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1. Introduction

The Hedgehog pathway is an essential signaling pathway that regulates tumor cell growth in 

addition to the development of embryonic tissues and the homeostasis of adult stem cells 

[1]. During activation, Hedgehog ligands (Sonic, Indian, or Desert) bind to transmembrane 

protein Patched (Ptch1) and relieve its inhibition of Smoothened. The subsequent cascade of 

events leads to translocation of transcription factor Gli1 into the nucleus. Nuclear Gli1 

activates a number of target genes that are involved in cell proliferation and angiogenesis.

Aberrant activation of the Hedgehog pathway is frequently observed in carcinoma tissues. 

Immunostaining of specimens collected from breast cancer patients revealed overexpression 

of Sonic Hedgehog, Ptch1, and Gli1 in primary carcinoma but no detectable levels of these 

proteins in adjacent normal tissue [2]. Hedgehog components were expressed strongly in 

pancreatic precursor and invasive lesions but not in normal pancreatic ductal epithelium [3]. 

Similar results were reported in other cancer types, including esophageal, lung, brain, and 

prostate cancers [4–7].

Blockade of the Hedgehog pathway with inhibitors induces significant antitumor effects [8, 

9]. One Hedgehog pathway inhibitor, cyclopamine (CPA), is a potent inhibitor of 

Smoothened, a seven-transmembrane protein downstream of Ptch1 and upstream of Gli1 

[10]. CPA shows promising properties, including prevention of metastasis, disruption of 

tumor stroma, and depletion of cancer stem cells [11]. However, CPA is insoluble in water 
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and thus not suitable for clinical translation. Several nanoformulations using polymeric 

micelles or polymer conjugate have been developed to increase the solubility of CPA in 

water [12–14].

CPA has also been used in combination with other therapeutic modalities [15, 16] and was 

found to enhance the tumor response to ionizing radiation [17]. Ionizing radiation is widely 

used in cancer treatment, especially the treatment of inoperable tumors. Since whole-body 

irradiation causes excessive damage to healthy tissues, techniques have been developed to 

target radiation to tumor regions; these techniques include delivering radiation internally by 

using radioisotopes conjugated to tumor-targeting monoclonal antibodies [18, 19] or 

peptides [20]. Among the radioisotopes that have shown promise for the treatment of solid 

tumors in clinical trials is lutetium-177 (177Lu). 177Lu emits low β-energy (Eβmax = 497.1 

keV), which causes less side effects than those observed with external radiation 

therapy. 177Lu has a tissue penetration of approximately 2 mm; therefore, it is suitable for 

treating small tumor cell clusters and micrometastases [18]. Its long half-life (6.7 days) 

allows the preparation of more sophisticated radioconjugates and is sufficient for 

purification and transport. In addition to being used for treatment, 177Lu can be used for 

scintigraphy and dosimetry because it emits γ radiation (208 keV, 11% of all energy 

emitted) [21]. To date, 177Lu-labeled radiotracers have been evaluated in a number of 

clinical studies [20, 22].

We hypothesized that CPA encapsulated in liquid-lipid nanoparticles (CPA-LLP) for 

intravenous injection would have desirable pharmacokinetic properties and substantial 

anticancer efficacy. We further hypothesized that CPA-LLP would enhance the response of 

tumor cells to 177Lu conjugated to core-crosslinked polymeric micelles (CCPM-177Lu). We 

prepared and characterized CPA-LLP and CCPM-177Lu, and evaluated the antitumor 

activity of CPA-LLP alone and in combination with CCPM-177Lu both in vitro and in vivo 

against breast cancer and pancreatic cancer cells. Our data show that the combined 

chemoradiation therapy is an effective strategy for cancer treatment.

2. Materials and Methods

2.1. Materials and cell lines

CPA was purchased from LKT Laboratories (St Paul, MN). 177LuCl3 was purchased from 

Perkin Elmer (Waltham, MA). Tritium-labeled CPA ([3H]CPA; 1.0 mCi/mg CPA) was 

obtained from Moravek Biochemicals (Brea, CA). Lecithin E80, lecithin S100, and oleic 

acid were purchased from Lipoid (Ludwigshafen, Germany). 1-(4-Isothiocyanatobenzyl) 

diethylenetriaminepentaacetic acid (DTPA-bz-SCN) was obtained from Macrocyclics 

(Dallas, TX). (3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) (MTS) was purchased from Life Technologies (Carlsbad, 

CA). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher 

Scientific (Pittsburgh, PA).

4T1 murine breast cancer cells and Miapaca-2 human pancreatic ductal adenocarcinoma 

cells were purchased from American Type Culture Collection (Manassas, VA) and 
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maintained in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum 

and 1% antibiotics. Both cell lines have activated Sonic Hedgehog pathway [10, 23, 24].

2.2. Preparation and characterization of CPA-LLP

CPA (50 mg) and lecithin (3.6 g) were dissolved in 3 mL of ethanol at 50°C, and then olive 

oil (5.0 g) and oleic acid (0.5 g) were added. The mixture was gently stirred at 50°C until a 

clear uniform solution was formed. Then ethanol was removed in vacuo, and the resultant 

solution was dispersed into 50 mL of an aqueous solution containing sucrose and L-arginine 

under stirring. The mixture was homogenized at 10,000 RPM for 5 min and then passed 

through a Lab Homogenizer M110P (Microfluidics, Westwood, MA) under a pressure of 

2000 bars for 10 cycles at room temperature, to give the final product CPA-LLP. CPA-LLP 

was sterilized by filtering through a 0.22-µm filter, un-encapsulated CPA was also removed 

during the filtration. For long-term storage, the CPA-LLP suspension was lyophilized and 

stored at −80°C. In a separate experiment, [3H]CPA was mixed with nonradioactive CPA 

for the preparation of [3H]CPA-LLP.

For analysis of the content of CPA in CPA-LLP, CPA-LLP suspension was centrifuged at 

5,000 RPM for 5 min to remove CPA precipitate. The supernatant was then dissolved in 

ethanol and sonicated for 5 min to release the encapsulated CPA. After centrifugation at 

13,000 RPM for 15 min, the supernatant was analyzed using an Agilent 1100 series high-

performance liquid chromatography (Santa Clara, CA). The mobile phase was a mixture of 

0.1% TFA (solvent A) and acetonitrile (solvent B), using a gradient (solvent B from 5% to 

95% v/v in 30 min). The column was an Agilent C18 column (4.6× 250 mm) with 5-μm 

particles. The flow rate was 1.0 mL/min, and the detection wavelength was 210 nm. The size 

of CPA-LLP was measured using dynamic light scattering on a Brookhaven 90 plus particle 

size analyzer (Holtsville, NY). The morphology of CPA-LLP was analyzed using a JEM 

1010 transmission electron microscope (JEOL USA, Inc., Peabody, MA).

2.3. Preparation and characterization of 177Lu-labeled CCPM

CCPM was prepared according to previous reports [25] from the self-assembly and cross-

linking of poly[oligo(ethylene glycol) methyl ether methacrylate]30-b-poly(2-

(methacryloyloxy)ethyl 4-oxo-4-(3-(triethoxysilyl)propylamino)butanoate)60. The prepared 

CCPM was then modified with DTPA-bz-SCN to introduce the metal chelator DTPA. After 

purification, 177LuCl3 1 mCi in 50 μL of sodium acetate buffer (10 mM, pH 5.2) was added 

to 450 μL of aqueous solution of 20 mg of CCPM-DTPA. The mixture was then incubated at 

room temperature for 1 hr. Radiolabeling efficiency was analyzed using an instant thin-layer 

chromatography system (Bioscan IAR-2000 TLC Imaging Scanner, Washington, DC).

2.4. Cell proliferation assay

Cell proliferation was examined using MTS assay. Cells were seeded in 96-well plates and 

treated with CPA-LLP at various concentrations at 37°C for 96 hr before MTS assay. Cell 

viability was normalized to that of untreated cells and expressed as mean ± standard error of 

the mean (SEM) (n = 6).
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2.5. Cell clonogenic assay

Cell clonogenic assay was performed as previously reported [26]. To test the effect of CPA-

LLP alone, cells were plated at 500 cells per 10-cm plate in growth medium overnight and 

then treated with CPA-LLP and maintained at 37°C for 10 days. At the end of this 10-day 

period, formed colonies were fixed with formalin and stained with crystal violet. Colonies 

consisting of more than 20 cells were counted. To test the radiosensitization effect of CPA-

LLP, cells were grown to 80% confluence and then treated with CCPM-177Lu and/or CPA-

LLP at 37°C for 24 hr. After washing steps, cells were detached into single-cell suspension 

and plated at 1000 cells per 10-cm plate. Formed colonies were fixed, stained, and counted 

as described above. All experiments were performed in 4 replicates.

2.6. Establishment of tumor xenografts in mice

All animal studies were approved by the Institutional Animal Care and Use Committee of 

The University of Texas MD Anderson Cancer Center and were carried out in accordance 

with institutional guidelines. Subcutaneous tumor xenografts were established by injecting 

cell suspensions (5×106 cells for 4T1 cells; 1×107 cells for Miapaca-2 cells) into the right 

flanks of Nu/Nu mice (Charles River, Wilmington, MA).

2.7. Pharmacokinetic and biodistribution studies

For pharmacokinetic studies, Balb/c mice (Charles River) were injected intravenously with 

20 µCi of [3H]CPA-LLP. At predetermined intervals, blood samples were taken from the tail 

vein; weighed; solubilized in 1 mL of scintillation-counting-compatible Soluene-350 (Perkin 

Elmer) by incubation at 60°C overnight; and decolorized by addition of 0.2 mL of 30% 

hydrogen peroxide. The 3H radioactivity in each sample was measured by scintillation 

counting. Values were calculated as the percentage of the injected dose per gram (%ID/g) 

and expressed as mean ± SEM (n = 8). Pharmacokinetic analyses were performed using 

classical techniques and Phoenix WinNonlin 6.3 software (Pharsight Corp., St. Louis, MO). 

The CPA-LLP blood concentration-time data were interpreted by non-compartmental 

methods. The total area under the blood concentration-time curve from zero to the last 

sampling point and from zero to infinity (AUC0-∞) and the area under the first moment of 

the blood concentration-time curve (AUMC) were estimated by the trapezoidal rule with 

extrapolation of the terminal portion to infinity. The rate constant (K) governing the terminal 

elimination of CPA-LLP from the body was determined from the least-squares slope of the 

terminal linear segment of a semi-logarithmic plot of blood CPA-LLP concentration versus 

time. The elimination half-life was calculated as 0.693/K. The systemic clearance was 

calculated using the formula Dose/AUC0-∞. The apparent volume of distribution in the 

terminal phase was calculated using the formula Dose/[(AUC0-∞)K]. The mean residence 

time was calculated using the formula AUMC/AUC.

For biodistribution studies, Nu/Nu mice bearing 4T1 tumors were injected intravenously 

with [3H]CPA-LLP. Mice were euthanized and organs were collected 6 hr after injection. 

The weight and 3H radioactivity of each organ were recorded. Accumulation of CPA-LLP in 

each organ was calculated as %ID/g and expressed as mean ± SEM (n = 6).
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2.8. Evaluation of antitumor efficacy in mice

After inoculation, mice were maintained for about 7 days (4T1 tumor) or 14 days 

(Miapaca-2) until the tumor reached about 0.1 cm3. CPA-LLP was injected via tail vein, and 

CCPM-177Lu was injected intratumorally. Mice were divided into four groups (n = 8 or 9 

per group): (1) control (three injects of saline over one week); (2) CPA-LLP at the 

equivalent CPA dose of 10 mg/kg per injection, three injections over 1 week; (3) single 

injection of CCPM-177Lu at 200 µCi per mouse; and (4) CPA-LLP at the equivalent CPA 

dose of 10 mg/kg per injection, three injections over 1 week, and a single intratumoral 

injection of CCPM-177Lu at 200 µCi per tumor along with the first dose of CPA-LLP. 

CCPM-177Lu was given a single injection because of the relatively long half-life of 177Lu 

(6.7 days). Mouse body weight and tumor volume (1/2 × length × width2) were recorded 

twice a week. Mice were euthanized once tumor size reached 1200 mm3. For histologic 

analysis, tumors were removed, fixed in formalin, embedded in paraffin, sectioned, and 

stained with hematoxylin-eosin.

2.9. Statistical analysis

Values are expressed as mean ± SEM. Data were evaluated using Student's t-test or one-way 

analysis of variance. A p value of less than 0.05 was considered to be statistically 

significant. Survival curves were analyzed using the Kaplan-Meier method with 95% 

confidence intervals.

3. Results

3.1. Characteristics of CPA-LLP and CCPM-177Lu

The size of the CPA-LLP in emulsion after homogenization was less than 1 µm, which was 

further reduced to 48.2 ± 3.1 nm after passage through a microfluidics apparatus (Figure 

1B). Transmission electron microscopy confirmed the size and morphology of CPA-LLP 

(Figure 1C). After passage through a 0.22-µm filter the resultant CPA-LLP dispersion had a 

CPA concentration of 0.6 mg/mL, while the CPA loading was 0.84% by weight. As shown 

in Table 1, freezing or lyophilization of CPA-LLP for long-term storage had no significant 

impact on either CPA size or CPA loading. The release of CPA from CPA-LLP depended 

on the pH of the incubation buffer (Figure 1D). During incubation at 37°C, 73.2% ± 3.3% of 

CPA was released by 24 hr in a pH-5.2 buffer, whereas 36.4% ± 2.3% of CPA was released 

by 24 hr in a pH-7.4 buffer. The total CPA release after 72-hr incubation was 86.1% ± 2.0% 

for pH 5.2 and 54.9% ± 2.1% for pH 7.4.

The size of CCPM-177Lu was 33.1 ± 1.2 nm, and the radiolabeling efficiency was greater 

than 95% (Figure S2).

3.2. CPA-LLP inhibited cancer cell proliferation and clonogenicity

CPA-LLP was more toxic than free CPA dissolved in DMSO (Figure 2A and E). The IC50 

values of CPA-LLP against Miapaca-2 and 4T1 cells were 1.8 ± 0.2 and 2.7 ± 0.2 µM, 

respectively, whereas the IC50 values of free CPA against Miapaca-2 and 4T1 cells were 

17.1 ± 1.6 and 11.3 ± 1.2 µM, respectively, 9.5 times and 4.2 times the values for free CPA 

(p < 0.0001). The IC50 value of blank LLP was 2.9 mg/mL, which was equivalent to the 
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amount of LLP in CPA-LLP containing 59 µM of CPA (Figure 2A and S3). Since the IC50 

concentration of the CPA-LLP formulation is much less than 10 µM CPA, LLP at the 

concentration equivalent to 10 µM CPA, i.e. ~0.48 mg/mL, should not contribute in any 

significant way to cell death caused by CPA-LLP. Thus the enhanced cytotoxicity of CPA-

LLP was not a contribution of the blank LLP carrier. CPA-LLP also was more effective in 

preventing colony formation in both cell lines (Figure 2B and F). At the concentration 

equivalent to 3 µM CPA, CPA-LLP almost completely eliminated cell colonies (Figure 2D 

and H), while free CPA only reduced colony numbers by 17.7% ± 4.3% in Miapaca-2 cells 

(Figure 2C) and by 6.7% ± 6.1% in 4T1 cells (Figure 2G).

3.3. CPA-LLP enhanced response of cancer cells to CCPM-177Lu

For the radiosensitization experiments, the starting concentrations of CCPM-177Lu were 0.3, 

3, 30, and 300 µCi/ml. The exposure of cells to radiation was calculated to be 0.219, 2.19, 

21.9 and 219 µGy, respectively, according to the methods described in Supplemental 

Materials (Tables S1–3). At all tested doses of CCPM-177Lu, cells treated with CPA-LLP 

produced significantly fewer colonies than cells not treated with CPA-LLP (p < 0.05) 

(Figure 3). The colony formation efficiency values (%) in Miapaca-2 cells were as follows: 

73.1 ± 1.3 vs. 98.1 ± 4.8 at 0.219 µGy, 59.9 ± 2.0 vs. 97.5 ± 3.5 at 2.19 µGy, 49.6 ± 2.0 vs. 

66.8 ± 3.1 at 21.9 µGy, and 0.6 ± 0.1 vs. 2.9 ± 0.5 at 219 µGy. Similar trends were observed 

in 4T1 cells: 73.4 ± 2.3 vs. 89.8 ± 3.2 at 0.219 µGy, 52.1 ± 3.0 vs. 67.9 ± 3.5 at 2.19 µGy, 

43.8 ± 2.8 vs. 56.0 ± 2.3 at 21.9 µGy, and 2.4 ± 0.4 vs. 13.9 ± 3.5 at 219 µGy. The formation 

of Miapaca-2 colonies was not inhibited by blank up to 5 mg/ml CCPM (Figure S4).

3.4. Pharmacokinetics and biodistribution of CPA-LLP

The pharmacokinetics and biodistribution of CPA-LLP were studied using [3H]CPA-LLP. 

CPA-LLP displayed a bi-exponential disposition following administration, with a fast blood 

clearance during the first 4 hours and a slower blood clearance thereafter. The %ID/g value 

in blood decreased from 4.0 ± 0.1 at 0 hr to 1.5 ± 0.1 at 4 hr and 1.1 ± 0.1 at 12 hr (Figure 

4A). The pharmacokinetic parameters of CPA-LLP are summarized in Table 2. Of interest, 

the blood concentration bounced back after 24 hours and remained relatively high through 

96 hours after administration of CPA-LLP. This pattern could be attributed to sustained 

release of CPA from the tissues.

Biodistribution in 4T1-tumor-bearing mice is presented in Figure 4B. The initial blood 

clearance was accompanied by concomitant uptake of CPA in tumor (Figure 4B): at 6 hr 

after injection, tumor uptake of CPA-LLP (%ID/g) was 6.0 ± 0.5. The CPA uptakes (%ID/g) 

in other major organs were as follows: 10.6 ± 0.4 in liver, 2.0 ± 0.3 in spleen, 6.1 ± 0.5 in 

kidney, 11.6 ± 1.2 in lung, and 13.6 ± 1.3 in intestine.

3.5. CPA-LLP enhanced response of tumor xenografts to CCPM-177Lu

The antitumor efficacy of CPA-LLP, CCPM-177Lu, and the combination against 4T1 

xenografts is shown in Figure 5. At day 16 after treatment started, the tumor volume in the 

monotherapy groups was significantly smaller than that in the non-treatment control group 

(p = 0.03 for CPA-LLP vs. control; p = 0.04 for CCPM-177Lu vs. control), and the tumor 

volume in the combination-therapy group was significantly smaller than the tumor volumes 
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of control (p < 0.0001) and CCPM-177Lu (p = 0.014) (Figure 5A). All mice were euthanized 

at day 18 after the initiation of treatment. Tumor weights were as follows (Figure 5B): 

control, 1.3 ± 0.1 g; CPA-LLP group, 1.0 ± 0.1 g; CCPM-177Lu group, 0.7 ± 0.1 g; and 

combination-therapy group, 0.4 ± 0.1 g. The combination-therapy group had significantly 

lighter tumors than the control (p < 0.0001) and CPA-LLP groups (p = 0.0002). The body 

weight of mice did not change significantly during therapy (Figure 5C).

The antitumor efficacy of CPA-LLP, CCPM-177Lu, and the combination against Miapaca-2 

xenografts is shown in Figure 6. The combination therapy effectively inhibited tumor 

growth; tumor volumes with combination therapy were significantly smaller than those in 

the other groups at all time-points up to 10 days after the initiation of treatment (p < 0.05, 

Figure 6A). The tumor growth curves of individual Miapaca-2 xenografts up to 120 days 

after the initiation of the treatments from the same study are summarized in Figure S5, and 

the survival of mice was presented in Figure 6C. The control had significantly shorter 

survival than all other groups (p = 0.01). All 8 mice in the control group died within 3 weeks 

after treatment started. At the end of the study (day 120), the numbers of surviving mice in 

the treatment groups were as follows: 3 of 9 mice in the CPA-LLP group, 2 of 9 mice in the 

CCPM-177Lu group, and 5 of 9 mice in the combination-therapy group. In terms of change 

in body weight, the combination group showed a reversible 4.7 ± 1.7 % weight loss at day 3, 

which grew back for later time points (Figure 6B). All other three groups did not have 

significant weight loss. Representative hematoxylin-eosin-stained tumor sections are shown 

in Figure 6D–F. Untreated tumors were packed with viable tumor cells (Figure 6D); whereas 

tumors treated with the combination therapy displayed massive necrosis (Figure 6E, white 

arrow). The surviving mice in the combination-therapy group were pathologically tumor 

free (Figure 6F).

4. Discussion

In the present study, we successfully treated both 4T1 and Miapaca-2 tumor xenografts in 

vivo with the combination of CPA formulated as injectable liquid-lipid nanoparticles and β-

particle radiation mediated through 177Lu-bound polymeric micelles. To the best of our 

knowledge, this is the first attempt to achieve combined chemoradiation therapy through two 

different nanoparticle formulations: one for CPA and one for 177Lu. We successfully loaded 

CPA into liquid-lipid nanoparticles (~50 nm) that released CPA in a pH-sensitive manner. 

The pH-responsive CPA release from the liquid-lipid nanoparticles may have been caused 

by protonation of CPA in acidic pH conditions and subsequent solubilization of protonated 

CPA. CPA-LLP showed excellent storage stability. All components used in CPA-LLP 

formulation were safe for clinical use and have been widely employed in formulations for 

intravenous injection [27, 28]. 177Lu could not be readily formulated in the same liquid-lipid 

particles with sufficient stability. Therefore, it was attached to nanoparticles through 

radiometal chelator DTPA, which in turn was covalently conjugated to CCPM. The resulting 

CCPM-177Lu was directly injected into tumors to achieve localized delivery of radiation. 

Both in vitro and in vivo studies showed that the combination therapy not only killed cancer 

cells but also delayed tumor growth and prevented tumor relapse. Our results suggest that 

the combination of CPA-LLP and CCPM-177Lu could be an effective treatment for tumors 

with activated Sonic Hedgehog pathway.
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Although CPA has shown promising antitumor properties in many preclinical studies, its 

insolubility in water posed a substantial obstacle to its clinical translation. A number of 

approaches have been tried to increase the solubility of CPA in water. For example, several 

CPA derivatives have been synthesized to incorporate hydrophilic moieties. However, the 

preparation of such derivatives can be laborious and expensive. Because CPA contains 

secondary amine, it reacts with acid and thus becomes water soluble. Citric acid and the 

combination of tartaric acid and cyclodextrin have been used to form complexes with CPA 

at acidic pH [29]. However, CPA is unstable at acidic pH. Recently, several 

nanoformulations have been developed to encapsulate CPA. Zhou et al [12] conjugated CPA 

to poly (N-(2-hydroxypropyl) methacrylamide) via short peptide linker that can be 

enzymatically cleaved. The resultant conjugate exhibited potency against cancer stem cells. 

Cho et al [13] loaded CPA into polymeric micelles based on PEG-b-poly(ε-caprolactone) 

and used this formulation to successfully treat ovarian tumor models. Chitkara et al [14] 

encapsulated CPA into another customized polymeric micelle formulation for pancreatic 

cancer therapy.

In the present study, CPA was encapsulated in LLPs consisting of nanodroplets of olive oil 

stabilized by amphiphilic lipids lecithin S100 and lecithin E80. Our findings showed that 

CPA-LLP was a promising formulation and deserves further evaluation because of the 

nontoxic nature of all components used, ease of scaling up production, long shelf-life, and 

significant antitumor efficacy. All ingredients of LLP are edible and thus should be 

associated with only minimal risks of toxic effects in patients. CPA was loaded into the oil 

phase via a microfluidics apparatus. Up to 1 gram of CPA can be easily processed in a 

couple of hours; thus, the process could be easily scaled up when necessary. The size of LLP 

was less than 100 nm (Figure 1), which resulted in a prolonged circulation in blood and low 

uptake in the reticuloendothelial system (Figure 4). CPA-LLP quickly released CPA in 

acidic buffer (Figure 1D). Since the tumor microenvironment tends to be acidic [30], this 

pH-dependent release would facilitate CPA accumulation in tumor tissues. CPA-LLP had 

excellent stability in terms of shelf-life. Once frozen at −80°C or lyophilized, CPA-LLP 

could be stored without changes in size or CPA loading up to 40 days. Lyophilized CPA-

LLP was easily reconstituted by adding water, giving a dispersed solution with nanoparticles 

similar to freshly prepared CPA-LLP (Table 1). In vitro evaluation showed that CPA-LLP 

had higher cytotoxicity than free CPA. CPA-LLP also was more effective than free CPA in 

inhibiting the colony formation of both 4T1 and Miapaca-2 tumor cells (Figure 3). In vivo 

pharmacokinetic data showed that CPA-LLP had a prolonged blood circulation and a 

sustained release of encapsulated CPA over time (Figure 4A). The tumor uptake of 6.0 ± 0.5 

%ID/g at 6 hr (Figure 4B) could be attributed to the enhanced permeability and retention 

effect, which is characteristic of long-circulating nanoformulations.

In the present study, we conjugated 177Lu to the CCPM platform and thus formulated a 

nanosource of radiation. CCPM can be readily prepared at multiple-gram scale. CCPM has 

also been tested as a platform for nuclear imaging tracers and demonstrated impressive 

tumor uptake via the enhanced permeability and retention effect [25]. In the present study, 

CCPM-177Lu was injected into tumor to precisely control the radiation dose and simplify the 

interpretation of results. The localized radiation also prevented damage to other vital organs 
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to minimize possible adverse effects. It is also possible to develop targeted CCPM-177Lu by 

tagging tumor-homing ligands to the surface of CCPM for internal radiation therapy after 

systemic administration [31, 32].

CPA is known to sensitize tumors to radiation therapy, which is an important treatment 

option for cancer, especially for tumors not amenable to surgery. Activation of the 

Hedgehog pathway protects tumor cells against radiation, while inhibition of the Hedgehog 

pathway could enhance the tumor response to radiation [33, 34]. The mechanisms 

underlying radiosensitization by CPA include redistribution of cell cycles to the more 

ionizing-radiation-sensitive phases, depletion of tumor stem cells, and disruption of DNA-

damage repair [35–37]. In the present study, we first evaluated the combination of CPA-LLP 

and CCPM-177Lu using clonogenic assay (Figure 3). In both 4T1 and Miapaca-2 cells, CPA-

LLP enhanced the efficacy of 177Lu radiation therapy by preventing formation of colonies 

by treated cells. Animal studies confirmed that monotherapy with CPA-LLP or 

CCPM-177Lu significantly slowed tumor growth in both xenograft models (Figures 5A and 

6A). Furthermore, combination therapy slowed tumor growth more than monotherapy did in 

both xenograft models (Figures 5A and 6A).

The limitations of the current study are as follows. First, intratumoral injection of 

CCPM-177Lu may not be directly applicable in clinical setting. However, we note that 

brachytherapy, where a sealed radiation source is placed inside or next to the tumor, is 

commonly used as an effective treatment for cervical, prostate, breast, and other solid 

tumors. In the current study, CCPM-177Lu was used to test the idea of nanoparticle-

immobilized 177Lu as a source of local radiation, either used alone or in combination with 

CPA-LLP. Our results showed that CCPM-177Lu was effective when delivered 

intratumorally. These results support designing and testing next generation CCPM-177Lu 

that can be selectively delivered to the tumor with minimal retention in normal organs after 

intravenous injection. Second, we used subcutaneous tumor models. In future studies, more 

clinically relevant pancreatic cancer models, including orthotopic models, genetically 

engineered mouse models of pancreatic cancer, and human tumor implant models, will be 

used to further evaluate the antitumor efficacy of CPA-LLP in combination with 

radiotherapy. Third, in the current study, gross toxicity was estimated by measuring changes 

in body weight of treated mice. This is by no means adequate. A comprehensive toxicity 

study is necessary if CPA-LLP and/or CCPM-177Lu were to move towards clinical studies 

in the future.

5. Conclusion

In summary, we showed that the combination of CPA-LLP and CCPM-177Lu was an 

effective strategy for cancer therapy in a breast cancer model and a pancreatic cancer model. 

The CPA-LLP formulation fulfilled several key requirements for drug-delivery systems: 

biocompatibility, storage stability, and easy scale-up. Localized radiation therapy was 

achieved by intratumoral injection of CCPM-177Lu to avoid the side effects of whole-body 

radiation therapy. The effect of chemoradiation therapy was validated by both in vitro and in 

vivo studies. Further studies are warranted to investigate the efficacy of the combination of 

CPA-LLP and external radiotherapy in different breast and pancreatic cancer models, 
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including drug-resistant and orthotopic models. Studies on the effect of CPA-LLP on 

radiation-caused DNA damage repair are currently under way.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Schematic illustration of study design. Radioactive polymeric micelles containing 177Lu 

were injected intratumorally, and CPA-loaded lipid nanoparticles were injected 

intravenously. (B-D) Characterization of CPA-LLP. (B) Dynamic light scattering histogram 

of CPA-LLP. (C) Transmission electron microscopy images of CPA-LLP (negative 

staining). (D) Profile of CPA release from CPA-LLP at 37°C in pH-5.2 and pH-7.4 buffers. 

Data are plotted as accumulated release (%) relative to total CPA payload and presented as 

mean ± SEM (n = 3).
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Figure 2. 
Viability and colony formation of Miapaca-2 (A-D) and 4T1 cells (E-H) after treatment with 

CPA-LLP. (A and E) Cell viability after 96-hr treatment with CPA-LLP. The concentration 

of blank LLP was equal to the concentrations of LLP in corresponding CPA-LLP. Data are 

normalized to non-treatment control and presented as mean ± SEM (n = 6). (B and F) 

Efficiency of colony formation after treatment with each drug for 7 days. Data are 

normalized to non-treatment control and presented as mean ± SEM (n = 4). (C and G) 

Representative photographs of cell colonies after treatment with free CPA (3 µM). (D and 

H) Representative photographs of cell colonies after treatment with CPA-LLP at a 

concentration equivalent to 3 µM CPA.
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Figure 3. 
Efficiency of colony formation of Miapaca-2 (A) and 4T1 (B) cells after treatment with 

CCPM-177Lu alone or in combination with CPA-LLP. Cells at 70% confluence were treated 

with CCPM-177Lu at escalating doses with or without CPA-LLP (10 µM equivalent CPA) 

for 24 hr, and then colony formation was assessed. Data are plotted as colony formation 

efficiency relative to that of nontreatment control and are presented as mean ± SEM (n = 4). 

At each dose of CCPM-177Lu, the presence of 10-µM CPA-LLP caused a significant 

decrease in colony formation efficiency (p < 0.05).
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Figure 4. 
Pharmacokinetic and biodistribution studies of [H3]CPA-LLP. (A). Blood activity-time 

profile. Open circles represent radioactivity expressed as percentage of injected dose per 

gram of blood (%ID/g) (n = 8). (B) Biodistribution results obtained from radioactivity 

counting in organs of mice sacrificed 6 hr after injection (n = 6). All data are expressed as 

mean ± SEM.
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Figure 5. 
Antitumor efficacy of CPA-LLP and CCPM-177Lu against 4T1 xenografts. (A) Tumor 

growth curves. The injections of CPA-LLP are marked by solid arrow (green for the CPA-

LLP monotherapy group, red for the combination group). The injection of CCPM-177Lu is 

marked by tilted arrow (blue for the CCPM-177Lu monotherapy group, red for the 

combination group). On day 16, the tumor volume in the mono-therapy groups was 

significantly smaller than that in the non-treatment control group (p = 0.03 for CPA-LLP vs. 

control; p = 0.04 for CCPM-177Lu vs. control), and the tumor volume in the combination-

therapy group was significantly smaller than the tumor volumes of control (p < 0.0001) and 

CCPM-177Lu (p = 0.014). (B) Tumor weights at end of study (day 18 after the start of 

treatment). The combination-therapy group had significantly lighter tumors than the control 

(p < 0.0001) and CPA-LLP groups (p = 0.0002) (C) Relative change in body weight during 

treatment. All data are expressed as mean ± SEM (n = 9).
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Figure 6. 
Antitumor efficacy of CPA-LLP and CCPM-177Lu against Miapaca-2 xenografts (n = 8 or 

9). (A) Tumor growth curves. The injections of CPA-LLP are marked by solid arrow (green 

for the CPA-LLP monotherapy group, red for the combination group). The injections of 

CCPM-177Lu are marked by tilted arrow (blue for the CCPM-177Lu monotherapy group, red 

for the combination group). Data are expressed as mean ± SEM. The combination therapy 

effectively inhibited tumor growth; tumor volumes with combination therapy were 

significantly smaller than those in the other groups at all time-points at which tumor volume 
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was measured (p < 0.05). (B) Relative change in body weight during treatment. All data are 

expressed as mean ± SEM (n = 9). (C) Mouse survival curves. The non-treatment control 

had significantly shorter survival than all other three groups (p = 0.01). (D-F) Representative 

photomicrographs of hematoxylin-eosin-stained tumor slices. (D) Tumor from control 

group. (E) Residual tumor from combination-therapy group. White arrow indicates necrotic 

region. (F) Scar tissue at tumor inoculation site from combination-therapy group.
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Table 1

Effect of freezing or lyophilization for long-term storage on CPA-LLP size and drug loading

Characterization Original After 40 days
at 4°C

After reconstitution from
lyophilized powder

Intensity-average size (nm) 90.3 ± 1.5 85.7 ± 3.4 96.2 ± 2.1

Relative CPA loading (%) 100 92.3 103.2
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Table 2

Pharmacokinetic parameters for CPA-LLP

Parameter Mean ± standard deviation

Cmax (%ID/g) 4.05 ± 0.38

AUCLast (%ID∙ h/g) 131.6 ± 35.3

AUC0-∞ (%ID∙ h/g) 147.0 ± 36.0

Terminal elimination half-life (h) 9.94 ± 3.4

Systemic clearance (g/h) 0.7089 ± 0.141

Vz (g) 9.96 + 3.4

Mean residence time (h) 58.0 ± 6.3

Cmax, predicted maximum blood concentration; AUCLast, area under the blood concentration curve from zero to the last sampling point; 

AUC0-∞, area under the blood concentration curve from zero to infinity; Vz, apparent volume of distribution in the terminal phase.
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