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Carrier-free pure nanodrugs (PNDs) that are composed entirely of pharmaceutically active 

molecules are regarded as promising candidates to be the next generation of drug formulations and 

are mainly formulated from supramolecular self-assembly of drug molecules. It benefits from the 

efficient use of drug compounds with poor aqueous solubility and takes advantage of nanoscale 

drug delivery systems. Here, a type of all-in-one nanoparticle consisting of multiple drugs with 

enhanced synergistic antiproliferation efficiency against drug-resistant cancer cells has been 

created. To nanoparticulate the anticancer drugs, 10-hydroxycamptothecin (HCPT) and 

doxorubicin (DOX) were chosen as a typical model. The resulting HD nanoparticles (HD NPs) 

were formulated by a “green” and convenient self-assembling method, and the water-solubility of 

10-hydroxycamptothecin (HCPT) was improved 50-fold after nanosizing by coassembly with 

DOX. The formation process was studied by observing the morphological changes at various 

reaction times and molar ratios of DOX to HCPT. Molecular dynamics (MD) simulations showed 

that DOX molecules tend to assemble around HCPT molecules through intermolecular forces. 

With the advantage of nanosizing, HD NPs could improve the intracellular drug retention of DOX 

to as much as 2-fold in drug-resistant cancer cells (MCF-7R). As a dual-drug-loaded 

nanoformulation, HD NPs effectively enhanced drug cytotoxicity to drug-resistant cancer cells. 

The combination of HCPT and DOX exhibited a synergistic effect as the nanosized HD NPs 

improved drug retention in drug-resistant cancer cells against P-gp efflux in MCF-7R cells. 

Furthermore, colony forming assays were applied to evaluate long-term inhibition of cancer cell 

proliferation, and these assays confirmed the greatly improved cytotoxicity of HD NPs in drug-

resistant cells compared to free drugs.
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INTRODUCTION

Nanomedicines have attracted great interest owing to their unique properties, such as target 

delivery,1–3 controllable release,4,5 lower systematic toxicity,6 and higher drug 

bioavailability.7,8 In addition, most water insoluble drugs can be assembled into nanocarrier-

based drug delivery systems to achieve much better therapeutic efficacy.9,10 With regard to 

water-insoluble drug delivery, some nanocarriers have been used as described in previous 

reports, such as micelles and inorganic nanoparticles with the capability to solubilize drugs 

and deliver them to proper sites due to enhanced permeability and retention (EPR) 

effects.11,12 However, concerns regarding safety problems, including potential systematic 

toxicity, unclear metabolism, and other uncertainties related to the use of nanocarriers, 

remain.13,14 Thus, it is of great importance to develop a “green” method to create 

nanoformulations of drugs without the use of “toxic” solvents or nanocarriers.15 To address 

these problems, we proposed carrier-free pure nanodrugs (PNDs) composed entirely of 

pharmaceutically active molecules as promising candidates with high expectations to deliver 

practicable solutions for formulation development of insoluble drugs.16,17

Nanoassembly technology of preparing carrier-free drug can be applied to nanoparticulate 

anticancer drugs and improve their therapeutic effects. 10-Hydroxycamptothecin (HCPT) 

Zhao et al. Page 2

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2016 January 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and doxorubicin (DOX) are common clinical chemotherapeutic drugs.18,19 However, HCPT 

is extremely water-insoluble, and this has restricted its clinical application.20 Traditionally, 

chemical modification and application of solubilizing surfactants are usually adopted to 

modulate the solubility.21,22 DOX has the characteristic structure of a surfactant,23 with the 

unsaturated anthracycline rings acting as the hydrophobic part and the saturated end of the 

ring system as a hydrophilic part, and contains abundant hydroxyl groups adjacent to the 

amino sugar.24 HCPT molecules are hydrophobic;19 therefore, we hypothesized that DOX 

could potentially be used for solubilizing and nanosizing HCPT. Unlike other common 

surfactants or non-FDA-approved nanocarriers, DOX not only acts as a cosolvent but also as 

a pharmaceutically active component of the final drug formulation, leading to a possible 

synergistic outcome of dual-drug combination therapy.25 Conversely, by using DOX as a 

stabilizer in the HCPT nanosizing process, we can abandon the use of inert materials like 

surfactants and obtain a carrier-free dual-drug self-assembled nanostructure, namely, 

HCPT/DOX nanoparticles that consist exclusively of pharmaceutically active molecules. 

These carrier-free HCPT/DOX nanoparticles (HD NPs) are expected to help increase the 

amount of effective drug, reduce the dosage, and take advantage of HCPT/DOX 

combination therapy while avoiding biosafety uncertainties associated with conventional 

nanocarriers.

The synergism of supramolecular multi-interactions induces various topological structures 

and morphologies, which also play a vital role in carrier-free pure nanodrug formation. 

Usually, characteristic groups are designed for tuning the intra-and intermolecular 

interactions of building molecules to change and improve assembly topology. However, 

only a few reports describe the simple modulation of the ratio between different building 

molecules, especially clinically bioactive drug molecules, to construct specific 

nanostructures and morphologies, but it is interesting. In this work, we report a novel 

approach to carrier-free pure nanodrug-based combination therapy by concurrently 

incorporating two different types of anticancer drugs into a single drug delivery system 

(DDS). This dual-drug nanoparticle was formulated by tunable self-assembly, namely, 

exclusively from the coassembly of HCPT and DOX. The HCPT and DOX coassembled 

nanostructure varied from nanorods to nanospheres when the molar ratio of DOX to HCPT 

was changed, which also resulted in improved aqueous solubility and stability of HCPT. At 

a proper DOX/HCPT molar ratio, HD NPs exhibited spherical morphology and uniform 

sizes with excellent water dispersity and stability. The resulting pure drug nanoparticles 

showed much higher intracellular drug retention than free drugs because of their enhanced 

internalization rates and inhibition to P-gp mediated drug efflux. Moreover, codelivery of 

HCPT and DOX via a single nanoparticle showed significant synergy in the efficacy of 

these agents. Cellular cytotoxicity and colony forming assays indicated that HD NPs can 

effectively improve anticancer drug efficacy and enhance inhibition to drug-resistant cancer 

cells. These results indicated that a carrier-free pure nanodrug platform obtained from self-

assembly can offer new means for combating cancer cell drug resistance by building 

synergy through combination chemotherapy and inhibiting P-gp drug efflux.20
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RESULTS AND DISCUSSION

Morphology Regulation of HD Particles from Nano-rods to Nanospheres

HCPT is known to have poor solubility in water; thus, its ethanol solution was prepared. 

When diluted into Milli-Q water, HCPT solution shows a clear Tyndall light-scattering 

effect (Figure S1),26 which is induced by self-assembly of planar HCPT molecules.16,27 The 

assembled HCPT particles exhibited a stable rodlike morphology, which is characterized by 

a transmission electron microscope (TEM) and scanning emission microscope (SEM) 

(Figure 1a and 1b). When DOX·HCl aqueous solution was added to an HCPT suspension 

(DOX/HCPT molar ratio = 4:1), DOX·HCl molecules coassembled with the present 

nanorods and formed spherelike HD nanoparticles composed of HCPT and DOX·HCl 

molecules with sizes around 200 nm (Figure 1c–e). The fluorescence of HCPT changed 

from blue in ethanol solution to green in ethanol/water solution (Figure 1f), which may be 

explained by efficient excited-state proton transfer (ESPT).27 When we examined the 

fluorescence spectrum of HCPT in a water/ethanol mixture, an obvious red-shift of the 

emission maximum was observed as the water fraction increased, and the emission 

maximum was shifted from blue (λex= 382 nm, λem= 427 nm) to green (λex= 382 nm, λem= 

550 nm) (Figure 1g). HD NP solution showed orange colored fluorescence as a result of the 

merge of HCPT and DOX fluorescence (Figure 1f). The coassembled particles showed both 

red light emission (DOX) and green light emission (HCPT) (Figure 1h), which implied that 

the particles were composed of both HCPT and DOX. Moreover, confocal laser scanning 

fluorescent microscopy (CLSM) images (Figure S2) showed colocalization of the green and 

red fluorescence, which confirmed that HCPT and DOX were doped with each other in one 

single particle. In addition, the surface charge of the resulting HD NPs was +29.1 mV, 

whereas that of HCPT nanorods was –12.1 mV (Figure S3), which also indicated the 

coassembly of DOX and HCPT. The dramatic shift of surface charge was probably because 

the NH3+ groups of the DOX molecules were located on the surface of the HD NPs, which 

would be helpful for stabilizing the particles.

Molecular dynamics (MD) simulations were performed on HCPT and DOX to help 

understand how the molecules would interact with each other in aqueous solution. MD 

simulation predicted that HCPT molecules, when initially arranged apart, rapidly self-

assembled into a stacklike structure in water, as shown in Figure 2a. This configuration 

formed within 10 ns and was then stably maintained.16 Next, DOX molecules were added to 

the simulation and arranged apart from the HCPT stack. After 50 ns, the DOX molecules 

were predicted to coassemble with the HCPT molecules, as shown in Figure 2b. The final 

structure is likely to be held together by a synergetic supramolecular interaction, including 

π– π stacking and hydrophobic interactions, supported by the analysis of DS 4.0 (Figure 

S4).23 The predictions from these MD simulations are consistent with our experimental data 

and strongly support the hypothesis that HCPT and DOX molecules coassembled into HD 

NPs.

The size and morphology of the coassembled particles were influenced by reaction time and 

the molar ratio of DOX to HCPT. The formation processes of HD nanoparticles and 

reassembly were monitored in detail by TEM at different time points (0, 0.5, 1, and 2 h). As 
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shown in Figure 3a, HCPT nanorods became smaller in size after the addition of DOX and 

passed through the morphology transitions from rodlike and squarelike to spherelike 

particles. It could be explained that DOX molecules interacted with HCPT nanorods and 

caused the disassembly of HCPT nanorods and then led to the coassembly of added DOX 

and original HCPT nanorods to a kind of spherical HCPT/DOX particle gradually. 

Moreover, the molar ratio of DOX to HCPT also affected the polydispersity index (PDI) and 

morphology of the obtained HD NPs. As the molar ratio of DOX to HCPT increased from 0 

to 4:1, the average hydrodynamic diameter of the composite HD particles decreased from 

2.5 μm to 205.8 nm, and the PDI decreased from 1 to 0.219 (Figure 3b), which implied 

changes in the assembly morphology. When the DOX/HCPT ratio was 8:1, HD particles 

with a hydrodynamic diameter of 163.3 nm were obtained, but the PDI was as high as 0.545, 

implying that the particle size distribution was too broad to be suitable for further 

experiments. SEM images demonstrated the gradual transition of morphology with the 

molar ratio (0.5:1, 2:1, and 4:1) (Figure 3c). When the molar ratio was 0.5:1, HCPT and 

DOX assembled to rodlike HD particles. As the molar ratio increased to 2:1, more obvious 

changes in morphology were observed, and most of the HCPT/DOX assemblies exhibited 

rectangular-or squarelike morphologies. Finally, at the optimized molar ratio (4:1), 

spherically assembled particles (HD NPs) with uniform size and suitable polydispersity were 

obtained (Figures 1c–e and 3b), and we chose this ratio for further investigation. In 

summary, by rapidly injecting an aqueous solution of DOX into a suspension of HCPT 

nanorods at a molar ratio of 4:1 (DOX to HCPT), HD particles with suitable size and shape 

could be prepared. All of the solvents and materials used in the preparation are approved by 

the Food and Drug Administration (FDA). The obtained HD NPs consisting of two 

anticancer drugs were suitable for both HCPT and DOX delivery.

It is worth noting that the DOX molecules acted as a special surfactant-like cosolvent and 

improved the water dispersity and stability of HCPT assembled particles in solution during 

the coassembly process. The stability of HD NPs was not affected by being lyophilized and 

redissolved in water (Figure S5), and the concentration of HCPT in the dispersed solution of 

HD NPs can be as high as 325.3 μg/mL, nearly 50-fold higher than the solubility of free 

drug in water (HCPT = 7.28 μg/mL).28,29 For further pharmaceutical studies, the stability 

and drug release of HD NPs was first investigated. It was already known that HD NPs had 

both the fluorescence of HCPT (green) and DOX (red), as shown in Figure S2. Therefore, to 

test the stability of HD NPs, 10% fetal bovine serum (FBS) was used to incubate HD NPs at 

37 °C for 2 h, and then their fluorescence was observed by confocal microscopy. The results 

showed that HD NPs exhibited both the fluorescence of HCPT and DOX and kept their 

integrity, indicating that HD NPs remained stable in 10% FBS (Figure S2). Moreover, 

HCPT and DOX could be released from HD particles in a lysosomal environment (pH 5.0). 

As shown in Figure 4a, compared with free drug, both the fluorescence of HCPT and DOX 

in HD NPs was significantly reduced. At pH 7.4, HCPT NRs and DOX coassembled to 

nanospheres and kept balance between the orignal negative HCPT NRs and positive 

DOX·HCl molecules (Figure 4b); at pH 5.0, the fluorescence intensity of both HCPT and 

DOX increased, implying the balance was broken, and drugs were released from HD NPs 

(Figure 4b). As shown in Figure 4c, HD NPs showed different fluorescence in physiological 

pH (PBS buffer, pH 7.4) and acidic pH circumstances (PBS buffer, pH 5.0). When HD NPs 
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were dispersed in acidic pH circumstances, the fluorescence of DOX (“red” color) was 

restored, which means some of the DOX was detached from HD NPs. Moreover, when the 

pH of the HD NP solution was changed to 5.0 from 7.4, the Tyndall effect became 

significantly weakened, which confirmed that the HD NPs decomposed and some drug 

molecules had detached from the HD NPs, dispersing throughout the solution. On the basis 

of these in vitro experiments, we hypothesized that after HD NPs were taken up by cells, 

DOX and HCPT molecules would be released due to the low internal pH of lysosomes. The 

stability and drug release properties of the obtained HD spheres would benefit subsequent 

studies based on their pharmacological function.

HD NPs Show Improved Cellular Drug Accumulation by Drug-Resistant Cancer Cells

Breast cancer is the most common cancer and the leading cause of cancer death in women 

worldwide,30,31 and overcoming the multidrug resistance of breast cancer developed during 

chemotherapy, especially in metastatic and advanced forms, is vital for effective 

therapy.32,33 High cellular expression of P-gp results in multidrug resistance (MDR) in vitro 

and is believed to be a clinically relevant mechanism for tumor resistance to 

chemotherapy.34,35 The MCF-7R cell line is drug resistant partly due to the overexpression 

of P-gp protein,36 which functions as an active efflux pump for many structurally diverse 

lipophilic compounds, such as DOX and HCPT. The level of P-gp in breast cancer cells was 

confirmed by both confocal immunofluorescent analysis and Western blot experiments. 

Rhodamine-labeled antibody was used to detect the distribution of P-gp expression by 

confocal microscopy (Figure S6a). The fluorescence intensity of rhodamine is positively 

related to the amount of P-gp. The cross-linked filaments that are uniformly distributed in 

the cytoplasm of MCF-7R cells correspond to stained P-gp protein. The confocal images 

showed that the level of P-gp was much higher in drug-resistant MCF-7R cells compared to 

sensitive MCF-7S cells (Figure S6a). This is consistent with the results of a Western blot 

experiment (Figure S6b), which showed that there was a high level of P-gp expression in 

drug-resistant MCF-7R cancer cells.

Overexpression of P-gp protein is one of the main reasons for cancer cell drug resistance, 

because P-gp-mediated drug efflux can strongly decrease the effective drug concentration in 

cancer cells. However, in our work, the HD NPs could effectively enhance internalization 

rates and improve intra-cellular drug accumulation, which was demonstrated by the results 

of confocal microscopy and flow cytometry quantification. DOX and HCPT are self-

luminescent molecules; thus, the HD NPs can be conveniently tracked in cells as a self-

indicating drug delivery system by fluorescence microscopy. Emission at 500–550 nm 

(green color) with excitation at 405 nm was chosen for fluorescence detection of HCPT, and 

590–650 nm emission (red color) with 488 nm excitation was chosen for detection of DOX. 

Because of the P-gp-mediated drug efflux, HCPT and DOX could barely stay inside the 

drug-resistant cells, and cells treated with HCPT or DOX showed weak fluorescence (Figure 

5a). However, cells treated with HD nanoparticles showed strong colocalized HCPT and 

DOX fluorescence, which was much stronger than free-drug treated cells. By analyzing the 

fluorescence intensity, it was indicated that HD NPs improved the intracellular drug 

concentration of both HCPT and DOX (Figure 5b). These results indicated that the dual-

drug-loaded HD NPs were more efficient at delivering drug molecules into drug-resistant 
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cells and may therefore lead to a better therapeutic outcome. Flow cytometry measurements 

were also taken to confirm the higher accumulation of HD NPs in drug-resistant cells. As 

shown in Figure 6a, HD NPs promoted the accumulation of both HCPT and DOX in drug-

resistant MCF-7R cells compared to free HCPT and DOX. To test the property of HD NPs 

in promoting cellular uptake and inhibiting P-gp-mediated drug efflux, we further detected 

the difference in the intracellular drug concentration between the HD NPs (drug 

nanoparticle) and DOX (free drug). Cells were preincubated with free DOX or HD NPs for 

1 h, and then each sample was divided into two aliquots. One aliquot was used to quantify 

the amount of DOX inside cells after 1 h of preincubation (A, DOX; C, HD NPs). For the 

other aliquot, incubation was continued in drug-free medium for another 4 h before the 

amount of DOX was measured (B, DOX; D, HD NPs). Flow cytometry analysis was 

conducted to quantify the intracullur drug level, and the efflux amount of DOX was shown 

by comparing the intracellular drug intensity of cells before and after the 4 h incubation 

period. As shown in Figure S7a, the amount of DOX pumped out by P-gp during the 4 h was 

determined by the decrease in DOX intensity from A to B (efflux 1, cells treated with free 

DOX) or C to D (efflux 2, cells treated with HD NPs). Obviously, efflux 2 was lower than 

Efflux 1, indicating that HD NPs inhibited the efflux of DOX and therefore led to higher 

drug retention. The quantification data derived from the flow cytometry analysis (Figure 

S7b) indicated that the effective drug retention in MCF-7R cells almost doubled from 

10.40% (free drug) to 19.82% (HD NPs), which was consistent with the confocal results. 

We inferred that nanoscale delivery system-based HD NPs had the property of higher 

cellular uptake. In addition, HD NPs effectively improved the solubility of HCPT and 

resulted in increased cellular uptake, whereas free HCPT was insoluble in water. Moreover, 

nanoparticles were regarded to be effective in inhibiting drug efflux because P-gp could not 

pump out nanoscale-sized particles.

Promoted Uptake and Reduced Efflux Contribute to the Higher Drug Retention of HD NPs 
in MCF-7R Cells

As we know, nanoparticles are not a substrate of P-gp protein and cannot be pumped out by 

P-gp;36 therefore, no efflux of intact HD NPs from MCF-7R cells is expected. However, 

within the complex intracellular environment, some of HD NPs may readily break apart to 

release free drug molecules, which could then be easily pumped out by P-gp. Thus, HD NPs 

could only partially inhibit drug efflux. However, it was still significant in combating cancer 

cell drug resistance because higher therapeutic efficacy could be achieved by the doubled 

intracellular drug retention of HD NPs.

To further study the influence of cellular uptake and drug efflux of HD NPs by P-pg in drug-

resistant cancer cells, we adopted verapamil as a P-gp inhibitor. Verapamil is a calcium 

channel blocker37,38 that has been shown to enhance retention of antitumor agents through 

competition for closely related binding sites on P-pg.37 In this way, it reverses drug 

resistance and restores the sensitivity of cancer cells to anticancer drugs. Verapamil was 

used to inhibit the activity of P-gp in MCF-7R cells; then, the intracellular drug retention of 

NPs was studied by confocal and flow cytometry analysis. Cells were preincubated with 

verapamil for 4 h, and then free HCPT, free DOX, and HD NPs were added for another 4 h 

incubation. Cells were then collected for confocal observation (Figure 6b). As shown in 

Zhao et al. Page 7

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2016 January 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6b, verapamil inhibited the function of P-gp and thus improved the intracellular 

accumulation of free DOX and free HCPT. After inhibition of the P-gp function, there was 

an increase in drug accumulation in MCF-7R cells, which should be negatively related to 

drug efflux by P-gp. The results in Figure 6c show that HD NPs could decrease drug efflux 

and promote cellular uptake, which led to higher drug retention of HD NPs in drug-resistant 

cells compared to free drugs. These results indicated that nanosized drugs with nanostructure 

could effectively decrease the drug efflux action of the P-gp. Together, these results suggest 

that both the higher uptake and decreased efflux of the nanostructured drug contribute to the 

final higher retention of drugs by cells treated with nanosized HD NPs.

Synergistic Inhibition of HD NPs to Drug-Resistant Cancer Cells in Cell Counting Kit-8 
(CCK-8) and Colony Forming Assay (CFA)

To further explore the anticancer effect of HD NPs, we went on to evaluate their inhibition 

efficiency to MCF-7R cells by CCK-8 assays and colony forming assays (Figure 7). Here, 

the in vitro cytotoxicity of HD NPs, free HCPT, and free DOX to MCF-7R cells was 

evaluated by CCK-8 assays. Cells were incubated with various concentrations of HCPT, 

DOX, and HD NPs in culture medium. Compared to free DOX and free HCPT, HD NPs 

showed much higher toxicity to MCF-7R cells at the same concentration (Figure 7a). 

Significantly, the combination index of HD NPs was 0.142 (Figure 7b). A combination 

index of <1 indicates that drugs are acting synergistically; thus, the observed value of 0.142 

provides evidence that HCPT and DOX, when combined in HD NPs, synergize strongly to 

reduce the viability of MCF-7R cells. This is in contrast to the reported antagonism or 

additive effect between free HCPT and free DOX when they are administered 

simultaneously.39

Next, we used the colony forming assay (CFA) to compare the ability of HD NPs and free 

drugs to prevent the proliferation of MCF-7R cells. The CFA is an extensively used and 

well-established method for testing chemotherapeutic agents in vitro.40 MCF-7R cells were 

treated with HD NPs, free DOX, or free HCPT for 7 days. Each colony is derived from a 

single cell, and therefore, the CFA reflects the ability of chemotherapeutic agents to prevent 

the cells from dividing. Significantly fewer colonies survived on the plates exposed to HD 

NPs than on the plates treated with free DOX or free HCPT (Figure 7c). Thus, the 

nanostructured HD NPs were more effective than the free drugs in overcoming the drug 

resistance of MCF-7R cells.

As reported, a TOP 1 inhibitor will increase the sensitivity of cancer cells if they are TOP 2 

resistant and vice versa.41,42 Therefore, we hypothesized that a combination of HCPT (TOP 

2 inhibitor) and DOX (TOP 1 inhibitor) could restore the sensitivity of MCF-7R to 

anticancer drugs and enhance the therapeutic efficacy. HD NPs showed the most potent 

inhibition of proliferation of drug-resistant MCF-7R cancer cells, implying that dual-drug 

nanoparticles have potential not only in effcient drug delivery but also in combination 

therapy with synergistic effects to combat the drug resistance of cancer cells. This study 

emphasizes that the key points of designing nanosized carrier-free drugs to overcome drug 

resistance are to improve cellular uptake and lower the efflux of drugs from the cytoplasm of 
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drug-resistant cancer cells through tuning parameters such as size, surface charge, and so 

forth.

CONCLUSIONS

In summary, HCPT was nanosized with the assistance of DOX to fabricate carrier-free 

HCPT/DOX nanoparticles using a simple “green” preparation procedure. DOX and HCPT 

molecules tend to coassemble through π– π stacking interactions and form nanostructures, 

which are affected by reaction time and their molar ratio. At a proper molar ratio and 

reaction time, HD NPs exhibit uniform sizes and spherelike morphology with good stability. 

In addition, this nanosizing method successfully improves the water-solubility of HCPT. 

The obtained HD NPs, which contain two drugs assembled into one single particle, show a 

synergistic therapeutic effect due to higher chemosensitization induced by the HCPT/DOX 

combination and improved intracellular drug accumulation, which also showed significant 

clinic guidance and enlightenment. Furthermore, the HD NPs showed enhanced inhibition to 

drug-resistant cancer cells due to the obvious increase in drug retention. Our work reveals 

that when chemotherapeutic drugs are combined appropriately according to their properties, 

they can form nanoparticles through intermolecular forces. We have proposed a pure drug 

nanosizing technology that has potential promise in future clinical practice, especially in 

solubilizing water-insoluble drugs and overcoming chemo-therapeutic resistance.

MATERIALS AND METHODS

Materials

Doxorubicin hydrochloride was purchased from Hisun Pharmaceutical Corp (Taizhou, 

Zhejiang, China) and 10-hydroxycamptothecin was purchased from Knowshine (Shanghai, 

China). Ethanol was bought from AMRESCO (Solon, OH, USA). Water was purified using 

a Milli-Q system (Millipore, Milford, MA, USA). Unless otherwise noted, all chemicals 

were used as received without further purification, and Milli-Q water (18.2 MΩ cm, 

Millipore System Inc.) was used throughout this study.

Preparation of HCPT/DOX Nanoparticles (HD NPs)

HD NPs were prepared by the reprecipitation method. First, 2 mL of water was heated to 50 

°C, and 200 μL of HCPT (1 mM) in ethanol was dropped into it under continuous stirring. 

Forty microliters of an aqueous solution of DOX (10 mM) was then added, and the obtained 

mixture was stirred for another 2 h.

Evaluation of Cell Viability by CCK-8 Assays

CCK-8 assays were used to assess the viability of MCF-7R cells after exposure to HD NPs, 

DOX, and HCPT. MCF-7R cells were seeded onto 96-well plates at a density of 4,000 cells 

per well and cultured overnight until the cells were fully attached. Increasing concentrations 

of HCPT, DOX, and HD NPs in medium (HCPT: 0.25, 1.25, 2.5, 6.25, 12.5, and 25 μM; 

DOX: 1, 5, 10, 25, 50, and 100 μM) were added to each well. Control cells were grown in 

medium without further treatment. After 48 h, 10 μL of CCK-8 solution was added to each 

well, and the cells were further incubated for 2 h at 37 °C. The plates were then analyzed 

Zhao et al. Page 9

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2016 January 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with a microplate reader (Tecan Infinite M200, USA) with the absorbance set at 450 nm. As 

a reference, the absorbance at 630 nm was also measured. The experiments were performed 

at least 3 times.

Synergistic Effect Evaluated by Combination Index

The degree of synergy between two drugs can be quantified by calculating the combination 

index (CI). The CI of HCPT and DOX when combined in HD NPs was calculated from the 

dose–effect profiles according to the equation: CI = D1/Dm1 + D2/Dm2, where D1 and D2 

are the concentrations of drug 1 and drug 2, respectively, that in combination produce a 

certain level of cytotoxicity, and Dm1 and Dm2 are the concentrations of the single drugs, 

administered separately, that produce the same effect. CI values <1 indicate synergism, CI 

values equal to 1 indicate an additive effect, and CI values >1 indicate antagonism.

Uptake of DOX and HCPT Measured by Flow Cytometry

HCPT (10 μM) and HD NPs (40 μM DOX and 10 μM HCPT) for 2 h, and 10,000 cells were 

seeded into 6-well culture plates and incubated for 12 h, and then incubated with free DOX 

(40 μM), free HCPT (10 μM), and HD NPs (40 μM DOX for another 4 h). After harvesting, 

cells were washed with PBS, and the fluorescence was measured using a Beckman Coulter 

Cell Lab Quanta SC with excitation wavelengths of 405 and 488 nm. Fifteen thousand cells 

were counted.

Uptake of DOX- and HCPT-Measured Confocal Microscopy Imaging

Ten thousand MCF-7R cells were seeded into 35 mm glass-bottom dishes. After 24 h, the 

cells were treated with DOX, HCPT, and HD NPs (40 μM DOX and 10 μM HCPT) for 4 h. 

The cells were examined by confocal microscopy (Zeiss LSM 760 fluorescence 

spectrophotometer, Germany). DOX was excited by a 488 nm laser, and HCPT was excited 

by a 405 nm laser.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) SEM image of HCPT nanorods (NRs). (b) TEM image of HCPT NRs. (c) SEM image of 

HD NPs. (d) TEM image of HD NPs. (e) Size distribution of HD NPs with polydispersity 

index (PDI) = 0.264. (f) Fluorescence image of HCPT in ethanol, HCPT NRs in 90% 

water/10% ethanol, HD NPs in aqueous solution, and DOX in aqueous solution. (g) 

Emission spectra of HCPT in ethanol/water solution with ratios of water to ethanol from 0 to 

50%. (h) Fluorescence spectra of HD NPs (20 μM DOX and 5 μM HCPT). Left: λex (HCPT) 

= 383 nm. Right: λex (DOX) = 475 nm.
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Figure 2. 
(a) MD simulations of the self-assembly of HCPT molecules in water after 10 ns. (b) MD 

simulations of the coassembly of HCPT and DOX molecules in water after 50 ns. The 

software is VMD.
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Figure 3. 
(a) HD NP formation process from nanorods to nanospheres characterized by TEM at 

different time points (0, 0.5, 1, and 2 h). The scale bar is 500 nm. (b) Particle size 

distribution and polydispersity index (PDI) of particles generated from different molar ratios 

of DOX to HCPT (0:1, 0.5:1, 1:1, 2:1, 4:1, and 8:1). (c) SEM images of HCPT/DOX 

particles assembled from different molar ratios of DOX to HCPT (0.5:1, 2:1, and 4:1). The 

scale bar is 1 μm. When the ratio of DOX to HCPT is low, HCPT nanorods tend to form, but 

when the ratio of DOX to HCPT is high, spherical HD NPs are formed.
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Figure 4. 
(a) Fluorescence spectra of DOX, HCPT, and HD NPs (20 μM DOX and 5 μM HCPT). λex 

(HCPT) = 383 nm. λex (DOX) = 475 nm. (b) Changes in the fluorescence spectra of 20 μM 

HD NPs (20 μM DOX and 5 μM HCPT) when dispersed in pH 7.4 and pH 5.0 PBS buffer. 

λex (HCPT) = 383 nm. λex (DOX) = 475 nm. (c) Fluorescence pictures and Tyndall effect 

of 1 (20 μM HD NPs in PBS buffer, pH 7.4) and 2 (20 μM HD NPs in PBS buffer, pH 5.0).
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Figure 5. 
(a) Confocal images of MCF-7R breast cancer cells after incubation with free HCPT (10 

μM), free DOX (40 μM), and HD NPs (40 μM DOX and 10 μM HCPT) for 4 h. Scale bars 

are 30 μm. BF, bright field images. (b) Mean fluorescence intensity of MCF-7R cells 

incubated with free DOX, free HCPT, and HD NPs. Cells treated with HD NPs take up more 

HCPT than cells treated with free HCPT; p < 0.05.
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Figure 6. 
(a) Flow cytometry measurements of the uptake of DOX and HCPT by MCF-7R cells after 

incubation with free DOX, free HCPT, and HD NPs (40 μM DOX and 10 μM HCPT) for 4 

h. (b) Confocal images of MCF-7R cells incubated with DOX, DOX + verapamil, HCPT, 

HCPT + verapamil, HD NPs, HD NPs + verapamil (DOX 40 μM, HCPT 10 μM, and 

verapamil 100 μM) for 4 h. V means verapamil. Scale bars are 30 μm. (c) Fluorescence 

intensity determined from the confocal results in (b).
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Figure 7. 
a) Cytotoxicity of HD NPs, free DOX, and free HCPT toward MCF-7R cells evaluated by 

CCK-8 assays after 48 h of treatment. (b) Combination index (CI) of HD NPs against 

MCF-7R cells. CI values <1 indicate synergism, CI values equal to 1 indicate an additive 

effect, and CI values >1 indicate antagonism. (c) Long-term colony formation assays of 

MCF-7R cells. Cells were grown in the presence of drugs (4 μM DOX and 1 μM HCPT) for 

7 days. For each cell line, all dishes were fixed at the same time, stained, and photographed.
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