group GEM; b P < 0.01 compared with group GEM; *P < 0.05;
**P < 0.01; ***P < 0.01 compared with group mMWNTs-GEM(HD)-Mag; ****P < 0.01 compared with group mACs-GEM without

magnet in vivo. (C) Representative light microscopic sections of the popliteal lymph nodes at the bottom (100·).
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Table 2 – Haematological and serum biochemical analysis in treated mice.

Groups WBC RBC Hb PLT ALT Scr
(·109/l) (·1012/l) (g/l) (·109/l) (U/L) (lmol/l)

Control 4.77 ± 0.78 9.63 ± 0.83 11.2 ± 6.9 203.2 ± 117.9 60.0 ± 4.5 33.5 ± 2.1
mACs 4.46 ± 0.41 10.22 ± 0.36 15.1 ± 0.5 152.6 ± 29.1 63.5 ± 28.7 33.5 ± 3.2
mMWNTs 4.31 ± 1.33 9.29 ± 2.41 12.5 ± 6.2 194.1 ± 71.6 62.8 ± 30.3 32.8 ± 4.3
GEM 3.27 ± 1.24a 9.86 ± 0.71 12.9 ± 4.6 152.6 ± 100.0 64.8 ± 15.5 33.7 ± 3.1
mACs-GEM 4.12 ± 1.66 9.80 ± 1.23 14.4 ± 1.6 180.0 ± 102.8 73.1 ± 18.1 29.8 ± 8.5
mMWNTs-GEM 5.11 ± 1.49 9.77 ± 0.98 12.5 ± 5.8 151.3 ± 86.9 65.8 ± 27.8 34.2 ± 8.0
mACs-GEM-Mag 7.15 ± 2.52b 10.14 ± 0.49 14.6 ± 0.7 171.8 ± 59.3 67.6 ± 31.9 32.8 ± 8.5
mMWNTs-GEM-Mag 8.23 ± 2.60b 10.31 ± 0.30 15.3 ± 0.4 159.0 ± 82.3 63.7 ± 25.3 28.0 ± 6.7
mACs-GEM(HD)-Mag 9.10 ± 4.18b 10.15 ± 0.45 14.7 ± 1.0 163.4 ± 28.8 68.6 ± 17.8 26.9 ± 6.0
mMWNTs-GEM(HD)-Mag 8.50 ± 2.47b 10.37 ± 0.32 14.7 ± 0.8 175.3 ± 85.7 56.6 ± 13.8 29.2 ± 8.2

All groups n = 6. Value of average ± standard deviation.

ALT: Alanine aminotransferase; GEM: Gemcitabine; Hb: Haemoglobin; HD: high dose; Mag: Magnet; mACs: Magnetic activated carbon particles;

mMWNTs: Magnetic multiwalled carbon nanotubes; PLT: Platelet; RBC: Red blood cell; Scr: Serum creatinine; WBC: White blood cell.
a Indicated results below the lower limits of normal range.
b Indicated there were statistically significant differences compared with GEM group (P < 0.01).
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tionalised CNTs were internalised or not. Cellular internali-

sation of CNTs takes an important role in targeting therapy

for cancer; thus, understanding the exact internalisation

mechanisms is crucial for pharmaceutical application of

CNTs.29 Although mACs have also been phagocytosed by

the cancer cells in the experiment, the nanoparticle uptake

is limited. Most recently, researchers have been developing

CNTs coupled with cancer cell-specific targeting moieties

to enhance CNTs uptake by cancer cells whilst limiting up-

take by normal cells.9,12,31

The low toxicities of CNTs in vivo suggested that mMWNTs

have the potential application as novel magnetic lymphatic-

targeting drug-delivery system for treatment or prevention

of tumour metastasis.6,32,33 This pattern of magnetic lympha-

tic-targeting chemotherapy makes it possible to give drugs a

durable effect, to prevent harmful side-reactions, and will

have profound effects on time-controlled transport of drugs

to lymph nodes. Most studies have reported that adverse ef-

fects of CNTs in vivo by intravenous administration, through

which CNTs might be excreted from mice via the biliary and

renal pathways, were resulted from their accumulation in ma-

jor organs, such as liver and lung.1,32 We injected the CNTs and

carbon nanoparticles subcutaneously, and found no obvious

nanoparticle agglomerates deposited in the lung, liver and

spleen,1 which is consistent with another recent study.34 The

fact that CNTs accumulated in the draining lymph nodes

has raised concerns about their immunotoxicities. To investi-

gate the immunological properties of CNTs, Meng and col-

leagues34 injected oxidised water dispersible MWNTs in

healthy BALB/c mice. Their results showed that MWNTs in-

duced complement activation and production of proinflam-

matory cytokines early after injection, and that levels of

complement and cytokines returned to normal over time. No

injury was observed in the major organs or lymph nodes, ex-

cept for accumulation of MWNTs in the lymph nodes. This

study suggested that subcutaneous administration of CNTs

might induce short-term immunological reaction and be rela-

tively safer than the route of systemic injection. However,

combining with their toxicological data on CNTs respiratory

exposure, there is an urgent need for comprehensive assess-
ment of systemic effects, such as cardiovascular, neurological

and immunological toxicities, before their clinical use.35,36

Superparamagnetic iron oxide nanoparticles have at-

tracted a great deal of attention owing to their unique physio-

chemical properties and huge potential in cancer diagnosis

and treatment, including MRI, controlled drug/gene delivery,

and hyperthermia in cancer therapy.37 Magnetic CNTs have

also generated great excitement as they have been success-

fully used as vehicles to deliver biomolecules into mamma-

lian cells,38 MRI contrast agents; for cell labelling,7 tracking

haematopoietic stem and progenitor cell,39 detecting circulat-

ing tumour cells40; and for hyperthermia applications.41

mMWNTs, which simultaneously have lymphotropic and

magnetic properties, belong to novel vehicles of magnetic tar-

geted drugs delivery system. The principle of magnetic drug

targeting has already been described by many researchers,

whilst its application in humans is still in the starting stage.42

We used mMWNT as chemotherapeutic agent vehicles to tar-

geted cancer metastatic lymph nodes under the guide of im-

planted magnet. The results are encouraging, and provide

scientists with theoretical and experimental bases for the

treatment of cancer lymphatic metastasis using novel materi-

als, formulations or approaches in the future. This method

will allow for a more effective means of holding the chemo-

therapeutic drugs at the regional metastatic lymph nodes,

and may provide us an opportunity to treat cancers locore-

gionally without systemic toxicity.
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