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Abstract

There are an increasing number of studies showing the order of drug presentation plays a critical 

role in achieving optimal combination therapy. Here, a nanoparticle design is presented using ion 

pairing and drug-polymer conjugate for the sequential delivery of gefitinib (Gi) and doxorubicin 

(Dox) targeting epidermal growth factor receptor (EGFR) signaling applicable for the treatment of 

triple negative breast cancers. To realize this nanoparticle design, Gi complexed with dioleoyl 

phosphatidic acid (DOPA) via ion paring was loaded onto the nanoparticle made of Dox-

conjugated poly(L-lactide)-block-polyethylene glycol (PLA-b-PEG) and with an encapsulation 

efficiency of ~90%. The nanoparticle system exhibited a desired sequential release of Gi followed 

by Dox, as verified through release and cellular uptake studies. The nanoparticle system 

demonstrated approximate fourfold and threefold increases in anti-cancer efficacy compared to a 

control group of Dox-PLA-PEG conjugate against MDA-MB-468 and A549 cell lines in terms of 

half maximal inhibitory concentration (IC50), respectively. High tumor accumulation of the 

nanoparticle system was also substantiated for potential in vivo applicability by non-invasive 

fluorescent imaging.
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Introduction

Breast cancer is one of the leading causes of cancer patient deaths in the U.S.1, 2 In 

particular, ~10–20% of breast cancer cells do not express the estrogen receptor, progesterone 
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receptor, or the epidermal growth factor receptor 2, and are referred to as Triple Negative 

Breast Cancers (TNBC).3 Many conventional treatments for TNBC are reported to be 

ineffective, exhibiting an overall worse prognosis compared to other breast cancer 

subtypes.4, 5 Combination therapy, which utilizes multiple therapeutic agents for non-

overlapping and synergistic mechanisms to block multiple oncogenic pathways, holds great 

potential in enhancing cancer treatments. Appropriately applied combination therapy has the 

potential to enhance therapeutic efficacy, overcome treatment resistance, and reduce adverse 

effects.6, 7

Overexpression of the epidermal growth factor receptor (EGFR), a member of the receptor 

tyrosine kinase (RTK) superfamily, correlates with a basal-like phenotype, and EGFR in 

TNBC is significantly associated with poor survival.3, 5, 8–10 Many large-scale genomic 

analyses have reported that ~80% of TNBCs show essential activation of members of 

EGFR–virus-induced rapidly accelerated fibrosarcoma (v-RAF) murine sarcoma viral 

oncogene homolog B signaling pathway.11–15 Several approved agents targeting EGFR 

including as cetuximab, panitumumab, gefitinib, and erlotinib have shown only limited 

efficacy in both preclinical and clinical settings.10, 16–18 Cetuximab treatment combined 

with either carboplatin or cisplatin showed modest improved results in two independent 

Phase II clinical trials.19, 20 However, it was reported that the basal B type of TNBC and 

non-small cell lung cancer (NSCLC) cells can remarkably be sensitized to the effects of 

DNA-damaging agents, doxorubicin (Dox), after EGFR signaling is suppressed.4, 21 Lung 

cancers containing high expressions of phosphorylated wild type or mutated EGFR were 

reported to respond to such time-delayed sequential treatment. The sensitization effect was 

derived from the rewiring of signaling networks by prolonged EGFR inhibition using EGFR 

inhibitors (EGFRi) including erlotinib, gefitinib, or lapatinib. This rewiring through EGFR 

inhibition showed the most effective DNA damaging efficacy for Dox after a 24-hour time 

delay when compared with synergistic combination chemotherapy.4 Other recent studies 

also reported that the order of drug presentation with a time delay in combination therapy is 

critical to achieving the enhanced therapeutic efficacy.22–24

To achieve the synergistic effects of combination therapy, there are two major factors in 

achieving an effective combination therapy, co-localization of drugs with effective doses and 

optimal drug ratio with a time course of drug presentation. However, different 

pharmacokinetics and biodistribution of each drug can cause difficulties realizing optimal 

conditions identified from in vitro studies for in vivo systemic delivery. In this study, we 

report a rational nanoparticle (NP) design using ion pairing and drug-polymer conjugate to 

address unmet needs of sequential co-delivery. Gi and Dox were co-loaded into the same NP 

carrier. To sequentially release Gi followed by Dox, Gi was physically encapsulated via ion 

pairing in a NP system made of Dox-conjugated poly(L-lactide)-block-polyethylene glycol 

(PLA-PEG). An ion-pairing approach was developed to maximize the Gi loading. The ion-

paired Gi is amorphous, which increased the encapsulation efficiency compared to the 

original highly crystalline form of Gi. The sequential delivery of Gi and Dox was verified 

through in vitro drug release and cellular uptake studies. The efficacy of this NP system was 

examined for cytotoxicity against MDA-MB-468 of a TNBC cell line and A549 of a NSCLC 

cell line, respectively. Finally, an in vivo biodistribution using a syngeneic breast cancer 

model was also performed to evaluate the tumor accumulation capability of the NP system.
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Materials and Methods

Materials

N,N-diisopropylethylamine (DIEA), N-hydroxysuccinimide (NHS), tetrahydrofuran (THF), 

dichloromethane (DCM), dimethyl sulfoxide (DMSO), acetonitrile (ACN), chloroform and 

1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC·HCl) were purchased 

from Sigma-Aldrich (St. Louis, MO). Poly(L-lactide) (MW 20,000) with terminal 

carboxylate groups was purchased from Akina (West Lafayette, IN). Methoxy-

poly(ethylene-glycol)-amine (mPEG-NH2 (MW 5,000) was purchased from Laysan Bio Inc. 

(Arab, AL). 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA) and liposomal encapsulated 

doxorubicin (DOXIL) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). 

DiIC18(7) (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocyanine Iodide, ‘DiR’)-labeled 

liposome with lipid compositions similar to DOXIL® was purchased from FormuMax 

Scientific, Inc. (Sunnyvale, CA). Doxorubicin hydrochloride (Dox), erlotinib (Ei), and 

gefitinib (Gi) were purchased from LC Laboratories (Woburn, MA). Dialysis membrane 

tubing (MWCO 100,000 Da) was purchased from Spectrum (Rancho Dominguez, CA). 

Amicon® Ultra-4 centrifugal filter (MWCO 100,000 Da) was purchased from Millipore 

(Billerica, MA). Acrodisc® syringe filters (0.45 µm and 0.2 µm) were purchased from Pall 

Corp. (Port Washington, NY). Cyanine 5.5 (Cy 5.5) NHS ester was purchased from 

Lumiprobe Corp. (Hallandale Beach, FL).

Synthesis and characterization of sequential delivery NP

To form an ion-paired complex of Gi+DOPA, Gi and DOPA dissolved in THF were mixed at 

a predetermined molar ratio. The solubility values of Gi and Gi+DOPA complex in THF 

were determined from the individual saturated solutions. Undissolved Gi was separated from 

the solutions by centrifuging the samples at 16.1k × g for 30 minutes, and the concentrations 

of Gi in the saturated solutions were determined through HPLC analysis. To examine the 

crystallinity of Gi and Gi+DOPA complex, both samples were prepared, freeze dried, and 

analyzed using X-ray diffraction (XRD). The XRD measurement was carried out with an 

X’Pert Pro MPD X-ray diffractometer under CuK radiation (wavelength = 1.5406 Å). The 

powdered samples were loaded in an aluminum holder with a depth of 1 mm. The scanning 

range was from (2θ) 10 to 40° with a step size of 0.02° at a rate of 0.25 s/step. Proton 

nuclear magnetic resonance (1H NMR) spectroscopy was used to study the complexation of 

DOPA and Gi. For the 1H NMR analysis, DOPA, Gi, and DOPA/Gi were dissolved in 

CDCl3, DMSO-d6, and CDCl3/DMSO-d6 (1:1 by volume), respectively.

The nano-precipitation method was used to prepare the NPs.25–28 A di-block copolymer, 

PLA-b-mPEG, was made by conjugating PLA-COOH (15 kDa) with H2N-mPEG (5 kDa) 

through the carbodiimide-mediated coupling reaction.28–30 Dox-conjugated PLA-b-mPEG 

(Dox-PLA-PEG) was prepared by following published procedures.31–34 Unreacted Dox was 

removed by dialyzing Dox-PLA-PEG against water for 24 hrs (MWCO 3.5 kDa). The 

amount of conjugated Dox was determined to be 1.5 wt% by measuring UV absorbance at 

485 nm. Then the Dox-PLA-PEG polymer was dissolved in THF to reach a polymer 

concentration of 5 mg/ml. To vary a Gi-to-Dox ratio, a different amount of the Gi+DOPA 

complex was added to the THF containing Dox-PLA-PEG. Then the solution was dropwise 

Zhou et al. Page 3

Mol Pharm. Author manuscript; available in PMC 2017 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



added to stirring water (water:THF =5:1 by volume) for NP formation. This mixture was 

stirred for 2 hours to remove THF by evaporation at room temperature. Then, the NPs were 

washed by ultrafiltration with water (3,000 g, 15 min, MWCO 100 kDa) to remove residual 

solvent, unencapsulated Dox, DOPA, and Gi. The NPs were then resuspended in phosphate-

buffered saline (PBS) at pH 7.4.

In order to determine the amount of Gi encapsulated, the NPs were dissolved in acetonitrile, 

and the drug was quantified using HPLC (Agilent 1100 series). Dox was quantified by 

measuring the UV absorbance at 485 nm. The encapsulation efficiency (EE) was determined 

by dividing the amount of a drug loading by the amount of a drug initially added during the 

NP formation. Dynamic light scattering (DLS) was employed to measure the size of NPs at a 

concentration of 0.2 mg/ml.

The morphology of the NPs was investigated by FEI CM20 transmission electron 

microscopy (TEM). A 10 µl solution of 0.1 mg/ml freshly made NPs in PBS was dropped on 

a carbon-coated copper grid. Then an excess amount of the liquid was removed by filter 

paper. Next the grid was immersed in a staining solution (1%(w/v) uranyl acetate) for 2 min 

and then dried under the fume hood.35

The release kinetics of the NPs was studied by an indirect dialysis method. The NP solution 

was transferred to a dialysis membrane tubing (MWCO 100 kDa). Then the dialysis tubing 

was immersed in 500 ml of PBS solution at 37 °C. At predetermined times, a small fraction 

of the sample inside the dialysis tubing was collected. The individual amounts of Gi and 

Dox retained inside the NPs at each sampling time were determined using HPLC and UV 

plate reader, respectively, as described above.

In vitro cell tests for imaging and cytotoxicity

The Dulbecco's Modified Eagle Medium (DMEM, Invitrogen) supplemented with 10% fetal 

bovine serum (FBS, Invitrogen) and 1% penicillin-streptomycin (Invitrogen) was utilized as 

a cell culture medium for a basal B type TNBC cell line, MDA-MB-468 (ATCC) and a 

NSCLC cell line, A549 (ATCC). The cells were cultivated in a humidified environment at 

37 °C with 5% CO2.

A fluorescence microscope study was performed to investigate the intracellular distribution 

of delivered Dox. The cells were cultured on cover slips in 12-well plates with 200,000 cells 

per well. Then the cells were incubated with Dox-conjugated PLA-b-mPEG NP (NP-D) and 

Dox, with a Dox concentration of 0.2 µg/ml for 30 min, 2 hours, and 12 hours. After the 

incubation, the cells were washed with PBS three times and fixed with 4% (wt/vol) 

formaldehyde in PBS for 15 min. The nuclei were stained with 4', 6-diamidino-2-

phenylindole (DAPI). Finally, 10 µl of a mount medium (SlowFade® Gold Antifade 

Reagent, Life Technologies Corp., Grand Island, NY) was added onto glass slide, and the 

cover slip containing the cells treated with the samples was placed on the glass slide.

The MTS assay (Promega, Madison WI) was used to evaluate the cytotoxicity of different 

samples. The cells were plated in a 96-well plate with ~5,000 cells per well, and then the 
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cells were treated with different NP formulations. The cytotoxicity of NPs was examined by 

the MTS assay following the protocol provided by the vendor.

In vivo non-invasive imaging

The R7 murine breast cancer cell line was derived from a mammary tumor from a transgenic 

MMTV-Ron mouse.36 For our in vivo experiments, 150,000 R7 cells were orthotopically 

injected into the inguinal mammary fat pads of syngeneic wild type FVB female mice 

following the protocols previously described.37 The tumor formation was examined by 

manual palpation. An alfalfa-free diet was fed to the mice upon the identification of a 

palpable tumor. To label PLA with Cy5.5, Cy5.5-NH2 was conjugated to PLA-COOH 

through the carbodiimide-mediated coupling reaction. Near infrared fluorescence (NIRF) 

nanoparticles were prepared by blending 5 wt% of PLA-Cy5.5 and 95 wt% Dox-PLA-PEG 

before nanoprecipitation. Free Cy5.5 was removed by washing the NIRF nanoparticles three 

times using centrifugal filter (MWCO 100 kDa). The DiR-labeled liposome was also used 

for a comparison. The NPs formed were then injected through the tail vein, and the mice 

were imaged 2 hours, 4 hours, and 24 hours after the injection using a fluorescent imaging 

system (Bruker In-Vivo MS FX PRO). All animal treatments and surgical procedures 

followed approved protocols and were performed in accordance with the Institutional 

Animal Care and Use Committee of the University of Cincinnati.

Results and Discussion

Synthesis and Characterization of Sequential Co-Delivery Nanoparticles

Combination therapy holds great promise in enhancing treatment outcomes. To achieve 

synergistic effects for combination therapy, tumor cells should be exposed to drugs with 

effective doses at optimal drug ratios. In addition, there are an increasing number of studies 

showing the order of drug presentations plays a critical role in achieving enhanced 

efficacy.4, 23, 38–41 However, due to diverse physicochemical properties of drugs, it is 

challenging to co-deliver effective doses of drugs to tumor sites at an optimal ratio and with 

a time delay in drug presentation. To address the sequential delivery of EGFRi and Dox for 

synergistic anti-cancer efficacy against the basal B type of TNBC and NSCLC, we 

developed a NP delivery system based on drug-polymer conjugation and ion pairing. Dox 

was chemically conjugated to PLA-PEG to ensure time delayed presentation to the TNBC 

cells. EGFRi was physically encapsulated by Dox-PLA-PEG, and is expected to be released 

faster than Dox. However, the encapsulation efficiencies of the two EGFRis of Ei and Gi 

were extremely low, ~10%. High initial drug inputs were also attempted to increase the 

loadings in the Dox-PLA-PEG NPs. However, the bulk precipitates of Ei and Gi were 

formed during the NP formation process. Precipitation was attributed to the highly 

crystalline nature of Ei and Gi, which is believed to lead to the recrystallization of Ei and Gi 

and the formation of lower energy macroscopic crystals in the aqueous phase during the NP 

formation step.42 Salt formation using ion pairing between a therapeutic drug and counterion 

is a widely used method in the pharmaceutical industry to adjust drug properties, and it has 

potential to alter the crystallinity of Ei and Gi (Fig. 1A).42–45 Dioleoyl phosphatidic acid 

(DOPA) was found to be extremely effective in altering the crystallinity of Gi and enhancing 

the solubility of Gi in THF, which is used as a solvent for nanoprecipitation (Fig. 1B). 
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DOPA contains a phosphate group that can bind to the tertiary amine of Gi. The altered 

crystallinity was observed for Gi+DOPA complex through XRD (Fig. 1C). While the parent 

Gi exhibited the diffraction peaks showing its highly crystalline nature, the Gi+DOPA 

complex showed a broad peak indicating the characteristic of an amorphous compound. In 

addition, proton nuclear magnetic resonance (1H NMR) was used to characterize the 

complexation between Gi and DOPA (Fig. S1). The peaks assigned to the protons close to 

tertiary amine of Gi were shifted, indicating an electron density change resulting from the 

complexation (Fig. S2). We also found that a 1:1 molar ratio of DOPA:Gi was sufficient for 

full complexation and such complexation maximizes Gi encapsulation (Fig. 1D). It was also 

found that DOPA could significantly improve the encapsulation of other EGFRis of Ei and 

Li (data not shown). Due to the high encapsulation efficiency of Gi employing DOPA as a 

counterion, the ratio of Gi to Dox to be encapsulated inside the NPs can be precisely 

controlled by a simple method of varying initial drug inputs (Fig. 1E).

A schematic of the NP design using Gi+DOPA complexation and Dox-PLA-PEG 

conjugation is shown in Fig. 2A. In addition, any significant changes in the NP sizes (~50–

60 nm) and polydispersity with respect to different Gi:Dox ratios ranging from 0:1 to 8:1 

were not observed, as confirmed through DLS measurements (Fig. 2B). When the Dox-

PLA-PEG and Gi+DOPA complex were first dissolved in THF and the mixture was then 

dropwise added to water, the NPs were formed as a result of the fast diffusion of THF in the 

aqueous phase and supersaturation of the Dox-PLA-PEG and Gi+DOPA complex. The TEM 

images showed consistent particle sizes of ~30–40 nm in a spherical shape (Fig. 2C), 

confirming that the encapsulation of different amounts of the Gi+DOPA complex did not 

change the size of the NPs formed. A difference in the NP sizes measured by TEM and DLS 

is attributed to the shrinkage of the NPs as TEM assessed the sample in a dried form as 

compared to in a wet form when DLS was used. Similar observations were previously 

reported.46–48

In vitro Evaluation of Sequential Co-Delivery Nanoparticles

The in vitro release kinetics of Gi and Dox was investigated by dialysis against PBS at the 

physiological temperature (37 °C) and two pH conditions (pH 7.4 and pH 5.2) (Fig. 3). Gi 

was released at much slower rates when it was complexed with DOPA. Increased molar 

volume and hydrophobicity of drug-counterion complex relative to uncomplexed drug is 

presumed to be responsible for such altered drug release kinetics.49 The release kinetics of 

encapsulated drug has significant impacts on the efficacies of drug delivery systems.49, 50 

Burst release would result in similar pharmacokinetics between encapsulated drug and a free 

form of drug, diminishing advantages of using NP as a drug carrier. Hence, the sustained 

release of Gi would benefit in vivo application.49, 50 The slow release kinetic profile 

obtained for the Gi+DOPA complex is highly expected to allow for sustained release during 

systemic circulation of the NPs. A desired sequential release of Gi and Dox was successfully 

achieved using the Gi+DOPA complex encapsulated in the Dox-conjugated PLA-PEG NP 

(NP(Gi+DOPA)-D). The Dox conjugation to PLA-PEG was used for a subsequent slow 

release of Dox.31, 33 Liposomal encapsulated doxorubicin (DOXIL) is known to release Dox 

slowly and was used as a control. The DOXIL and Dox-PLA-PEG conjugate released Dox at 

about the same rate, confirming a successful achievement of slow Dox release from NP(Gi
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+DOPA)-D. In addition, it was confirmed that Gi+DOPA complexation did not have impact 

on Dox release.

To simulate the acidic condition around and inside the tumor sites, the releases of both drugs 

were also tested at pH 5.2 (Fig. 3B). It was found that pH did not affect the Dox release. 

However, Gi release was found to be further suppressed at pH 5.2, which is attributed to a 

larger difference in pKa (6.9 for Gi) and pH values. Although the slow release kinetics of Gi 

was successfully achieved using DOPA, the slow release kinetics of Ei was not achievable 

using the same DOPA (Fig. S3A). This is attributed to the low pKa value of Ei (i.e. 4.6), 

which unlikely keeps Ei at a protonated state required for ion pairing at the physiological pH 

7 condition.42, 49 This speculation was validated from a much slower release kinetic profile 

obtained for the Ei+DOPA complex at pH 3, where the complex should be more stable than 

at pH 7 (Fig. S3B). Due to the burst release of Ei even with DOPA, Ei was not further 

pursued in this study.

To investigate the uptake of the conjugated form of Dox (NP-D), a temporal fluorescence 

imaging study was carried out using MDA-MB-468 cells. Free form of Dox (Dox solution) 

was used as a positive control. Cells were incubated with NP-D and Dox with a Dox 

concentration of 0.2 µg/ml for 30 min, 2 hours, and 12 hours at 37 °C. DAPI was used to 

stain the nuclei and phase contrast images were taken to show the cell morphology. As 

shown in Fig. 4, in the case of free Dox, most of the red staining was derived from Dox 

present in the cytoplasm at 30 min and then started to enter the nuclei after 30 min. From 2 

hours to 12 hours, the fluorescent response from Dox inside the nuclei was found to increase 

based on a color change from blue to pink, which comes from the overlap between red Dox 

and blue nuclei. This result indicates that Dox starts to accumulate inside the nuclei within 2 

hours. On the other hand, in the case of the conjugated form of Dox, there was little Dox 

present inside the cells after 2 hours. Even after 12 hours of the incubation, most Dox still 

remained in the cytoplasm, indicating slow uptake of Dox from NP-D. In addition, 

liposomal encapsulated doxorubicin (DOXIL) is known to be stable and releases Dox very 

slowly, and was also tested as a reference (Fig. S4).51, 52 DOXIL showed a slow cellular 

uptake profile similar to that of NP-D. It is attributed to the comparable Dox release kinetics 

obtained from DOXIL and NP-D (Fig. 3). These results confirm that the slow Dox release 

can lead to the delayed presence of Dox inside the cells and Dox conjugation can 

significantly delay the permeation of Dox into the cells, validating the use of Dox-PLA-PEG 

for the sequential delivery.

The cytotoxic efficacy of the PLA-PEG NP system for the sequential delivery was examined 

in vitro using MDA-MB-468 and A549 cell lines as model cell lines of the basal B type of 

TNBC and NSCLC, respectively (Fig. 5). The calculated half maximal inhibitory 

concentration (IC50) values are summarized in Table 1. First, it was confirmed that the cells 

have to be treated with Gi at least 4 hours prior to Dox application in order to obtain an 

enhanced therapeutic efficacy for MDA-MB-468 cells (Fig. S5). The simultaneous co-

application of Dox and Gi only moderately improved the anti-cancer efficacy in comparison 

with the single application of Dox for both MDA-MB-468 and A549 cells. It was noted that 

A549 was more resistant to Dox than MDA-MB-468, which requires much higher doses of 

Dox to effectively inhibit the growth. Other studies also reported similar results.4, 53
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In order to evaluate a combined strategy of the drug-polymer conjugation and counter-ion 

pairing designed for the sequential delivery, MDA-MB-468 and A549 cells were treated 

with NP-D and NP(Gi+DOPA)-D (Fig. 5). The conjugation of Dox to PLA-PEG (NP-D) 

showed cytotoxic efficacy similar to DOXIL, which is attributed to the comparable Dox 

release profiles. It should be noted that the Dox release kinetics from all the three delivery 

systems of NP-D, NP(Gi+DOPA)-D, and DOXIL® was almost the same over 72 hours (Fig. 

3). However, when the Gi+DOPA complex was encapsulated in NP-D, the efficacy was 

greatly improved. The NP(Gi+DOPA)-D system demonstrated approximate fourfold and 

threefold increases in anti-cancer efficacy compared to a control group of Dox-PLA-PEG 

conjugate (NP-D) against MDA-MB-231 and A549 cell lines respectively, as shown by 

IC50. In combination therapy, there is an optimal or minimal ratio for synergistic effects. 

Other ratios of Gi to Dox, ranging from 0.5:1 to 8:1, were also examined for cytotoxicity 

against MDA-MB-468 cell line to find an optimal ratio (Fig. S6). It was found that a Gi-to-

Dox ratio of 1:1 was sufficient to achieve an enhanced efficacy for the sequential delivery. 

Higher Gi-to-Dox ratios did not further improve the therapeutic effect. Such an enhanced 

cytotoxic efficacy is attributed to the desired order of drug presentation of Gi followed by 

Dox for Dox sensitization. These results successfully demonstrate that the proposed NP 

system can be used to achieve the enhanced cytotoxic efficacy of Dox.

In vivo Biodistribution of Sequential Co-Delivery Nanoparticles

A bio-distribution study was conducted to examine the potential of this NP system for 

therapeutic applications (Fig. 6). For the real-time optical monitoring of in vivo distribution 

of NPs, time-dependent excretion profile, and tumor accumulation, Cy5.5 was labeled to the 

terminus of PLA (Fig. 6A). Then the Cy 5.5-labeled PLA (5 wt%) was mixed with Dox-

PLA-PEG (95 wt%) during the formation of the NIRF NPs. A DiR-labeled liposome sample 

with lipid compositions similar to DOXIL® was also tested as a positive control for EPR 

effects (Fig. 6B). As expected, this liposome could passively accumulate at tumor sites. The 

Cy 5.5-labeled PLA-PEG NP started to accumulate in the tumors within 2 hours after NP 

injection and continued to accumulate for up to 24 hours (Fig. 6A). After 24 hours, the NIRF 

intensity at the tumor site was the highest throughout the whole body. The DiR-labeled 

liposome sample also showed a similar profile. In addition, the fluorescence intensities at the 

tumor site and the whole body were counted using ImageJ, and the fraction of the 

fluorescence intensities detected at the tumors were determined (Fig.6C and 6D). It is clear 

that the fluorescence intensities at the tumors steadily increased from 2 hours to 24 hours, 

showing NP accumulations at the tumor site. The fluorescence intensities of the PLA-PEG 

NP system was comparable to or slightly higher than that of DiR-labeled liposome. Such 

specific localization of the PLA-PEG NPs at the tumor site is anticipated to help enhance the 

therapeutic efficacy and reduce the systematic toxicity of the therapeutic agents by 

differentiating tumors and healthy tissues.

Conclusion

In summary, a rational NP design based on a combined strategy of Dox-polymer conjugation 

and counter-ion pairing was presented for the sequential delivery of Gi and Dox for 

enhanced therapeutic effects on basal B type TNBC and NSCLC cells. The Gi+DOPA 
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complex was synthesized through ion paring, and was found to be suitable for the 

encapsulation in the Dox-PLA-PEG polymer. The ion pairing method increased the 

hydrophobicity and molar volume of Gi, leading to higher encapsulation efficiency and 

slower release kinetics compared to its parent form. The sequential delivery of Gi followed 

by Dox was validated through the drug release profiles of Gi and Dox as well as the delayed 

presence of Dox inside MDA-MB-468 cells. The sequential delivery of the drugs to the cells 

at a 1:1 ratio was found to be sufficient to achieve a maximum enhanced therapeutic 

efficacy. This nanoparticle design was also confirmed to exhibit tumor targeting through 

passive enhanced permeability and retention (EPR) effect. This NP system designed for 

sequential drug delivery is expected to maximize therapeutic efficacy while minimizing the 

amount of Dox and thus reducing cytotoxic and off-target side effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A: schematic of ion-pairing; B: effects of DOPA complexation (DOPA:Gi molar ratio = 1:1) 

on enhancing Gi solubility in THF and improving encapsulation efficiency (EE) in 

nanoparticle; C: X-ray diffraction (XRD) spectra of parent drug (Gi) and DOPA complexed 

drug (Gi+DOPA); D: effect of DOPA:Gi molar ratio on encapsulation efficiency (EE); E: 

Control of Gi and Dox loadings with respect to different initial drug loadings.
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Figure 2. 
A: schematic of preparing Dox-conjugated nanoparticle encapsulating Gi (NP(Gi)-D); B: 

particle sizes of NPs(Gi)-D with respect to different Gi:Dox ratios, determined by dynamic 

light scattering (DLS) measurements; C: Transmission electron microscopy (TEM) images 

of NPs(Gi)-D with respect to different Gi:Dox ratios. Samples were negatively stained using 

1 wt% uranyl acetate. Scale bar shows 100 nm.
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Figure 3. 
Dox and gefitinib releases from liposomal encapsulated doxorubicin (DOXIL) and Dox-

conjugated NP with DOPA complexation or without DOPA complexation at pH 7.4 (A) and 

pH 5.2 (B) and 37 °C.
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Figure 4. 
Cellular uptake of free form of Dox (A) and Dox-conjugated NP (NP-D) (B) in MDA-

MB-468 cells. Nuclei were stained with 4', 6-diamidino-2-phenylindole (DAPI) (blue). The 

cells were incubated with NP (NP-D) and free Dox at a Dox concentration of 0.2 µg/ml for 

30 min, 2 hours, and 12 hours at 37 °C.
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Figure 5. 
In vitro cytotoxicity in MDA-MB-468 cells (A) and A549 cells (B) after treatment with 

liposomal formulation of Dox (DOXIL®), NP encapsulating Gi+DOPA complex (NP(Gi

+DOPA)), Dox-conjugated NP (NP-D), and Dox-conjugated NP encapsulating Gi+DOPA 

complex (NP(Gi+DOPA)-D) with Gi:Dox = 1:1 (wt:wt). Cell viability was determined using 

the MTS assay at 48 hours following treatment addition. Data represent mean ± standard 

deviation, n = 3.
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Figure 6. 
In vivo non-invasive NIRF images of time-dependent prone and left lateral imaging of 

R7murine breast cancer tumor-bearing mice after 2, 4, and 24 hours of the i.v. injection of 

Cy5.5-NP (A) and DiR- labeled liposome (B); total NIRF intensity at the tumor site over the 

whole body after 2, 4, and 24 hours of the i.v. injection of Cy5.5-NP (C) and DiR-labeled 

liposome (D). Red arrows indicate tumors.
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Table 1

IC50 values of MDA-MB-468 and A549 cells treated by various formulations after 2 days.

IC50 (µg/ml) Gi DOXIL NP(Gi+DOPA)-D NP-D

MDA-MB-468 \ \ 0.48 1.84

A549 \ 9.92 2.02 6.37
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