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Abstract

The size of a nanomedicine strongly correlates with its biodistribution, tissue penetration and cell

uptake. However, there is limited understanding how the size of nanomedicine impacts the overall

antitumor efficacy. We designed and synthesized camptothecin-silica nanoconjugates (Cpt-NCs)

with monodisperse particle sizes of 50 and 200 nm, two representative sizes commonly used in

drug delivery, and evaluated their antitumor efficacy in murine tumor models. Our studies

revealed that the 50-nm Cpt-NC showed higher anticancer efficacy than the larger analogue, due

presumably to its faster cellular internalization and more efficient tumor accumulation and

penetration. Our findings suggest that nanomedicine with smaller sizes holds great promise for

improved cancer therapy.
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INTRODUCTION

Therapeutics nanomedicines, drug-containing nanostructures exemplified by micelles and

nanoparticles (NPs), typically have sizes ranging from a few to several hundred

nanometers.1–5 They are designed as modalities alternative to the conventional molecular

therapeutics for disease treatment, in order to achieve enhanced efficacy and reduced side

effects.6–24 To improve the overall performance of therapeutic nanomedicines in vivo, there

has been tremendous interest in fabricating nanomedicines with controlled physicochemical

properties as well as understanding the correlation between the physicochemical properties

of nanomedicines and their biological performance.21, 25–30 In the latter context, it was

found that the shape of polymeric micelles greatly impacts the circulation time.31 The
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surface charge of gold nanoparticles (NPs) was also found to strongly affect the tissue

penetration behavior.32 Moreover, increasing evidence indicated that particle size plays a

vital role in controlling systemic and lymphatic biodistribution, in vivo tumor targeting and

penetration, and cellular trafficking of particulate drug delivery vehicles.1–2, 4, 25, 33

Although these fundamental studies give insightful information on the correlation of cell

internalization and tissue distribution of nanomedicines with their physicochemical

properties, there is limited understanding how the size of nanomedicine impacts the overall

antitumor efficacy, which is crucial for further optimizing nanomedicines.

Extensively investigated nanomedicines, including Doxil and Abraxane, the two FDA-

approved anticancer nanomedicines, are in the size range of ~100–200 nm.34–35 These

nanomedicines showed limited accumulation and penetration in hypovascular tumors.36–37

Some recent studies1, 3, 38–39 demonstrated that reducing nanomedicine sizes below 60 nm

could substantially improve the penetration and retention of nanomedicine in tumor tissues.

It would be interesting to study nanomedicines with two discrete sizes, one above and the

other below the threshold for tumor tissue penetration, while keeping all other parameters

constant, to study how the size of nanomedicine correlates with their in vitro and in vivo

performance, in particular the correlation of tumor tissue penetration of a nanomedicine with

its antitumor efficacy. In this study, we report the systemic evaluation of the camptothecin-

silica nanoparticle conjugates, termed Cpt-silica nanoconjugates (NCs), with size of 200 nm

(expected to be non-tumor-penetrating) and 50 nm (expected to be tumor-penetrating),

aiming to answer the question whether smaller-sized, drug-containing NPs can indeed be

more efficient in tumor tissue penetration and subsequently be more efficacious in treating

cancer.

EXPERIMENTAL SECTION

Materials

All chemicals, including tetraethyl orthosilicate (TEOS, 99.999%) and camptothecin (Cpt),

were purchased from Sigma-Aldrich (St Louis, MO, USA) and used as received unless

otherwise noted. mPEG5k-triethoxysilane (PEG-sil) (Figure 1) was purchased from Laysan

Bio (Arab, AL, USA) and used as received. Rhodamine B isothiocyanate (RITC) and

IR783-containing silanes were prepared as described in a previous paper.39 HPLC analyses

were performed on a System Gold system (Beckman Coulter, Fullerton, CA, USA) equipped

with a 126P solvent module, a System Gold 128 UV detector and an analytical C18 column

(Luna C18, 250 × 4.6 mm, 5 μm, Phenomenex, Torrance, CA, USA). The sizes and

monodispersities of silica particles were determined on a Hitachi S4800 high resolution

Scanning Electron Microscope (SEM). The real time monitoring of the drug-silica NC sizes

and monodispersities were done with a ZetaPlus dynamic light-scattering (DLS) detector (15

mW laser, incident beam = 676 nm, Brookhaven Instruments, Holtsville, NY, USA). The

HeLa cells (ATCC, Manassas, VA, USA) used for cellular internalization studies were

cultured in MEM medium containing 10% Fetal Bovine Serum (FBS), 100 units/mL

aqueous Penicillin G and 100 μg/mL streptomycin (Invitrogen, Carlsbad, CA, USA).

LNCaP cells (ATCC, Manassas, VA, USA) used for MTT assays were cultured in

RPMI-1640 medium containing 10% FBS (Fetal Bovine Serum), 100 units/mL aqueous

Penicillin G and 100 μg/mL streptomycin. The absorbance wavelength on a microplate

reader (Perkin Elmer, Victor3TM V, Waltham, MA, USA) was set at 570 nm for MTT

assay. Confocal microscopy images for cell internalization studies were taken by Leica SP2

Laser Scanning Confocal Microscope (TCS SP2 RBB, Leica Microsystems, Bannockburn,

IL, USA) using a 63× oil lens and an excitation wavelength of 543 nm. Prior to use in tumor

inoculation, EL4 or Lewis lung carcinoma (LLC) cells were cultured in DMEM medium

containing 10% FBS (Fetal Bovine Serum), 100 units/mL aqueous Penicillin G and 100 μg/

mL streptomycin. For the ex vivo tumor penetration study, the flash frozen tumor tissue
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embedded with optimum cutting temperature (O.C.T.) compound (Sakura Finetek, USA)

was sectioned with a Leica CM3050S cryostat and mounted on glass slides. The tissue

sections were observed on a fluorescence microscope (Zeiss Axiovert 200M, Thornwood,

NY, USA). For biodistribution studies, the organs were fixed in 10% formalin and the

fluorescence of the whole organ was measured using an Odyssey infrared mouse imaging

system (LI-COR, Lincoln, NE, USA).

Preparation of Cpt-silica nanoconjugates (Cpt-NC) with controlled sizes.39

Silica NPs of controlled sizes were first prepared using Stöber method.40–41 For the

preparation of 200-nm NPs, 1 mL methanol, 0.27 mL DI water and 0.24 mL concentrated

ammonia were mixed. Then 62.5 μL TEOS was added to the mixture, which was stirred

gently for 24h. The NPs were collected by centrifugation at 15k rpm and washed with

ethanol (1 mL × 3). Synthetic procedures were similar for silica NPs of 50 nm, except for

the amount of reagents used (i.e. 1-mL methanol, 0.36-mL DI water, 0.08-mL concentrated

ammonia and 62.5-μL TEOS). Cpt-S-sil was synthesized as previously reported.39 To

prepare Cpt50 or Cpt200, silica NPs (4.1 mg), prepared with desired sizes as described

above, were redispersed in a mixture of MeOH (0.7 mL) and DI water (0.2 mL) followed by

the addition of Cpt-S-sil (1.7 mg) in DMSO (100 μL). After the mixture was stirred for 10

min and homogenized, a NaF aqueous solution (25 μL, 10 mg/mL) was added. The pH of

this mixture was around 7. The supernatant of the mixture was monitored by HPLC to

quantify the unreacted Cpt in order to determine the incorporation efficiency of Cpt to NCs.

Drug loadings were calculated based on the feeding ratio of drugs and incorporation

efficiency. After reaction, without isolating the Cpt-NCs, surface modification was carried

out by directly adding a methanol solution of mPEG5k-sil (10 mg/mL) at the weight ratio of

PEG5k-sil/NC=5/27.5. The mixture was stirred for another 12 h at rt. Surface modified NCs

were collected by centrifugation at 15k rpm and the supernatant was removed. The isolated

NCs were washed with ethanol (1 mL × 3) and redispersed in DI water or phosphate-

buffered saline solution (PBS, 1×) before use. The NC size and shape were characterized by

SEM (Hitachi S4800, at 5 kV) and DLS.

Release kinetics of Cpt-NCs

The NCs (Cpt50 or Cpt200) were dispersed in PBS (1×) (0.6 mg/mL), equally distributed to

multiple vials with 1-mL NC solution per vial, and then incubated at 37°C. At selected time

intervals, three vials of each group were taken out of the incubator. The NC solution was

mixed with equal volume of methanol (1 mL) and centrifuged at 15k rpm for 10 min. The

supernatant (1 mL) was transferred to an eppendorf tube without disturbing the precipitate

(NCs) and tuned to pH 2 with phosphoric acid (85%, 100 μL). The resulting solution was

directly injected into a HPLC equipped with an analytical C18 column. A mixture of

acetonitrile and water (containing 0.1% TFA) at a volume ratio of 1:3 was used as the

mobile phase. The flow rate was set at 1 mL/min. The area of the HPLC peak of the released

Cpt (λabs = 370 nm) was integrated for the quantification of Cpt as compared to a standard

curve of free Cpt. A similar release kinetics study was also performed in PBS (1×)

containing 17 U/mL esterase (Sigma-Aldrich, E3019, esterase from porcine liver).

Cytotoxicity of Cpt-NCs by MTT assay

LnCaP cells were seeded in 96-well plates at 3,000 cells/well and grown in culture medium

containing 10% FBS at 37°C for 24 h in a humidified 5% CO2 atmosphere. The medium

was replaced with fresh medium containing Cpt, Cpt-silica NCs or blank silica NCs in

concentrations ranging from 1 nM to 10 μM of Cpt or equivalent Cpt. At each

concentration, six wells per plate were treated. The cell viability was determined by MTT

assay after 72 h. The standard MTT assay protocols were followed thereafter.42
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Cellular internalization of silica NCs with different sizes

In the qualitative analysis by confocal laser scanning microscopy, HeLa cells (5×104) were

seeded in a 4-well chamber slide for 24 h. Cells were washed once with opti-MEM and then

incubated for 1 h (37°C) with opti-MEM (1 mL) containing 100 μg/mL RITC-labeled NCs

of 50 or 200 nm. The cells were then washed by PBS (1×) (1 mL) for three times. Cells were

then fixed with 4% paraformaldehyde and subsequently imaged by confocal laser scanning

microscopy. The nucleus was stained with 4′,6-diamidino-2-phenylindole (DAPI).

In the quantitative analysis by microplate reader, HeLa cells were seeded in 24-well plates at

a density of 5×104 cells/well and cultured for 24 h. After that, the culture medium was

replaced with opti-MEM and pre-incubated at 37 °C for 30 min followed by addition of

RITC-labeled NCs of 50 or 200 nm at 100 μg/mL. After incubation at 37 °C for 2 h, the

medium was discarded, and cells were rinsed with PBS (1×) for three times. The cells were

then lysed with 0.5% SDS (pH 8.0, 500 μL/well) at rt for 20 min. The content of RITC-

labeled NCs in the lysate was quantified by microplate reader (λex=570 nm, λem=590 nm).

The protein content was measured using the Pierce BCA protein assay (Rockford, IL, USA).

A standard curve was obtained using a bovine serum albumin (BSA) solution. The uptake

level was expressed as percentage of the total fluorescence present in the feeding solution

normalized by mg of protein (Figure 3b).

To explore the mechanism involved in the uptake process, cells were incubated with either

the metabolic inhibitor sodium azide (0.1%) and 2-deoxyglucose (50 mM), the clathrin

inhibitor chlorpromazine (10 μg/mL), the caveolar inhibitor genistein (0.2 mM) or methyl-

β-cyclodextrin (m-βCD) (5.0 mM), or wortmannin (10 μg/mL) for 30 min prior to the

addition of RITC-labeled NCs. Results were expressed as the percentage of the total

fluorescence present in treated cells relative to untreated cells according to the quantitative

procedure described above.

Animals and tumor models

C57BL/6 mice (female) and BALB/c nude mice (male) were purchased from Charles River

(Wilmington, MA, USA). Feed and water were available ad libitum. The study protocol was

reviewed and approved by The Illinois Institutional Animal Care and Use Committee

(IACUC) of University of Illinois at Urbana-Champaign.

In vivo biodistribution study

BALB/c nude mice (8-week old) were injected subcutaneously on the right flank with 4 ×

106 LNCaP cells suspended in a 1:1 mixture of Hanks Buffer Solution (HBS) buffer and

matrigel. When the tumor grew to ~12 mm in diameter, mice bearing LnCaP tumors were

divided into two groups with minimal tumor size variations between these two groups. Mice

were injected intravenously with IR783-labeled NCs of 50 or 200 nm at a dose of 150 mg/

kg. Mice were euthanized 24 hours post-injection and fixed in 10% formalin. Whole body

images were taken with the Odyssey infrared imaging system (λem = 800 nm). Mouse

organs, including the tumor, liver, spleen, kidneys, heart and lung, were harvested. The

fluorescence intensity of each tissue was assayed with the Odyssey infrared imaging system

directly. The measurements of the various organs were validated using a phantom of free

IR783 solution on top of tissues of various thicknesses. The thickness of all organs used for

fluorescence measurement were less than 2 mm to ensure minimum 80% transmission.39 To

determine 100% dose, a dilute solution of IR783-labeled NCs was measured along with

tissues at the same instrument settings. The data is presented as percent injected dose per

gram of tissue (average ± standard deviation).
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In vivo tumor penetration study

IR783-labeled NCs of 50 or 200 nm were intravenously (i.v.) administered to C57BL/6 mice

(n = 3) bearing EL4 tumors (size: ~6.0–8.0 mm) at a dose of 150 mg/kg. Mice were

euthanized 24 hours post-injection and their tumors were collected. Tumor sections with 2

mm thickness were collected and placed on glass slides. Fluorescent images were taken with

Odyssey infrared imaging system at an 800 nm emission wavelength. The histograms of the

fluorescent intensity of selected areas (indicated by the lines) in the fluorescence images of

tumor sections (Figure 5a) were analyzed by Image J (Figure 5b).

Ex vivo tumor penetration study

C57BL/6 mice (female, 12–13 week old) were injected subcutaneously on the right flank

with 10 × 106 EL4 cells suspended in a 1:1 mixture of HBS buffer and matrigel (BD

Biosciences, Franklin Lakes, NJ, USA). When the EL4 tumor size reached ~6.0–8.0 mm,

the mice were sacrificed and their tumor tissues were harvested. Tumors were cultured ex

vivo in cell media with IR783-labeled NCs of 50 or 200 nm for 48 h. Tumors without any

treatment served as control. Tumor sections (20 μm thick) were collected by cryostat and

then mounted on glass slides. Fluorescence images were taken by fluorescence microscopy

(λex = 780 nm). A tiling image was taken with fixed exposure time to show part of the edge

and inside area of tumor sections. The fluorescence profile from the tumor surface to the

inside was analyzed by Image J.

In vivo tumor reduction study

Female C57BL/6 mice, 8-week old, were anesthetized, shaved and injected in the right flank

with 1×106 LLC cells suspended in a mixture of HBS buffer and matrigel (1:1, v/v). When

tumors had reached ~300 mm3, mice were divided into three groups (n = 5) with minimal

weight and tumor size difference between groups. Tumor-bearing mice were treated by

intravenous injection of PBS (1×), Cpt50 (25 mg/kg) or Cpt200 (25 mg/kg). Measurements

of the tumor size for each animal were performed at regular intervals using calipers without

knowledge of which injection each animal had received. The tumor volume for each time

point was calculated according to the formula (length) × (width)2/2. If body weight loss was

beyond 20% of the predosing weight, the animals were euthanized. When the tumor load

reached 2000 mm3 or the animal had become moribund, the mouse was sacrificed. Data

reported are average ± standard error of the mean (SEM).

Statistical analyses

Student T-Test (two tailed) comparisons at 95% confidence interval were used for statistical

analysis. The results were deemed significant at 0.01 < *p ≤ 0.05, and highly significant at

0.001 < **p ≤ 0.01.

RESULTS AND DISCUSSION

Formulation and characterization of precisely size-controlled Cpt-NCs

The preparation of Cpt-silica nanoconjugates with precise size control is illustrated in Figure

1. We first prepared the size controlled silica NPs via controlling the concentration of

TEOS, alcohol, water and ammonia in a Stöber reaction.39 Then, drug was incorporated

using a silane-modified drug analogue under mild reaction conditions to obtain Drug-NCs.

In the case of the anticancer drug camptothecin (Cpt), the silanized derivative (Cpt-S-sil) is

prepared by conjugating a trialkoxysilane group to the 20-OH group of Cpt, thereby forming

an ester bond which can be hydrolyzed under physiological condition. Finally, the drug-NC

surface can be modified using a polyethylene glycol (PEG)-containing silane compound

(PEG-sil, Figure 1).
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Following the protocol above, Cpt-NCs with diameters of 50 and 200 nm (denoted as Cpt50

and Cpt200 respectively, Figure 2a) were prepared. Both scanning electron microscope

(SEM) and dynamic light scattering (DLS) measurements were performed to characterize

the morphology, size and size distribution of Cpt50 and Cpt200. As expected, both Cpt-NCs

had excellently controlled sizes (45.7±3.9 nm and 220.5±15.5 for Cpt50 and Cpt200,

respectively) and remarkably narrow size distribution with CV<10% (CV%=SD/D)

measured by SEM images (Figure 2a; Table 1). By industrial standard, particles with CV

<10% are generally regarded as monodisperse.43 The hydrodynamic diameters obtained by

DLS for the two Cpt-NCs were slightly larger than the hard-core size observed by SEM. The

polydispersity index (PDI) values measured by DLS also confirmed the very low dispersity

of the prepared Cpt-NCs (0.050±0.019 and 0.041±0.014 for Cpt50 and Cpt200, respectively)

(Table 1). In addition, the incorporation efficiency of Cpt was above 80% for both

formulations, with drug loading as high as 14.8% being easily achieved (Table 1).

Release kinetics of Cpt from Cpt-NC

Controlled and sustained release of drug from a delivery vehicle is important for the

application of nanomedicine in vitro and in vivo. The ester bond between Cpt and the silane

group is degradable under physiological condition. Thus the conjugated Cpt is expected to

be released as the original form upon hydrolysis. We measured the release kinetics of Cpt-

NCs in PBS (1×) as well as PBS (1×) with 17 U/mL esterase at 37 °C to mimic the

physiological condition (Figure 2b). Cpt release from Cpt50 in PBS (1×) was 7.4% at Day 2

and 22.7% at Day 10, respectively. In the presence of esterase, which is abundant in

cytoplasm, hydrolysis was accelerated and the rate of Cpt release was increased. With

respect to particle size, Cpt was released slightly faster from Cpt50 as compared to Cpt200

in both PBS (1×) and PBS (1×) with 17 U/mL esterase. This is presumably due to the larger

surface area of smaller NCs which exposes more drug molecules (and thus more ester

linkages) to the environment as compared to larger NCs.

Stability of Cpt-NCs in PBS (1×)

Particle stability against aggregation in physiological conditions is a prerequisite for

effective drug delivery in vivo. The Cpt-NCs synthesized in this study displayed remarkable

stability in PBS (1×) at 37 °C, with NC size remaining essentially unchanged for 4 h (Figure

2c). In order to increase systemic circulation half-life and reduce aggregation of NCs in

blood,44 the surface of NCs was modified by 1-(2-(2-methoxyethoxy)ethyl)-3-(3-

(trimethoxysilyl)propyl)urea (PEG-sil) to introduce surface-bound PEG groups (denoted as

PEGylated; Figure 1). PEGylated silica NCs were ~10 nm larger than the non-PEGylated

NCs in hydrodynamic diameters (Figure 2c). When exposed to PBS (1×) for 4 h, non-

PEGylated silica NCs started to aggregate and form large particles (Figure 2c) while

PEGylated silica NCs remained the original size presumably because PEGylation on surface

imparted steric stability to silica NCs in salt solutions. In addition to PEGylation, a variety

of other surface properties—positively or negatively charged moieties, for example—can be

realized using any of the large number of commercial silane coupling agents, thus

demonstrating another advantage of our drug-conjugated silica NCs.44

Cellular internalization

We first compared the silica NCs of 50 and 200 nm, which were fluorescently labeled with

rhodamine B isothiocyanate (RITC), in cellular internalization and trafficking studies. The

confocal laser scanning microscopy images obtained (Figure 3a) clearly showed a stronger

fluorescent signal in HeLa cells incubated with 50-nm NCs as compared to 200-nm NCs,

suggesting that the smaller NCs were internalized more efficiently than their larger

counterparts. The relative levels of internalization were further quantified using a microplate

reader to measure the percentage of the total fluorescent signal internalized by cells
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normalized to the amount of total cell protein. As expected, 50-nm NCs showed a 3-fold

increased cellular internalization efficiency as compared to 200-nm NCs (9.60 and 3.23 %/

mg for NCs of 50 and 200 nm respectively, Figure 3b).

According to Figure 3a, 50-nm NCs administered to HeLa cells accumulated in the

perinuclear region while the majority of 200-nm NCs resided on or near the cell surface.

This observation suggests that, in addition to the amount of uptake, NC size might also

influence the uptake pathway. In order to probe the mechanism of cellular internalization,

we investigated uptake of NCs in HeLa cells in the presence of various biochemical

inhibitors of known internalization pathways (Figure 3c). Toxicity due to the inhibitors was

negligible (measured by MTT assay). When HeLa cells were pre-incubated with NaN3/2-

deoxyglucose (NaN3/DOG)—an inhibitor of cellular adenosine-5′-triphosphate (ATP)

synthesis and thus active/energy-dependent endocytosis—for 30 min before adding silica

NCs, the cellular internalization for both 50- and 200-nm NCs was significantly decreased

(73.5% and 67.6%, respectively) compared to untreated cells. As the internalization of both

NCs was not completely inhibited, it is likely that a small portion of the NCs can be

internalized through a non-energy dependent processes or that exogenous ATP existed in the

cell medium.2 When the cells were pre-treated with chlorpromazine, an inhibitor of clathrin-

mediated endocytosis, or wortmannin, an inhibitor of macropinocytosis, a significant

decrease in internalization was observed for 200-nm NCs (40.2% and 57.0%, respectively)

but not for 50-nm NCs. However, when the cells were pre-treated with genistein or methyl-

β-cyclodextrin (m-βCD)—both inhibitors of caveolae-mediated uptake—only the

internalization of 50-nm NCs was significantly decreased (62.2% and 70.0%, respectively).

These results indicated that caveolae-mediated endocytosis played an important role in the

internalization of the smaller 50-nm NCs while clathrin and macropinocytosis were the

major pathways for 200-nm NCs. Existing literature indicates that caveolar invaginations

have diameters of approximately 50–80 nm and can accommodate cell entry of NPs up to

100 nm.39, 44–47 Thus, it is not entirely surprising that 50-nm NCs but not 200-nm NCs enter

cells through caveolae-mediated pathways. The diameter of clathrin-coated pits, on the other

hand, can be as large as 300 nm48–49 and macropinocytosis can be exploited for

internalization of even larger NPs (up to 1 μm),50 thus explaining why these two pathways

were more important for 200-nm NC uptake.

Cytotoxicity of drug-NCs

The cytotoxicity’s of 50- and 200-nm Cpt-NCs was evaluated and compared with free Cpt

using a MTT assay. The resultant IC50 values for Cpt50 and Cpt200 in LNCaP cells were

510 and 800 nM, respectively (Table 1). The cytotoxicity of the two Cpt-NCs corresponded

to the cellular internalization as well as the amount of Cpt released by the two NCs—the 50-

nm NCs showed higher toxicity to cancer cells and a lower IC50 value as compared to the

200-nm NCs presumably because the smaller particles experienced more rapid cellular

internalization. It is also notable that the in vitro MTT assay showed almost no toxicity

associated with blank silica NPs (IC50>1 mM). Recent studies indicated that silica NPs

could decompose in the blood within a few days,51 suggesting silica based nanoparticles

potentially can be cleared via the renal system.52–53 Collectively, these observations suggest

that the silica-based nanoconjugate system described here has a suitable biocompatibility

and safety profile for potential clinic use.

Biodistribution

As the Cpt-NCs of 50 and 200 nm showed distinct behaviors in vitro, we next studied their

in vivo biodistribution. Biodistribution is one of the key factors that affect the overall

therapeutic performance of drug delivery vehicles. As such, silica NCs of 50 and 200 nm

were labeled with IR783, a near infrared dye, and injected into tumor-bearing mice.39 The
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near infrared dye was used to label silica NCs so as to minimize the interference of tissue

autofluorescence and fluorescence absorption. The silica NCs were i.v. administered to

BALB/c nude mice bearing LNCaP tumors and whole body image scans were performed on

an Odyssey infrared imaging system 24 h post-injection at λem=800 nm with fixed exposure

time (Figure 4a, tumors indicated by black circles). Enhanced fluorescence was observed in

the tumor of the mice that received 50-nm NCs while negligible fluorescence was observed

in the tumor of the mice dosed with 200-nm NCs. Quantitative measurements of

fluorescence intensity in the tumor and other organs were performed ex vivo (Figure 4b, c,

d). In an examination of the percentage of the initial dose present in the excised tumor

normalized against tumor mass (I.D.%/g), the tumor accumulation of the 50- and 200-nm

NCs 24 h post-administration were 2.2 ± 0.2 and 0.4 ± 0.5 I.D.%/g (average ± SD; n=3),

respectively (Figure 4b). The ~5.5-fold increase in accumulation of 50-nm NCs versus their

200-nm counterparts was statistically significant (*p < 0.05). On the other hand, the

accumulation of the two NCs in liver, spleen, kidneys, heart and lung was not statistically

different (Figure 4c, d). As the silica NCs were not functionalized with an active targeting

agent, it is likely that the enhanced permeation and retention (EPR) effect plays a major

role.54 The observation that 50-nm NCs were found at significantly higher concentration in

the tumor after 24 h indicated that they not only utilized the EPR effect to penetrate into

tumor tissue, but also to remain within the tumor. Practically, the enhanced accumulation of

50-nm NCs in tumor suggests that Cpt50 NCs will be able to deliver increased amounts of

drug to the disease area and achieve higher efficacy than the larger Cpt200 NCs.

Tumor penetration

To further study the impact of Cpt-NC size on their microdistribution in tumors, we

designed both in vivo and ex vivo tumor penetration studies to compare NCs of 50 and 200

nm. After tumor-bearing mice were administered with IR783-labeled silica NCs of 50 and

200 nm, the tumors were harvested 24 h post-injection and sectioned (~2 mm in thickness).

As with the biodistribution study above, mice receiving 50-nm NCs showed greater

fluorescence in the tumor tissues compared to mice receiving 200-nm NCs. The 50-nm NCs

also were homogeneously distributed throughout the tumor tissue whereas the 200-nm NCs

were localized on the tumor surface (Figure 5a). A plot profile of fluorescence intensity

versus distance from tumor edge to center was generated by Image J (Figure 5b). Indeed, as

predicted in our initial study, higher fluorescence intensity was observed in the tumors

treated by 50-nm NCs as opposed to 200-nm NCs. Tumor sections from mice treated with

50-nm NCs also exhibited an almost homogeneous fluorescence distribution from edge to

center while clearly reduced fluorescence intensity was observed in the center of the tumor

section treated with 200-nm NCs. This result indicated that after accumulation in tumor

tissues, 50-nm NCs could more thoroughly penetrate the interstitial of tumor tissue thereby

potentially reaching tumor cells distant from blood vessels and releasing anti-cancer drugs to

kill the cancer from the inside out.

To more quantitatively evaluate the passive diffusion of silica NCs into tumor tissues, we

performed an ex vivo tumor penetration study by culturing EL4 tumors harvested from

tumor-bearing mice and exposing them to NCs of 50 and 200 nm (IR783-labeled) for 48

hours. After incubation, tumor sections of 20 μm thickness were analyzed by fluorescence

microscopy at λex = 780 nm with fixed exposure time (Figure 5c). Generally, the 50-nm

NCs penetrated deeper into the solid tumor with overall higher internal fluorescence

intensity than 200-nm NCs. The 200-nm NCs, by comparison, were almost completely

localized to the surface of tumors. To quantitatively compare the penetration depth of these

different size NCs, the plot profile of fluorescence intensity versus distance from tumor edge

to center was generated by Image J (Figure 5d). Penetration depth was defined as the depth

at which fluorescence intensity drops to <5% of the maximum intensity at the tumor edge.
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According to this definition, 50-nm NCs were able to penetrate tumor tissue as deep as 883

μm whereas 200-nm NCs reached a penetration depth of only 168 μm in the EL4 tumors.

Collectively, both ex vivo (Figure 5a, b) and in vivo (Figure 5c, d) studies revealed that 50-

nm NCs penetrated tumor tissue more efficiently, likely because the smaller 50-nm NCs had

better vascular permeation capability and could diffuse more efficiently into tumor

interstitial space.

The distribution of many anticancer drugs and nanomedicines in tumor tissues is incomplete

due to the large distance between blood vessels in solid tumors, the composition of the

extracellular matrix, cell-cell adhesion, high interstitial fluid pressure and lack of

convection.55 As such, poor tumor penetration of anticancer drugs is a limiting factor in

chemotherapy efficacy.56 Very recently, substantial effort has been dedicated to improving

the tumor penetration of drug.32, 57 Studies have indicated that penetration of NPs into the

core of spheroids used as an in vitro tumor model is limited to particles smaller than 100

nm.58 Furthermore, Chan and colleagues reported that 20 nm and 60 nm gold NPs

permeated tumor tissues much more rapidly than 100 nm particles in vivo.1 Based on these

results, it is reasonable to expect that Cpt50 with small and monodisperse size may show

enhanced solid tumor penetration than larger drug delivery vehicles, thereby potentially

improving their therapeutic efficacy.

In vivo tumor reduction study

Given the preferential cellular internalization, tumor accumulation and penetration of 50-nm

NCs over 200-nm NCs, we expected the smaller NCs to show improved antitumor efficacy

in vivo. To explore this, we evaluated the antitumor efficacy of Cpt-NCs of 50 and 200 nm

against LLC tumors induced by subcutaneous injection of LLC cells into the flank of

C57BL/6 mice. After tumors reached ~300 mm3 in size, the animals were divided into three

groups (n = 5) to minimize body weight and tumor size differences among the groups, and

Cpt50 and Cpt200 were administered at a dose of 25 mg/kg. The tumor size and body

weight were subsequently monitored for 12 days post-injection. As expected, the animals

that received a single i.v. injection of Cpt50 showed a statistically significant (*p < 0.05, two

tailed t-test) delay in tumor growth relative to the PBS group (Figure 6a). Statistical

significance was also observed between the Cpt50 and Cpt200 groups from Day 7 to Day

12. Collectively, the observations indicated that Cpt50 had significantly higher efficacy than

Cpt200 in inhibiting subcutaneous LLC tumors in mice. No acute body weight drop was

observed for all the groups, suggesting no acute toxicity for Cpt-NCs of both sizes (Figure

6b).

The in vitro and in vivo results presented here clearly demonstrated that size of

nanomedicine could greatly impact the overall antitumor efficacy. Specifically, Cpt50

showed greater antitumor efficacy as compared to Cpt200. The enhanced efficacy of smaller

drug-NCs is likely due to the improved tumor accumulation and penetration in vivo, as well

as more efficient cellular internalization and higher cytotoxicity of small NCs compared to

their larger counterparts. Although the cytotoxicity of Cpt50 and Cpt200 was not

dramatically different in vitro—IC50’s of 510 nM and 800 nM, respectively—the difference

in in vivo antitumor efficacy was obvious, suggesting that the enhanced tumor accumulation

and penetration are likely the source of the improved performance. As demonstrated in the

ex vivo tumor study, the 50-nm NCs had substantially faster passive diffusion in tumor

tissues. However, the more efficient cellular internalization of 50-nm NCs is also important

for the NCs to achieve prolonged retention in tumors, ultimately leading to higher levels of

drug released within tumor tissue and cancer cells. We previously showed that both 50-nm

and 20-nm NCs were superior to 200-nm NCs in tumor tissue penetration in a subcutaneous

murine LLC model.39 However, because of the ultra-small size and highly effective passive

diffusion inside tissue interstitium, 20-nm NCs may transport rapidly from interstitial spaces
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in tumor to lymphatic vessels. This results in less sustained tumor accumulation as

compared to particles >30 nm and overall reduced efficacy.1, 59–60 Thus, the 50-nm Cpt-NC

is likely in the optimized size range (30–50 nm) for the most effective treatment of

subcutaneous LLC tumors in mice.

CONCLUSIONS

In this study, we formulated Cpt-NCs with excellent size control and studied the impact of

size of nanomedicine on antitumor efficacy. NCs with 50 nm of diameter were demonstrated

to not only outperform 200-nm NCs in terms of cellular internalization, in vivo tumor

targeting and penetration, but also improve overall antitumor efficacy. These results strongly

emphasize the importance of controlling the size of nanomedicine ≤ 50 nm to achieve

enhanced efficacy. Using the novel drug-silica chemistry described in this article, we can

easily prepare monodisperse Cpt-NCs ≤ 50 nm with excellently controlled size. This

formulation strategy holds great potential for further improvement in cancer treatment via

size-controlled nanomedicine. We foresee such drug-silica NCs as a clinically relevant drug

delivery system which not only offers a unique platform for the further study of the size

effect of nanomedicine on the treatment of different cancers, but also can be readily

prepared with the optimized size on a larger scale for potential clinic applications.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic illustration of the preparation of size controlled PEGylated Cpt-silica

nanoconjugates.
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Figure 2.

Characterization of Cpt-NCs. a, SEM images of size precisely controlled Cpt-NCs; b,

Release kinetics of Cpt-NCs of two different sizes (50 nm and 200 nm) were compared in

both PBS (1×) and PBS (1×) with 17 U/mL esterase at 37 °C; c, Stability of PEGylated and

non-PEGylated NCs in PBS (1×).
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Figure 3.

Cellular internalization and trafficking. a, Confocal laser scanning microscopy images of

HeLa cells after 1 h incubation at 37 °C with 50- and 200-nm silica NCs labeled with

rhodamine B isothiocyanate (red). DIC: differential interference contrast; Rhd: rhodamine

channel. Scale bar: 20 μm; b, Quantitative cell uptake level of 50- and 200-nm silica NCs in

HeLa cells. (%/mg of protein, average ± SD; n=3; *p<0.05); c, Probing the mechanisms of

cellular internalization by using inhibitors of endocytosis. Percent internalization was

normalized to cell uptake level in the absence of inhibitors (average ± SD; n=3; *p<0.05).
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Figure 4.

Biodistribution. a, BALB/c nude mice bearing LNCaP tumors were injected intravenously

with 50- and 200-nm silica NCs labeled with IR783. Whole body images were taken by

Odyssey infrared mouse imaging system at 800 nm channel. Black circles indicate the

positions of tumors; b–d, Mice were euthanized 24 hours post injection. Tumors (b) and

other organs (c, d) were collected and measured for total fluorescence intensity (λem=800

nm) ex vivo. The results were presented as the percentage of total injection dose normalized

by gram of the tissue (I.D.%/g of tumor, average ± SD; n=3; *p<0.05).
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Figure 5.

Tumor penetration. a, Sections of EL4 tumors (~2 mm thickness) collected from C57BL/6

mice which were i.v. administered with 50- and 200-nm silica NCs labeled with IR783 were

collected and placed on glass slides. Fluorescent images were taken by Odyssey infrared

imaging system at 800 nm emission; b, Profile of fluorescent intensity of selected areas

(indicated by the lines illustrated in a; arrows indicate the surface of tumor sections imaged);

c, EL4 tumors was cultured with 50- or 200-nm silica NCs labeled with IR783 in cell

medium for 48 h. Tumors without any treatment serves as control. Tumor sections (20 μm

in thickness) were collected by cryostat and mounted on glass slides. Fluorescence images

were taken by fluorescence microscope with 780 nm laser excitation. An image by tiling

6×6 mosaic pictures was taken with fixed exposure time to show the part of edge and center

of tumor sections. Scale bar: 500 μm; d, Fluorescence profile from tumor surface to the

inside was analyzed by Image J as shown in panel c.
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Figure 6.

In vivo tumor reduction study. a, Delay and inhibition of LLC tumor growth in C57BL/6

mice with treatment of Cpt-NC with different sizes. Data are represented as average ± SEM

and analyzed by two-tailed Student’s t-test (*p<0.05); b, Body weight monitoring over the

study.
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