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Pulmonary targeting microparticulate camptothecin delivery
system: anticancer evaluation in a rat orthotopic lung
cancer model
Piyun Chaoa, Manjeet Deshmukha,b, Hilliard L. Kutschera, Dayuan Gaoa,
Sujata Sundara Rajana, Peidi Hua, Debra L. Laskinb,c, Stanley Steina

and Patrick J. Sinkoa,b

Large ( > 6 lm) rigid microparticles (MPs) become

passively entrapped within the lungs after intravenous (i.v.)

injection making them an attractive and highly efficient

alternative to inhalation for pulmonary delivery. In this

study, PEGylated 6 lm polystyrene MPs with multiple

copies of the norvaline (Nva) a-amino acid prodrug of

camptothecin (CPT) were prepared. Surface morphology

was characterized using a scanning electron microscope.

CPT was released from the CPT–Nva-MPs over 24 h in rat

plasma at 378C. In-vivo CPT plasma concentrations were

low (approximately 1 ng/ml or less) and constant over a

period of 4 days after a single i.v. injection of CPT–Nva-MPs

as compared with high but short-lived systemic exposures

after an i.v. injection of free CPT. This suggests that

sustained local CPT concentrations were achieved in the

lung after administration of the MP delivery system.

Anticancer efficacy was evaluated in an orthotopic lung

cancer animal model and compared with a bolus injection

of CPT. Animals receiving free CPT (2 mg/kg) and

CPT–Nva-MPs (0.22 mg/kg CPT and 100 mg/kg MPs)

were found to have statistically significant smaller areas

of lung cancer (P < 0.05 and 0.01, respectively) than

untreated animals. In addition, 40% of the animals

receiving CPT–Nva-MPs were found to be free of cancer.

The CPT dose using targeted MPs was 10 times lower than

after i.v. injection of free CPT, but was more effective in

reducing the amount of cancerous areas. In conclusion,

CPT–Nva-MPs were able to achieve effective local lung

and low systemic CPT concentrations at a dose that

was 10 times lower than systemically administered CPT

resulting in a significant improvement in anticancer efficacy

in an orthotopic rat model of lung cancer. Anti-Cancer
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Introduction
In the United States, lung cancer has the second highest

rate of incidence after prostate and breast cancer in men

and women, respectively [1,2]. Lung/bronchus cancer is

the leading cause of death in men and women among

all types of cancer. Cancer therapy is often limited by

patient intolerance because of systemic side effects and

high toxicities of the administered medications. There-

fore, targeting potent anticancer drugs directly to the

tumor site in the lung should result in high local drug

concentrations, reduced systemic drug concentrations,

and a reduction in drug-induced damage to noncancerous

organs. In addition, higher localized drug concentration

also helps to prevent the development of multidrug

resistance in cancer cells [3,4]. Furthermore, it is also

known that tumors make use of angiogenesis to facilitate

the nutrition required for tumor growth [5]. Therefore,

the drug carrier described in this study may tend to

concentrate in capillary-rich cancerous sites rather than

the healthy parts of the lung.

Although there are numerous new approaches such

as angiogenesis inhibitors, matrix metalloproteinases

inhibitors, targeting epidermal growth factor receptor

(EGFR) pathways, gene therapy and antisense therapy

for the treatment of lung cancer, there has been limited

improvement in patient survival rates [6]. EGFR tyrosine

kinase inhibitors have been evaluated with concurrent

chemotherapy in a series of phase III trials and no be-

nefit was reported by adding either erlotinib or gefitinib

to standard first-line platin-based chemotherapy in

advanced non-small-cell lung cancer (NSCLC) [7–10].

Bevacizumab, an FDA-approved monoclonal antibody

against VEGFR, which acts as an angiogenesis inhibitor
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for NSCLC, only offered a modest survival benefit in a

limited patient population [11]. Therefore tailoring

targeted therapies remains important in NSCLC treat-

ment. Some other approaches use targeting moieties

of overexpressed receptors on the surface of cancer cells,

whereas others have targeted apoptosis, cell cycle

regulators, monoclonal antibodies, vaccination, and anti-

neoplastons with some promising results in in-vitro

studies. However, few successes have translated to the

in-vivo situation and clinic [6]. Therefore, alternative

approaches such as organ targeting provide additional

options for anticancer drug delivery. Lung targeting can

be achieved by using its unique physiological features.

The lung is the only organ in the body that receives the

entire venous blood output from the heart. Therefore,

the lung serves as a blood filter and is able to efficiently

entrap a wide variety of microparticles (MPs) after intra-

venous (i.v.) administration (Kutscher et al., in prepara-

tion) [12–17]. A unique property of the lung is its ability

to function after exposure to particulate matter, which is

unlike any other organ. Mechanistically, this occurs as the

lung uses a small percentage of its massive vascular space

during rest and recruiting unused capillaries to allow the

blood to continue to flow relatively unhindered during

exercise or increased arterial pressure because of blocked

of capillary beds within the lung [18].

As a result of the unique physiological features of the

lung, macroaggregated albumin (MAA) has been used

in nuclear medicine for many years to image pulmonary

blood flow [19]. These flexible MPs are of a sufficient

size (Z 10 mm) such that when injected i.v. they cannot

pass readily through the pulmonary capillary bed [20,21].

MAA accumulates in peripheral lung tissue and is thought to

be cleared by interstitial macrophages [20–23] or fragmenta-

tion because of the bombardment of red blood cells [24].

It has also been shown that radiolabeled MAA-MPs

collect in the pulmonary capillary bed at a rate that is

proportional to the blood flow [25]. Recently, our lab

systematically studied the relationship between rigid MP

size and lung targeting efficiency, intralung distribution

and retention time (Kutscher et al., in preparation).

Complete entrapment and retention of 10 mm MPs was

observed for the 1-week duration of the study, whereas 2

and 3 mm MPs readily passed through the lung. A large

portion (> 80%) of the 6 mm MPs were retained for the

first 2 days with 15% being slowly cleared over the next 5

days suggesting a possible threshold size for rigid MPs.

Wide distribution of 6 and 10mm MPs throughout lung

tissue provided evidence of entrapment in pulmonary

capillaries but not arterioles (Kutscher et al., in preparation).

The transient but efficient targeting of pulmonary

capillaries by rigid 6 mm MPs, which was observed in

our earlier study, suggested that systemic administration

of MPs may be an efficient alternative to inhalation

for delivery to the lung. Therefore, the objective of this

study was to develop, characterize, and assess the

feasibility of using a passive pulmonary targeting drug

delivery system for the treatment of lung cancer. Drug-

containing MPs were designed to improve the efficacy of

lung cancer treatment. To take advantage of the unique

ability of the lung to passively entrap MPs for drug

delivery, a CPT–Nva prodrug was prepared and covalently

attached to ethylenediminetetraacetic (EDTA)-coupled

PEGylated 6 mm polystyrene MPs. The results of this

study suggest that systemic administration of pulmonary

targeted MPs may be an efficient alternative to systemic

drug administration for the treatment of lung cancer.

Materials and methods
Materials

Carboxyl modified polystyrene MPs (mean diameter

6 mm) were purchased from Molecular Probes, Inc.

(Carlsbad, California, USA). N,N-diamino-poly(ethylene-

glycol) (DAPEG, 3.4 kDa) was obtained from Nektar

Inc. (San Carlos, California, USA). EDTA, 4-dimethyl-

aminopyridine (DMAP), dimethyl sulfoxide (DMSO),

and 1,3-diisopropylcarbodiimide (DIPC) were purchased

from Sigma-Aldrich (Atlanta, Georgia, USA). Fluoresca-

mine was obtained from Roche Diagnostics (Indianapolis,

Indiana, USA). For the synthesis of the CPT–Nva

prodrug, CPT was purchased from Sigma-Aldrich and

Boc-norvaline was purchased from EMD Biosciences

(Gibbstown, New Jersey, USA). Intralipid was purchased

from Sigma-Aldrich (St. Louis, Missouri, USA). A human

lung carcinoma cell line, A549, was purchased from

American Type Culture Collection (Manassas, Virginia,

USA).

Animals

Male Sprague–Dawley rats weighing between 250

and 275 g were purchased from Hilltop Lab Animals,

Inc. (Scottdale, Pennsylvania, USA). Male nude rats

(200–250 g) were purchased from the National Cancer

Institute at Frederick (Frederick, Maryland, USA).

Sprague–Dawley rats were housed in standard rat cages.

Nude rats were housed in sterile microisolation rat cages.

Rats were fed a standard rat diet, had free access to water

and were housed in a room with a 12 h light/dark cycle for

at least 1 week before experiments. All rat experiments

were carried out under approved protocols from the Use

and Care of Animal Committee at Rutgers University in

AAALAC accredited facilities.

Preparation of CPT–Nva-MPs and intermediates

Synthesis of CPT–Nva

The CPT–Nva prodrug was synthesized as described

earlier (Deshmukh et al., in preparation).

Preparation of PEGylated MPs (Compound 2)

The CPT–Nva conjugated PEGylated MPs were synthe-

sized as shown in Fig. 1. Carboxyl MPs (Compound 1)

were washed twice with double-distilled water and dried
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under vacuum for 2 h. The dried MPs were then sus-

pended into anhydrous DMSO. To this suspension,

DAPEG (2 equivalents) and DMAP (catalytic amount)

in DMSO were added. DIPC (2 equivalents) was added

to the reaction mixture. The progress of the PEGylated

coupling to MPs was monitored using a Fluram test [26].

After completion of the reaction, the PEGylated MPs

were washed with water and collected using centrifuge

and dried under vacuum to yield the PEGylated MPs.

Preparation of EDTA-coated PEGylated MPs

(Compound 3)

The primary amine group on Compound 2 was converted

to a carboxyl group upon the addition of EDTA to

PEGylated MPs. EDTA (2 equivalents), DIPC (8

equivalents), and DMAP (4 equivalents) were mixed in

DMSO in advance; the mixture was vigorously shaken to

completely dissolve the EDTA. Well-suspended PEGy-

lated MPs in anhydrous DMSO were added drop wise to

the EDTA mixture. The progress of the reaction was

again monitored using a Fluram test. After completion

of the reaction, the EDTA-coated PEGylated MPs

(Compound 3) were washed with water, and collected

by centrifugation and dried under vacuum to yield the

EDTA-coated PEGylated MPs (Compound 3).

Synthesis of CPT–Nva-MPs (Compound 4)

CPT-Nva (1.2 equivalents), DIPC (1.3 equivalents) and

DMAP (1 equivalent) were dissolved in DMSO (15 ml)

and added drop-wise into well-suspended EDTA-coated

PEGylated MPs in DMSO. The reaction was stirred

at room temperature. The progress of the reaction was

monitored using a fluorescence microscope. The reaction

was considered complete when the fluorescence intensity

(because of CPT) of the MPs did not change over

time. Upon completion of the reaction, CPT–Nva-MPs

were washed three times with methanol to remove any

unreacted CPT.

A549 cell culture

The human lung carcinoma cell line A549 (American

Type Culture Collection) was cultured in Dulbecco’s

Fig. 1
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modified Eagle medium/nutrient mixture F-12 (1 : 1

mixture) (Invitrogen, Carlsbad, California, USA) supple-

mented with 10% fetal bovine serum, 100 U penicillin

and 100 mg streptomycin at 371C in a humidified atmo-

sphere of 5% CO2 in air. The cells were passaged when

they reached 90% confluence.

Phagocytosis of CPT–Nva-MPs by A549 cells

A549 cells were seeded on Nunc Lab-Tek II Chamber

Slide System (Thermo Fisher Scientific, Rochester, New

York, USA) at 5� 104 cells/chamber, and were incubated

overnight. Thereafter, the carboxyl MPs, PEGylated

MPs, and CPT–Nva-MPs (5 mg/ml suspended in cell

culture medium) were added and incubated with the

cells overnight. The cells were then rinsed three times

with phosphate-buffered saline (PBS) and once with

0.2 mol/l NaCl adjusted to pH 2.5 with acetic acid to

remove nonspecifically bound MPs. After fixation with

4% formaldehyde for 30 min, cells were viewed under a

phase-contrast microscope. The fixed cells were further

air-dried for scanning electron microscope (SEM).

Pharmacokinetics of CPT–Nva-MPs

CPT was dissolved in DMSO (5 mg/ml) before dilution

by Intralipid to a final concentration of 2 mg/ml.

CPT–Nva-MPs for injection were suspended into saline

containing 0.1% Tween 80 (100 mg/ml) and were

sonicated and vortexed immediately before injection to

avoid particle aggregation.

Sprague–Dawley rats (n = 4) in which the jugular vein

was cannulated were injected with a single bolus dose of

CPT (2 mg/kg) or CPT–Nva-MPs (100 mg/kg) through

the tail vein. Blood was collected from a cannulated

jugular vein at 0, 5, 10, 15, 30, 60 min, 2, 4, 8, 12, and 24 h

after CPT and CPT–Nva-MPs was administered to

animals. Animals receiving CPT–Nva-MPs had additional

blood samples collected at 36, 48, 60, 72, 84, and 96 h

after drug administration. The blood samples were placed

on ice immediately after collection from the animals and

were centrifuged at 12 000g for 5 min at 41C. The

supernatants were stored at – 201C until analysis.

The plasma samples were deproteinized by mixing with

three times volumes of ice-cold methanol. After centri-

fugation at 10 000g for 5 min, the supernatants were mixed

with equal volume of 0.1 N HCl. The total CPT released

was analyzed using high-performance liquid chromato-

graphic (HPLC) methods described below [27–30].

Analysis of CPT

The analysis of CPT was performed using a C-18 reverse-

phase column (Supelcosil LC-18, 4.6 � 330 mm) coupled

with a C-18 guard column (Supelguard LC-18, 2.1�
20 mm) on a Waters 2690 Alliance HPLC system (Waters

Corporation, Milford, Massachusetts, USA). An isocratic

mobile phase consisted of a mixture of 20% acetonitrile/

water (20/80) containing 1% triethylamine/acetic acid

(1 : 1) pH 4, at flow rate of 1 ml/min. The detection

was performed using a fluorescence detector (Shimadzu

Scientific Instruments Inc., Columbia, Missouri, USA)

with an excitation wavelength of 360 nm and an emission

wavelength of 440 nm. The lower limit of detection for

CPT was 0.1 ng/ml.

Orthotopic lung cancer rat model

An orthotopic animal model of human lung cancer in

nude rats used in this study was previously established

[31] and characterized [32]. Nude rats (200–250 g) were

irradiated with 500 rads of whole-body g-irradiation from

a 127Cs source. The radiation dose was sublethal for

the purpose of immune suppression [33]. After 2–3 h of

resting, the animals were anesthetized using ketamine/

xylazine and were placed supinely on a rodent operation

board tilted at a 451 angle [34]. The maxilla was pulled

down by using an elastic band to keep the mouth open.

A light bulb (50 W) was placed perpendicular to

the animal’s chest (approximately 5 cm from the skin)

to allow transillumination of the thorax. The trachea and

epiglottis were made apparent by thoracic transillumina-

tion. A sterile, disposable, and flexible 18-gauge feeding

needle was passed through the illuminated vocal cord to

the trachea, and 0.3 ml of 5 � 106 A549 cells suspension

in serum-free medium was administered to the lung

through the needle slowly. The ability to induce lung

cancer in nude rats is close to 100% as shown earlier [32].

Maximum tolerated dose study

It was previously determined by our group that the

maximum tolerated dose (MTD) of CPT for a single

bolus intraperitoneal injection in rats was 5 mg/kg [35].

MTD was defined as a dose that caused no drug-related

lethality and that produced no animal body weight loss

more than 20% of the original animal weight. CPT at

multiple doses (0.33, 0.56, and 0.83 mg CPT/kg) or single

dose (1.11 mg CPT/kg), and CPT–Nva-MPs at multiple

doses (5, 20, 50, and 150 mg MPs/kg MPs or 0.011,

0.044, 0.11, 0.33 mg CPT/kg, respectively), or single dose

(250 mg MPs/kg or 0.55 mg CPT/kg) were injected i.v. to

Sprague–Dawley male rats (n = 3) every 3 days for 27

days. Body weight was monitored daily for the first week

and two to three times per week thereafter. At the end of

the study, the lungs, liver, heart, kidneys, and spleen were

removed and fixed with 10% neutral buffered formalin for

hematoxylin and eosin E staining.

Anticancer efficacy of the CPT–Nva-MPs

One week after the A549 cell inoculation, nude rats

(n = 5) were injected with CPT–Nva-MPs (50 and

100 mg/kg, equivalent to CPT 0.11 and 0.22 mg/kg),

CPT (2 mg/kg) or vehicle control (saline containing

0.1% Tween 80). The treatment was conducted every

3 days for 27 days. The day after the last treatment, all

animals were euthanized, and organs (lungs, liver, heart,
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kidneys, and spleen) were dissected and weighed. The

organs were fixed in 10% neutral buffered formalin for

hematoxylin and eosin staining.

Stained lung sections were thoroughly examined under a

light microscope coupled with a digital camera connected

to a computer. Images of the sections with lung cancer

sites were captured and recorded. The images were

further analyzed using ImageJ v 1.32 (National Institutes

of Health, USA, http://rsb.info.nih.gov/ij/) software. The

number of tumor sites of each rat lung was recorded. The

size of the lung cancer site was measured and analyzed

using the ImageJ software. The anticancer efficacy was

evaluated based on the following four parameters: the

number of rats found to be free of lung cancer, the

average number of cancer sites in each treatment group,

the average size of lung cancer sites in each treatment

group, and the total area occupied by tumor cells. The

toxicity of the treatments was evaluated by comparing

the body weight changes of the rats in different treat-

ment groups to those in the control group.

Statistical analysis

Statistical analyses were performed using Microsoft Excel

v.9.0 (Microsoft Corporation, Redmond, Washington,

USA). The experimental values were expressed by

mean ± standard deviation. Differences between experi-

mental groups were tested using a t-test at a = 0.05. The

significance of a single factor in groups was tested by

analysis of variance at a = 0.05. The regression analysis of

the standard curves was performed using least squares

linear regression (Microsoft Excel v.9.0) and nonlinear

regression was performed using GraphPad Prism v.4

(GraphPad Software, La Jolla, California, USA). All the

graphics were generated by GraphPad Prism v.4.

Results and discussion
Analysis of CPT–Nva-MPs

The surface morphology of the CPT–Nva-MPs was

examined by both light/fluorescence microscopy and

SEM. The strong fluorescence under the microscope

(lex = 360 ± 40 nm/lem > 420 nm) indicated good con-

jugation efficiency of CPT–Nva to the MPs (images not

shown). There were no visible size differences between

CPT–Nva-MPs and unmodified MPs. SEM micrographs

of CPT–Nva-MPs are shown in Fig. 2. CPT–Nva-MPs

retained their spherical shape and surface morphology

indicating that the synthesis schemes were suitable to

the MPs. The size of the dry CPT–Nva-MPs was

visually inspected under SEM and found to be the same

as unmodified MPs.

Fig. 2

10μm

Scanning electron microscope micrograph of CPT–Nva-MPs. All of
the microspheres showed an intact surface and spherical morphology
indicating that the modified synthetic procedure had little effect on the
microspheres (bar = 10mm).
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(a) Release of camptothecin from CPT–Nva-MPs in PBS (pH 7.4) solution at 371C. First-order release kinetics was initially observed (R2 = 0.9823).
Mt: cumulative amount of CPT released at time t; MN: total amount of CPT loaded onto MPs. (b) The release of camptothecin from CPT–Nva-MPs in
rat plasma at 371C. The line represents the best-fit line as determined by linear regression of the data. First-order release kinetics was observed
(R 2 = 0.9902). Mt: cumulative amount of CPT released at time t; MN: total amount of CPT loaded onto MPs.
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The amount of bound CPT–Nva-MPs was determined by

the release of CPT from CPT–Nva-MPs in PBS (pH 7.4)

and in rat plasma at 371C (Fig. 3a and b, respectively).

HPLC with fluorescence detection was used to iden-

tify the release of CPT from the MPs. Triethylamine

acetate buffer was used in the mobile phase to serve

as the ion-pairing reagent; provide an adequate reten-

tion of the carboxylate form of the drug; act as a

masking reagent for underivatized silanols to prevent

peak tailing; and to serve as the major buffer compo-

nent [29].

The majority of CPT (approximately 90%) was released

from the MPs over a 24 h period. The release of CPT,

due to the hydrolysis of the ester bond, in rat plasma

was much more rapid than in PBS suggesting the possible

involvement of carboxylesterase and b-glucuronidase

enzymes, which are present in rat plasma [36–38].

Furthermore, the release kinetics were found to follow

first order in plasma (R2 = 0.9902) and in PBS

(R2 = 0.9823). The amount of CPT contained in CPT–

Nva-MPs was found to be 2.2 mg/mg of MPs.

Phagocytosis of MPs by the human lung carcinoma

cell line, A549

The phagocytosis of 6 mm unmodified polystyrene

MPs, PEGylated MPs, and CPT–Nva-MPs was evaluated

in A549 cells. Polystyrene MPs are widely used to study

phagocytosis [39–42] because they are commercially

available with a narrow size distribution, are internally

fluorescently labeled, have various functional groups

on the MPs for further surface property modification,

and have high stability in biological media relative to

biodegradable particles. As the goal of this study was to

test the local release and conversion of the CPT prodrug

and its effect on lung cancer when passive lung targeting

was used, an inert nondegradable MP was the best choice

to produce unbiased results. In this initial study, we

have successfully synthesized CPT–Nva-MPs. The SEM

micrographs of the unmodified polystyrene MPs are

shown in Fig. 4. The process of phagocytosis was rapid,

and occurred within 8 h of incubation. It was observed

that a single cancer cell was able to ingest one or more

MP. The ingested MPs were arranged in a way to

minimize the space occupied inside the cell (Fig. 4b). It

is known that a macrophage is capable of ingesting a

single particle approximately 1.5 times its diameter or

three times its volume [42]. However, the ingestion

capacity of epithelial cells or cancer cells is unknown. As

phagocytosis is not one of their primary physiological

functions, it was surprising that a single A549 cell was

able to take-up numerous particles (Fig. 4a–c), which

occupied at least 700–850 mm3, if the spaces between

MPs were not considered. Thus, A549 cells could ingest

comparable or greater amount of particles than macro-

phages. A high magnification SEM micrograph (Fig. 4c)

shows a single A549 cell in the process of ‘ingesting’ one

of the unmodified MPs by engulfing the particle with its

cell membrane. The intact cell membrane indicates that

the cells were healthy. The current evidence does not

support an alternative explanation to the apparent

phagocytosis, as the MPs were added after the attach-

ment of A549 cells to the glass surface of the slides,

it is very unlikely that the cells in Fig. 4 are on top of

the particles. Before SEM, A549 cells were confluent

(Fig. 4a), the MPs were added to the monolayer of cells,

and the incubation with the particles lasted overnight.

Therefore, there was almost no chance that cells could

grow on top of MPs. The inert MPs were obviously unable

to migrate underneath the cells. Another alternative

explanation is that the MPs are coated with a layer of

Fig. 4
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Scanning electron microscope micrographs of the phagocytosis of
6 mm unmodified carboxyl polystyrene MPs (a–c) by the human lung
carcinoma cell line, A549.
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albumin or cellular protein(s). Although this possibility

cannot be ruled out, it is also unlikely. Figure 4b presents

a cluster of cells at a higher magnification. Except for two

particles, the particles do not look as if they are coated

with a protein layer, because the contour of the layer over

the particles does not follow the shapes of individual

particles, but assumes a cell membrane appearance with

tight tension. In addition, the two MPs are not ‘coated’,

which is contrary to what would be expected by the

‘coating mechanism’.

Interestingly, a similar result was obtained from cells

treated with PEGylated MPs (data not shown). It is

well known that the PEGylated particles possess ‘stealth’

properties and thus are able to bypass uptake by

macrophages [43–46]. Interestingly, the PEGylated MPs

were not ‘stealthy’ to cancer cells, perhaps this was

because of the cationic surface charge of the MPs

obtained after PEG modification. The cancer cells were

able to recognize the PEGylated MPs and phagocytosize

those as efficiently as unmodified MPs. The mechanism

of MP phagocytosis might be different among cell

types. For example, Foster et al. [40] showed that the

internalization of albumin-coated MPs by two epithelial

cell lines, A549 and Calu-3, occurred as readily as for

the uncoated ones. However, in a study using macro-

phages, neutrophils and monocytes, the phagocytosis of

albumin-coated MPs was greatly reduced probably

because the reticuloendothelial system was not able to

recognize the albumin-coated MPs as foreign matter

[47,48]. In this study, significant differences were not

observed in the uptake efficiency between nonmodi-

fied polystyrene MPs and the PEGylated MPs by the

epithelial cancer cells, A549. The differential uptake of

PEGylated MPs by epithelial cell and macrophages could

represent another important cancer targeting element for

this drug delivery system.

The A549 cells were also capable of ingesting CPT–

Nva-MPs (Fig. 5a). Observation under fluorescence

microscopy showed that significant amount of CPT

was still bound to the MPs (Fig. 5b). This is consistent

with the in-vitro stability study of the CPT–Nva-MPs

(Fig. 3a), where only approximately 10% of CPTwas released

after 8 h of incubation in buffer. The cells were further

examined by SEM after being air dried and sputter

coated with gold. This micrograph suggests that CPT–

Nva-MPs were ingested by A549 cells (Fig. 5c–d).

Interestingly, it was observed that a single cancer cell

was also capable of ingesting multiple CPT–Nva-MPs.

Under higher magnification (Fig. 5c), we were able to

visualize CPT–Nva-MPs in the process of being engulfed

by a cell. However, the cell membrane of the cell that

ingested CPT–Nva-MPs was obviously thinner than

the one that ingested the unmodified MPs (Fig. 4c)

and lacked a distinctive membrane edge. In addition, it

Fig. 5

(a)

10 μm 1μm

(c)

10 μm

(d)

(b)

Microscopy of the phagocytosis of CPT–Nva-MPs by A549 cells. (a) Light microscopy showing CPT–Nva-MPs aggregates inside the cells, (b) the
fluorescence microscopy of the same field as (a) (�40, bar = 25mm), (c) and (d) scanning electron microscope of the phagocytosis of CPT–Nva-
MPs by A549 cells.
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appears that A549 cells lose their ability to effi-

ciently arrange the ingested CPT–Nva-MPs minimizing

the space occupied as the cells did with the unmodified

MPs.

Pharmacokinetics of CPT and CPT–Nva-MPs

Plasma concentrations of CPT were analyzed by HPLC

after a single bolus i.v. injection of CPT–Nva-MPs and

free CPT in rats. CPT plasma concentration is plotted

as a function of time in Fig. 6. Free CPT was rapidly

excreted from the blood in a biexponential manner as

reported by other groups [30,49,50]. However, CPT–

Nva-MPs, had an initial increase in CPT plasma concen-

tration with a tmax of 0.5 h followed by an elimination

phase to a barely detectable level at 24 h. The small burst

in systemic CPT plasma concentration after the ad-

ministration of CPT–Nva-MPs is significantly lower

than concentrations found initially after an i.v. bolus dose

and more importantly, lower than the toxic threshold

that is known to lead to severe systemic side effects

in humans. The plasma concentration of CPT then

gradually increased to a plateau with consistent concen-

trations of approximately 1 ng/ml until the end of study

(96 h). The constant CPT plasma concentration in the

later phase after the administration of CPT–Nva-MPs

was possibly due to the sustained release of CPT from

the delivery system, as shown in the in-vitro stability

study, where the half-life of CPT–Nva-MPs was in terms

of days (Fig. 3a and b). The reduction in CPT plasma

concentrations after 6–8 h corresponds well to the uptake

and retention of MPs in pulmonary macrophages.

Interestingly, the increase in CPT plasma concentrations

at approximately 48 h also roughly corresponds with our

earlier results showing that MPs of this size are

transiently retained in the lung for 24–48 h. This would

suggest that during this period of time, higher local CPT

concentrations were being achieved. Given the treatment

regimen used in this study (a single injection once every

3 days), it is reasonable to expect that local, but high

CPT concentrations were maintained for the duration

of the study, though highly fluctuating and transient

concentrations would be observed after i.v. injection of

free CPT.

Maximum tolerated dose of MPs

No noticeable side effects were observed in any of the

rats regardless of the amount of CPT administered for all

treatments. However, the average increase in body weight

of the CPT-treated group was lower than the control

group indicating that the animals might be suffering from

a loss of appetite while receiving treatment (Fig. 7a).

One rat receiving 250 mg/kg of CPT–Nva-MPs dis-

played symptoms of embolism immediately after the first

injection. The animal was promptly euthanized to avoid

unnecessary suffering. Rats administered with 150 and

50 mg/kg of CPT–Nva-MPs showed no signs of side

effects (including embolism) throughout the study. Over

the course of the study, rats injected with 150 or 50 mg/kg

CPT–Nva-MPs received total doses of 1350 and 450 mg/kg,

respectively, which were 5.4 and 1.8-fold greater than the

acute lethal dose of 250 mg/kg.

Animals receiving CPT–Nva-MPs had body weight

increases similar to the control group except for animals

receiving 150 mg/kg (Fig. 7b). Gross examination of the
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lung, liver, spleen, and kidney of animals receiving

150 mg/kg of CPT–Nva-MPs showed enlarged spleens,

which were three-fold larger in weight than control

groups. MPs accumulation in the spleen resulted because

of the nonbiodegradable nature of polystyrene MPs. In

addition to the spleen, accumulated MPs were observed

in histological sections of lung tissue from rats treated

with multiple doses of 50 mg/kg (Fig. 8a and b) and

150 mg/kg (Fig. 8c and d). The MPs were observed to a

lesser extent in the lungs from rats receiving multiple

doses of 50 mg/kg CPT–Nva-MPs (Fig. 8a and b)

compared with and 150 mg/kg (Fig. 8c and d). Therefore,

it was determined that 150 mg/kg of CPT–Nva-MPs was

a toxic, but not lethal dose, and 50 mg/kg was a nontoxic

dose. The highest dose of CPT tested did not reach the

MTD of 5 mg/ml via intraperitoneal administration

determined previously by our group [35]. Rats adminis-

tered 50 mg/kg CPT–Nva-MPs with a total dose of

450 mg/kg did not show any signs of toxicity under gross

and histological inspection of blood-pooled organs. Animals

administered 150 mg/kg (total dose of 1350 mg/kg) of

CPT–Nva-MPs did not show any signs of distress or

embolism during the experiment, although the increase

of body weight was less than rats in other groups.

Histological examination showed the enlarged spleen

indicated the accumulation of nondegradable MPs after

they were cleared from the lungs (data not shown).

Therefore, two doses (100 and 50 mg/kg) of MPs were

chosen for the anticancer efficacy studies.

Anticancer efficacy of the CPT-conjugated MPs

Nude rats bearing A549 tumor in lung (n = 5) were

treated with CPT–Nva-MPs (100 and 50 mg/kg), CPT

(2 mg/kg) or saline containing 0.1% Tween 80 (as vehicle

control group) 1 week after the inoculation of lung cancer.

The treatment was applied once every 3 days for 27 days.

Anticancer efficacy was evaluated by examining the

following three factors: the average tumor size; the

average number of tumor sites; and the total area

occupied by tumor cells found in the lung tissue samples.

The total area occupied by tumor cells was calculated by

multiplying the average number of tumor sites and the

average size of tumor sites found in the lung tissue

(Fig. 9). Animals receiving 100 mg/kg of CPT–Nva-MPs

had the fewest number of cancer sites, average cancer site

size, and area occupied by tumor cells. In addition to the

lower number of cancer sites found and smaller area

occupied by cancer cells, 40% of the animals receiving

100 mg/kg of CPT–Nva-MPs inoculated with lung cancer

cells were found to be free of cancer, whereas tumor sites

were found in all animals in other treatment groups. The

largest average number of cancer sites found in the lung

tissue occurred in the control group, followed by groups

receiving 50 mg/kg of CPT–Nva-MPs, 2 mg/kg of CPT,

and 100 mg/kg of CPT–Nva-MPs, respectively. The CPT

dose of CPT–Nva-MPs (100 mg/kg) was 10-fold lower

than after i.v. injection of free CPT, but was found to be

more effective in reducing the amount of cancerous areas.

The largest average cancer site size found in the lung

Fig. 8

b(a) (b)

(c) (d)

d

Hematoxylin and eosin stained histological lung sections of rats receiving nine doses of (a and b) 50 mg/kg and (c and d) 150 mg/kg CPT–Nva-MPs.
Both show accumulation of MPs in the pulmonary capillaries (arrows). (a and c) �10, and (b and d) �40.
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tissue occurred in control animals followed by 2 mg/kg

of CPT, 50 mg/kg of CPT–Nva-MPs, and 100 mg/kg of

CPT–Nva-MPs, respectively. The result of the statistical

analysis suggests that the average size of cancer sites

found in the lung tissue from the animals receiving

100 mg/kg of CPT–Nva-MPs was significantly (P < 0.05)

lower than that of the control group.

All animals lost weight after the inoculation of lung

cancer cells, and recovered before the initiation of treat-

ment (Fig. 10). The decrease in body weight was most

likely because of distress caused by irradiation, anesthesia

and/or liquid in the lungs. The change in body weights in

all groups was not significantly different from each other

indicating that the doses of free CPT and CPT–Nva-MPs

administered were well tolerated. The analysis of the

data shows that animals receiving the 100 mg/kg dose of

CPT–Nva-MPs had the largest increase in body weight

among all treatment groups. The absence of signs of

toxicity from all treatments was confirmed in a pharma-

cokinetic analysis of plasma CPT. None of the animals

died because of the cancer burden or treatment toxicity

during the study period.

Although plasma CPT concentrations from rats receiving

CPT–Nva-MPs were constant and significantly lower

than that of rats receiving free CPT, the anticancer

efficacy was superior. We hypothesize that after the

delivery system was entrapped in the lung tissue, the

majority of the MPs were phagocytosed by the A549

cells or the alveolar macrophages while the CPT was still

covalently bound to the MPs. The hydrolysis of the ester

bond occurred intracellularly, resulting in cell death.

Only small portions of the CPT–Nva-MPs, which bypass

pulmonary filtration and phagocytosis by macrophages,

were able to release free CPT into the general circulation.

In our earlier published study, we reported that

camptothecin is a substrate of MRP2, and Pgp/BCRP

through the use of inhibitors MK571 and GF120918 [51].

A549 cells are known to have high amounts of MRP2

Fig. 9
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mRNA and protein expression [52], however, the amount

of Pgp found in A549 cells is negligible suggesting that

camptothecin could have been effluxed from A549 cells

during the study by MRP2. As a result, plasma CPT

concentrations were constantly low. The decrease in

nondetectable CPT concentrations from approximately

6–48 h corresponds well with entrapment in the lung

followed by release back into the system.

In conclusion, the current results show the feasibility of

using a passive lung targeting approach with improved

anticancer efficacy at 10 times lower CPT doses and

resulting in lower systemic concentrations and toxicity.

However, although feasibility of the approach was readily

shown in this study, polystyrene MPs cannot be used in

humans, as they cannot be eliminated from the body.

Thus, the development of MPs using biocompatible

materials is required. Our group’s current efforts have

focused on the design and development of biocompa-

tible aggregated nanogel particles. These particles were

prepared using PEG and initial biodistribution studies

show that these particles are retained in the body for

more than 24 h and are predominately found in the lung.

These particles will be an excellent alternative to replace

polystyrene particles.
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