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Abstract 

Background:  A targeted co-administration system of docetaxel (DTX) and curcumin 
(CUR) using a PEG-modified RIPL peptide (IPLVVPLRRR​RRR​RRC)-conjugated nanostruc-
tured lipid carrier (P/R-NLC) was constructed to exert synergistic anticancer effects 
against chemoresistant breast cancer.

Results:  DTX- or CUR-loaded NLCs and P/R-NLCs were prepared using the solvent 
emulsification–evaporation method. NLCs showed homogeneous spherical morphol-
ogy with nano-sized dispersion (< 210 nm) with zeta potential varying from − 16.4 
to − 19.9 mV. DTX or CUR was successfully encapsulated in the NLCs: encapsulation 
efficiency (> 95%); drug loading (8 − 18%). All NLC formulations were stable for 4 weeks 
under the storage conditions at 4 °C. Drug release was diffusion-controlled, revealing 
the best fit to the Higuchi equation. DTX- or CUR-loaded formulations showed dose-
dependent cytotoxicity. The DTX/CUR combination (1:3 w/w) in P/R-NLC formulations 
exhibited the strongest synergism in both MCF7 and MCF7/ADR cells with combina-
tion index values of 0.286 and 0.130, respectively. Co-treatment with DTX- or CUR-P/R-
NLCs increased apoptosis in both cell lines exhibited the superior synergistic inhibitory 
effect on MCF7/ADR three-dimensional spheroids. Finally, in OVCAR3-xenografted 
mouse models, co-treatment with DTX- or CUR-loaded P/R-NLCs significantly sup-
pressed tumor growth compared to the other treatment groups.

Conclusions:  Co-administration of DTX/CUR (1:3 w/w) using P/R-NLCs induced a 
synergistic effect against chemoresistant cancer cells.

Keywords:  Synergistic, Anticancer, Breast cancer, Nano-lipid carrier, Drug evaluation, 
Growth inhibition
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Graphical Abstract

Background
Docetaxel (DTX) has been routinely used in the 1st and 2nd line treatment of various 
types of cancers, such as breast cancer, lung cancer, and prostate cancer (Imran et  al. 
2020). DTX exerts its cytotoxicity by promoting the assembly of tubulin into stable 
microtubules, while simultaneously preventing their disassembly (Ojima et  al. 2016). 
However, its clinical application is primarily limited by poor water solubility and side 
effects (Ghassami et al. 2018). In some cases, multidrug resistance (MDR) can also be 
acquired due to various complex mechanisms, including the inhibition of the apoptosis 
pathway via the overexpression of NF-κB, activation of DNA repair, and enhanced drug 
efflux (Murray et al. 2012; Wang et al. 2015a, b). To overcome MDR, the use of syner-
gistic drug combinations in place of single drug administration has been investigated to 
improve therapeutic outcomes (Qi et al. 2017; Liang et al. 2021).

The combination of curcumin (CUR) and DTX has been studied extensively (Batra 
et  al. 2019). CUR can increase anti-proliferative activities through various pathways, 
for example, by inhibiting other transcription factors, such as cyclin D1, protein kinase 
B, and HIF-1α; interrupting the expression of p-glycoprotein; and downregulating the 
NF-κB pathway (Baek et  al. 2017; Wei et  al. 2017; Patel et  al. 2020). Since CUR can 
enhance DTX activity by inhibiting the NF-κB signaling pathway and angiogenesis as a 
pro-apoptotic agent, CUR has been combined with DTX for increased efficacy in chem-
oresistant cancers (Batra et  al. 2019). To achieve a synergistic anticancer activity, the 
combined DTX and CUR should be co-delivered to the same target at an optimal ratio 
(Zhang et al. 2016). However, this is challenging due to differences in the physical prop-
erties, rates of metabolism, and the pharmacokinetics and distribution of drugs within 
the body (Dai et al. 2017). In relation to the concept of combination therapy, much atten-
tion has been focused on the development of an alternative delivery system exploiting 
the nanotechnology that can maintain optimized synergistic drug ratios.

Various targeted nanocarrier systems using liposomes, nanoparticles, drug–polymer 
conjugates, and micelles have improved the effectiveness and decreased the side effects 
of cancer chemotherapy (Sun et  al. 2021). Among the various nanocarrier systems, 
nanostructured lipid carriers (NLCs) show various advantageous properties, such as a 
high hydrophobic drug loading capacity, controlled release ability, and biocompatibil-
ity (Kim et al. 2017; Haider et al. 2020). Further, for prolonged circulation in vivo and 
target-specific delivery, the surface of NLCs can be functionalized with various targeting 
ligands or steric stabilizers, such as polyethylene glycol (PEG) (Rabanel et al. 2014; Bazak 
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et al. 2015). In this regard, our group had previously developed the IPLVVPLRRR​RRR​
RRC (RIPL) peptide as a cell-penetrating and homing peptide and prepared PEGylated 
and RIPL peptide-conjugated NLCs (P/R-NLC) as a platform for hepsin-specific tar-
geted drug delivery. P/R-NLCs can reach the tumor tissue via enhanced permeability 
and retention effect due to the prolonged circulation in  vivo and can recognize and 
selectively bind to the hepsin on the cell membrane, subsequently being internalized via 
endocytosis (Kang et al. 2014; Rashidi et al. 2014; Shrestha et al. 2019). This significantly 
improved the anticancer effects of DTX in hepsin-overexpressing cancer (Kim et  al. 
2018, 2020). However, using this platform, no attempts have been made to attain syner-
gistic effects during combination therapy.

In this study, we examined the co-administration of individual drug-loaded P/R-NLC sys-
tems to increase therapeutic efficacy in drug-resistant breast cancer cells. For this, DTX-
loaded P/R-NLCs (DTX-P/R-NLC) and CUR-loaded P/R-NLCs (CUR-P/R-NLC) were 
prepared and their physicochemical characteristics, including storage stability and drug 
release kinetics, were evaluated. After optimizing the combination ratio, in vitro antitumor 
efficacy was assessed in terms of cytotoxicity, apoptosis, and cell cycle distribution. Finally, 
we assessed in vivo antitumor efficacy using an OVCAR3-xenografted mouse model.

Results
Characteristics of NLCs

Physicochemical characteristics, including nanoparticle size, polydispersity (PDI), 
zeta potential (ZP), drug loading (DL), and encapsulation efficiency (EE), of various 
NLCs were evaluated (Table  1). The compositions of the different NLC samples are 
summarized in Additional file  1: Table  S1. The average size of the NLCs ranged from 

Table 1  Characteristics of docetaxel (DTX)- or curcumin (CUR)-loaded nanostructured lipid carriers 
(NLCs)

Data represent the mean ± SD (n = 3)

DTX, docetaxel; CUR, curcumin; pNLCs, plain NLCs; P/R-NLCs, PEGylated and RIPL peptide-conjugated NLCs; PDI, 
polydispersity index; ZP, zeta potential; EE, encapsulation efficiency; DL, drug loading

pNLCs P/R-NLCs

Empty

Size (nm) 161.4 ± 2.6 190.0 ± 4.8

PDI 0.277 ± 0.015 0.251 ± 0.011

ZP (mV) –18.5 ± 0.9 –19.9 ± 0.8

DTX-loaded

Size (nm) 171.7 ± 6.4 192.4 ± 0.9

PDI 0.315 ± 0.024 0.249 ± 0.012

ZP (mV) –16.7 ± 0.2 –17.2 ± 0.2

EE (%) 99.9 ± 0.01 99.2 ± 0.02

DL (%) 17.93 ± 0.04 17.96 ± 0.03

CUR-loaded

Size (nm) 161.0 ± 1.3 201.7 ± 1.2

PDI 0.254 ± 0.019 0.250 ± 0.014

ZP (mV) –17.4 ± 0.5 –16.4 ± 0.3

EE (%) 99.9 ± 0.01 99.9 ± 0.01

DL (%) 10.31 ± 0.01 8.93 ± 0.01
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approximately 160 to 200 nm, as determined by dynamic light scattering (DLS). As the 
size difference between empty NLCs and drug-encapsulated NLCs was not significant, 
drug encapsulation did not affect the size of the NLCs. Most PDI values were below 
0.3, indicating a narrow and homogenous size distribution. In terms of ZP, all types of 
NLCs ranged from – 16 mV to – 20 mV. DL was observed as approximately 18% for 
DTX-loaded NLCs and 8.9–10.3% for CUR-loaded NLCs. Regardless of the drugs or for-
mulation type, EE (%) represented a high value of almost 99%. Transmission electron 
microscopy (TEM) images showed various types of NLCs that were spheroid, with an 
average size of approximately 200  nm, exhibiting no particle aggregation, and having 
high colloidal stability (Fig. 1A).

Stability of NLC formulations

The storage stability of DTX- or CUR-loaded NLCs was evaluated at 4 ± 1 ℃ for 28 days 
by analyzing the particle size, PDI, ZP, and DL (Fig. 1B). During this period, no changes 
were observed in the appearance of the NLC formulations. Regardless of the encap-
sulated drug type, the particle size and PDI remained around 200  nm and below 0.3, 
respectively. Further, the absolute value of ZP was maintained above 15 mV and there 
were no significant differences compared to the values from the initial day. Further, NLC 
formulations maintained the high DL for 28 days. There was no change in EE compared 
to the initial value; in other words, the stability of the NLC samples was well-maintained 
without leakage under storage conditions. Also, in the serum containing RPMI 1640 
cell culture media, the NLC formulations remained stable without significant changes 
in size, ZP, and PDI or drug leakage (Additional file 1: Fig. S1). Consequently, all pre-
pared NLCs maintained their colloidal stability under the storage conditions for 4 weeks 

Fig. 1  Characteristics of different empty and docetaxel (DTX)- or curcumin (CUR)-loaded nanostructured 
lipid carriers (NLC)s. A Transmission electron microscopy (TEM) images of empty and DTX- or CUR-loaded 
NLCs. Scale bar represents 200 nm. B Changes in particle size, polydispersity index (PDI), zeta potential (ZP), 
and drug loading (DL) capacity on storage at 4 °C for 4 weeks. Data represent the mean ± SD (n = 3)
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and physiological condition for 48 h without signs of aggregation until their use in the 
experiments.

In vitro drug release profile

Results of the in vitro release assay for DTX or CUR (48 h) are shown in Fig. 2. Results 
of the in vitro release assay for DTX or CUR (48 h) are shown in Fig. 2. The drug release 
from both DTX-containing solution (DTX-Sol) and CUR-containing solution (CUR-
Sol) reached almost 50% at 6 h and increased to 90% and 70% at 12 h, respectively. Par-
ticularly in the early period, drug release from both solution samples was exceptionally 
retarded, possibly due to the micelle formation in DTX-Sol and/or drug precipitation 
in CUR-Sol by serial dilution. In contrast, DTX- or CUR-loaded NLC formulations 
showed a slow and sustained release pattern. DTX release from DTX-loaded plain NLCs 
(DTX-pNLCs) and DTX-P/R-NLCs measured about 52% and 53% at 12 h, respectively, 
followed by a release rate plateau for both after 24  h. In contrast, CUR release from 
CUR-loaded plain NLCs (CUR-pNLCs) and CUR-P/R-NLCs measured 25% and 28% 
at 12 h, respectively, and slowly increased to approximately 40% at 24 h. Data obtained 
from the mathematical equations are listed in Table 2. The release of the DTX-pNLCs, 

Fig. 2  In vitro release profile of docetaxel (DTX) and curcumin (CUR) from different DTX- or CUR-loaded 
formulations. Data represent the mean ± SD (n = 3)

Table 2  Kinetic modeling of docetaxel (DTX) and curcumin (CUR) release from different 
nanoparticle formulations

K0, zero-order rate constant; K1, first-order rate constant; KH, Higuchi equation’s rate constant; r2, correlation coefficient

pNLC, plain nanostructured lipid carrier; P/R-NLC, PEGylated and RIPL peptide-conjugated nanostructured lipid carrier

Zero-order First-order Higuchi

K0 (μg/h) r2 K1 (h−1) r2 KH (h−0.5) r2

DTX-pNLC 2.0776 0.7027 0.0145 0.7957 15.7216 0.9920

DTX-P/R-NLC 2.1034 0.7254 0.0143 0.7976 15.6762 0.9954

CUR-pNLC 0.8423 0.8873 0.0050 0.9287 6.5096 0.9765

CUR-P/R-NLC 1.7106 0.9057 0.0097 0.9435 9.1374 0.9476
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CUR-pNLCs, DTX-P/R-NLCs, and CUR-P/R-NLCs was best fitted in the Higuchi equa-
tion with r2 values of 0.9920, 0.9954, 0.9765, and 0.9476, respectively, suggesting a dif-
fusion-controlled drug release. The release rate constants of DTX-loaded NLC samples 
were greater than those of CUR-loaded NLC samples, which might be due to the rela-
tively higher drug loading of DTX compared to CUR. Formulation difference between 
pNLC and P/R-NLC was negligible for DTX-loaded samples, although the difference 
was somewhat increased for CUR-loaded samples.

In vitro screening of DTX‑P/R‑NLCs and CUR‑P/R‑NLCs

To determine the synergistic ratio of DTX and CUR, the 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was used to evaluate the cell viability 
of MCF7 and MCF7/ADR cells after incubation with DTX-P/R-NLCs and CUR-P/R-
NLCs either alone or in combination with different weight ratios (DTX:CUR = 5:1, 3:1, 
1:1, 1:3, and 1:5, w/w) for 24 h. The cytotoxicity of the drug combinations was evaluated 
by measuring the quantity of formazan that is proportionally produced to the number of 
viable cells. The untreated cells were taken as control with 100% viability. The cytotoxic-
ity of the different combination ratios of DTX-P/R-NLCs and CUR-P/R-NLCs showed 
a concentration-dependent trend (Additional file 1: Fig. S2). The median effect analysis, 
described by Chou and Talaly, and combination index (CI) were used to determine the 
synergistic inhibitory effect (CI < 1, synergy; CI = 1, additivity; and CI > 1, antagonism). 
As shown in Fig. 3A, the combination of DTX-P/R-NLCs and CUR-P/R-NLCs showed 
synergistic effects in both cell lines. All combination ratios at 0.5 fractional growth 
inhibition (Fa; Fa = 0 represents 100% cell viability; Fa = 1 represents 0% cell viability) 
revealed a CI value of < 1, signifying a synergistic mechanism of action (Fig. 3B). Moreo-
ver, the lowest CI value was observed at a weight ratio of 1:3 (DTX:CUR) in both cell 
lines. Since a strong synergism was observed at a ratio of 1:3, with a CI value of 0.285 
and 0.129 in MCF7 and MCF7/ADR cells, respectively, the DTX:CUR ratio of 1:3 was 
selected as the optimal combination ratio for the subsequent experiments.

Cytotoxicity evaluation

Next, we employed the MTT assay to determine the in  vitro cytotoxicity of various 
DTX- or CUR-loaded formulations and the formulations containing either DTX or CUR 
against MCF7 and MCF7/ADR cells at different concentrations in 24 h. Cell viability in 
the untreated group was considered as 100%. Based on the CI, the weight ratio of DTX 
and CUR for co-treatment was fixed at 1:3 (DTX:CUR). All empty formulations revealed 
no significant cell death in the concentration range used in this experiment (Fig. S3), 
whereas DTX- or CUR-loaded formulations or the co-treatment formulations showed 
dose-dependent cytotoxicity in both cell lines (Fig. 4). In both cell lines, the cytotoxicity 
of DTX increased when administered in combination with CUR due to the synergistic 
cytotoxic effect of CUR. For further comparison, half-maximal inhibitory concentration 
(IC50) values for different drug-loaded formulations were calculated. As summarized in 
Table 3, IC50 values decreased depending on the formulations regardless of the drug in 
the following order in both cell lines: free drug > pNLCs > P/R-NLCs. MCF7/ADR cells 
(drug-resistant) required a higher dose of DTX or CUR to achieve the same level of cell 
death as MCF7 cells (drug-sensitive). The co-treatment of DTX and CUR demonstrated 
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an improved performance compared to the single-drug treatment (free drug solution or 
P/R-NLCs) over a range of concentrations, with a lower IC50 value and small CI value 
under 1. In both MCF7 and MCF7/ADR cells, the combination of DTX-P/R-NLC and 
CUR-P/R-NLC exhibited greater synergism compared to the combination of DTX-Sol 
and CUR-Sol.

Cell apoptosis analysis

Cell apoptosis was evaluated quantitatively to confirm the enhanced apoptotic ability of 
DTX- or CUR-loaded formulations using the fluorescein isothiocyanate (FITC)-annexin 
V/propidium iodide (PI) staining assay. In Fig. 5A, the flow cytometric quadrantal dia-
gram is divided into four parts to interpret apoptotic tendency. The lower left (Q1), 
lower right (Q2), upper left (Q3), and upper right (Q4) quadrants indicate viable, early 
apoptotic, late apoptotic, and necrotic regions, respectively. In both cell lines, very low 
level of apoptosis was detected in the untreated controls and CUR-only formulations, 
whereas the DTX formulations significantly increased total apoptosis rates. Figure  5B 
represents the percentage of early and late apoptotic MCF7 and MCF7/ADR cells treated 

Fig. 3  Screening of the optimal co-treatment ratio between docetaxel (DTX)-loaded PEGylated and RIPL 
peptide-conjugated nanostructured lipid carriers (DTX-P/R-NLCs) DTX-P/R-NLCs and curcumin (CUR)-loaded 
P/R-NLCs (CUR-P/R-NLCs) for MCF7 and MCF7/ADR cells. A Plot of the combination index (CI) against 
fractional growth inhibition (Fa). B Comparison of CI values at Fa = 0.5 (CI50)
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with various combinations of DTX- and CUR-loaded formulations. DTX-Sol, DTX-
pNLCs, and DTX-P/R-NLCs induced 15.9 ± 1.0%, 17.2 ± 0.3%, and 19.3 ± 1.2% MCF7 
cell apoptosis and 11.9 ± 0.7%, 14.1 ± 1.1%, and 16.5 ± 0.9% MCF7/ADR cell apoptosis, 
respectively. The combination of DTX and CUR significantly increased the apoptotic 
effect in both MCF7 and MCF7/ADR cells. Compared to DTX-Sol single treatment, 
the combination of DTX-Sol and CUR-Sol and the combination of DTX-P/R-NLCs and 
CUR-P/R-NLCs exhibited a 1.5- and 1.3-fold increase in the apoptosis rate of MCF7 and 
MCF7/ADR cells, respectively.

Fig. 4  Cytotoxicity of different formulations on MCF7 and MCF7/ADR cells determined using the MTT 
assay. A Docetaxel (DTX)-loaded formulations, B curcumin (CUR)-loaded formulations, and C combination 
of DTX- and CUR-loaded formulations at 1:3 weight ratio. Data represent mean ± SD (n = 3). Significant 
differences at p < 0.05: * versus drug solution; # versus pNLC
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Cell cycle analysis

’The effects of free drugs and drug-loaded NLC samples on cell cycle progression in 
MCF7 and MCF7/ADR cells were measured by analyzing the cellular DNA content 
using flow cytometry. By measuring the fluorescence of the stained nucleus, the percent-
age of cell population in each phase of the cell cycle could be determined based on the 
DNA present. The number of cells was plotted against the relative fluorescence inten-
sity of PI (FL2 channel). As shown in Fig. 6, compared to the untreated group, the cell 
population of the section divided by the gate changed in the drug-treated groups. Most 
of the untreated MCF7 and MCF7/ADR cells were in the G0/G1 phase, and approxi-
mately 18.74% and 21.53% of the MCF7 and MCF7/ADR cells were distributed in the 
G2/M phase, respectively. In both cell lines, the treatment with CUR-loaded formula-
tions or empty-P/R-NLCs showed that cells were primarily distributed in the G0/G1 
phase without any increase in the proportion of cells in the subG0 or G2/M phases. In 
contrast, all DTX treatments significantly reduced the percentage of cells in the G0/G1 
phase and increased that of the cells in the G2/M or subG0 phases. As seen in the bar 
graphs in Fig. 6A, the population of MCF7 cells in the G2/M phase increased to 35.82, 
35.11, and 36.41% after incubation with DTX-Sol, DTX-pNLCs, and DTX-P/R-NLCs, 
respectively. A similar cell cycle distribution was observed in MCF7 cells following the 
combination treatment with DTX and CUR. Compared with the control cells, treat-
ment of the MCF7/ADR cells with DTX formulations resulted in the arrest of the cells 
in the subG0 phase (Fig. 6B). The percentage of MCF7/ADR cells treated with DTX-Sol, 

Table 3  Half-maximal inhibitory concentration (IC50) and combination index (CI) values for different 
docetaxel (DTX)- or curcumin (CUR)-loaded formulations against MCF7 and MCF7/ADR cell lines

Data represent the mean ± SD (n = 3)

DTX-Sol, DTX-containing solution; CUR-Sol, CUR-containing solution; pNLC, plain nanostructured lipid carrier; P/R-NLC, 
PEGylated and RIPL peptide-conjugated nanostructured lipid carrier; IC50, half-maximal inhibitory concentration; CI, 
combination index; Fa, fractional growth inhibition; n/a, not available

Sample IC50 (ng/mL) CI (Fa = 0.5)

DTX-equivalent CUR-equivalent

MCF7

DTX-Sol 1,000.5 ± 68.5 n/a n/a

DTX-pNLC 650.3 ± 79.5 n/a n/a

DTX-P/R-NLC 134.1 ± 8.1 n/a n/a

CUR-Sol n/a 29,884.5 ± 2,336.6 n/a

CUR-pNLC n/a 12,008.5 ± 1,071.8 n/a

CUR-P/R-NLC n/a 5,361.0 ± 386.8 n/a

DTX-Sol + CUR-Sol 876.9 ± 204.8 2,631.0 ± 614.8 0.964

DTX-P/R-NLC + CUR-P/R-NLC 59.8 ± 12.3 179.4 ± 37.0 0.479

MCF7/ADR

DTX-Sol 6,166.8 ± 325.7 n/a n/a

DTX-pNLC 5,422.3 ± 564.6 n/a n/a

DTX-P/R-NLC 1,704.8 ± 141.4 n/a n/a

CUR-Sol n/a 29,954.3 ± 3,781.2 n/a

CUR-pNLC n/a 11,840.5 ± 206.6 n/a

CUR-P/R-NLC n/a 5,569.8 ± 344.1 n/a

DTX-Sol + CUR-Sol 3,325.3 ± 778.1 9,976 ± 2,333.6 0.822

DTX-P/R-NLC + CUR-P/R-NLC 347.6 ± 73.3 1,042.8 ± 220.1 0.389
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DTX-pNLCs, and DTX-P/R-NLCs in the subG0 phase increased to 12.72%, 13.41%, and 
14.11%, respectively. Importantly, the combination treatment of DTX-Sol and CUR-Sol 
and that of DTX-P/R-NLCs and CUR-P/R-NLCs induced significantly higher subG0 
arrest of the cell populations (23.04% and 23.42%, respectively) compared to the DTX-
only treatment.

Tumor spheroid growth inhibition

The growth inhibition of MCF7/ADR tumor spheroids was evaluated after treat-
ment with different DTX- or CUR-loaded formulations. The tumor spheroids were 

Fig. 5  Cell apoptosis of MCF7 and MCF7/ADR cells after treatment with docetaxel (DTX)- or curcumin 
(CUR)-loaded formulations at 100 ng/mL DTX-equivalent concentration (DTX:CUR = 1:3, w/w) for 24 h. A 
The scatter plots and B quantitative analysis of cell apoptotic death (%), calculated as the sum of the early 
apoptosis rate and the late apoptosis rate. Significant differences at p < 0.05: * versus DTX-Sol; # versus 
DTX-pNLC; @ versus DTX-Sol + CUR-Sol. Data represent mean ± SD (n = 3). Top left (Q1, Annexin–/PI+), 
necrotic cells; top right (Q2, Annexin+/PI+), late apoptotic cells; bottom left (Q3, Annexin–/PI–), live cells; 
bottom right (Q4, Annexin+/PI–), early apoptotic cells
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monitored for 5 days and brightfield images were captured every day to measure 
their diameter and assess morphological changes. As shown in Fig. 7A, the MCF7/
ADR tumor spheroids were formed with a diameter of 350 μm and their size gradu-
ally increased until day 5, while maintaining their spherical shape. In Fig.  7B, the 
volume change ratio of the tumor spheroids was also calculated as a volume percent-
age from day n to day 0. MCF7/ADR tumor spheroids treated with CUR-Sol and 
CUR-P/R-NLCs showed no growth inhibition, evidencing the lack of cytotoxicity at 
the tested concentration of CUR, regardless of the formulation. Tumor spheroid vol-
umes at day 5 in the untreated control, and CUR-Sol- and CUR-P/R-NLC-treated 
groups increased drastically up to 272%, 264%, and 263%, respectively. In contrast, 
DTX-containing groups displayed significantly higher and time-dependent inhibi-
tory effects on the growth of MCF7/ADR tumor spheroids from day 2 to day 5. 
The volumes of MCF7/ADR tumor spheroids treated with DTX-Sol and DTX-P/
R-NLCs increased to 186% and 162%, respectively. The co-treatment of DTX and 
CUR showed even greater tumor spheroid growth inhibition effects compared to 
the single-drug formulations. The combination of DTX-Sol and CUR-Sol and the 

Fig. 6  Cell cycle analysis of A MCF7 and B MCF7/ADR cells after treatment with docetaxel (DTX)- or curcumin 
(CUR)-loaded formulations at 100 ng/mL DTX-equivalent concentration (DTX:CUR = 1:3, w/w) for 24 h. Data 
represent FACS histogram of the cell cycle (left panel) and quantification of cell cycle arrest (right panel) of 
MCF7 and MCF7/ADR cells
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combination of DTX-P/R-NLCs and CUR-P/R-NLCs exhibited the greatest inhibi-
tion of tumor spheroid growth (133%).

In vivo antitumor efficacy

In vivo antitumor efficacy was evaluated in a BALB/c OVCAR3-bearing xenograft mouse 
model, in which the tumor developed over approximately 4 weeks following the subcuta-
neous inoculation of the OVCAR3 cell lines. As shown in Fig. 8A, the tumor grew expo-
nentially in all groups. Compared to the DTX-Sol group, DTX-loaded NLC formulations 
were effective in reducing the tumor growth after 2 weeks of treatment. In comparison to 
the mild tumor-suppressive effect of DTX-pNLCs and DTX-P/R-NLCs, the combination 
group showed considerable inhibition of tumor growth after 3 weeks. At the end of the 
experiment (day 28), tumor volumes reached approximately 905, 816, 750, and 531 mm3 in 
DTX-Sol, DTX-pNLC, DTX-P/R-NLC, and the combination of DTX-P/R-NLC and CUR-
P/R-NLC groups, respectively. In particular, the combination group exhibited favorable 
tumor suppression, showing 1.7- and 1.4-fold greater inhibition compared with the DTX-
Sol and DTX-P/R-NLC groups, respectively. The relative tumor volumes were expressed 
as tumor growth inhibition (TGI) percentages (insert table in Fig. 8A). The combination 
group produced a TGI value of 41%, which was higher than that of DTX-P/R-NLC (17%) 
and DTX-pNLC (10%). As depicted in Fig.  8B, the body weight changes of tumor-bear-
ing mice were also recorded as an indication of safety. There was no significant difference 

Fig. 7  Tumor spheroid growth inhibition. A Optical images of MCF7/ADR tumor spheroids after treatment 
with different formulations for 5 days. Scale bar represents 100 μm. B Changes in the volume of tumor 
spheroids. DTX- or CUR-equivalent concentration was 500 ng/mL or 1500 ng/mL. Data represent the relative 
ratio (%) as a percentage of volume of the day n to that of day 0. Data represent the mean ± SD (n = 3)
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between the treatment groups. However, as the tumor volumes increased, the mice treated 
with DTX-Sol exhibited behavioral changes, such as impaired movement, loss of activity, 
and dry skin, whereas no obvious change was observed in the groups treated with DTX-
pNLCs and DTX-P/R-NLCs and in the combination treatment group. Figure 8C depicts 
the survival curves, where the first death was observed in the DTX-Sol group on day 3, fol-
lowed by the DTX-P/R-NLC, the combination of DTX-P/R-NLC and CUR-P/R-NLC, and 
the DTX-pNLC groups on days 17, 17, and 18, respectively. At the end of the experiment, 
50% of the mice survived in all groups, and the excised tumors were photographed for fur-
ther comparison (Fig. 8D). Tumor growth was greatly suppressed by the combination of 
DTX-P/R-NLCs and CUR-P/R-NLCs.

Fig. 8  In vivo antitumor efficacy in an OVCAR3-xenografted mouse model following intravenous injection of 
different formulations at a dose of 5 mg docetaxel (DTX)-equivalent/kg on days 0, 7, and 14, a total of three 
injections per mouse. A Changes in tumor volume for 28 days of post-administration and TGI calculated by 
Eq. 7. B Changes in body weight. C Survival curves. D Representative images of excised tumors. Scale bar 
indicates 10 mm. Data represent mean ± SD (n = 4)
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Discussion
The co-delivery of two or more drugs to the disease site, using a nano-particulate carrier 
system, to achieve a synergistic effect is expected to emerge as a more efficient strategy 
than the current drug cocktail therapy (Zhang et al. 2016; Liang et al. 2021). Combina-
tion therapy using nanocarriers can maximize the therapeutic outcomes by resolving the 
issue of the poor water solubility of various drugs, by controlling the drug–drug ratio 
at the target site, and by increasing bioavailability owing to prolonged circulation and 
target-specific accumulation (Dai et al. 2017; Qi et al. 2017). Nanocarrier-mediated com-
bination therapy can be distinguished based on the delivery mechanism of the drugs: 
(1) co-administration of different single drug-loaded nanocarriers, and (2) co-delivery 
of two or more therapeutic agents in a single nanocarrier system (Zhang et al. 2016; Dai 
et al. 2017). Compared to a single carrier system, the use of two separate nanocarriers to 
load each drug offers several advantages, such as avoiding the drug–drug interaction and 
its effects on individual drug efficacy, lowered drug toxicity, greater stability and load-
ing capacity. Further, it is easy to control the quality of single-drug nanocarriers and to 
scale-up their preparation (Dai et al. 2017). Therefore, to construct a co-administrative 
nanoplatform for DTX and CUR, we used the previously reported P/R-NLC system 
developed for hepsin-specific active targeting with reduced mononuclear phagocyte 
uptake in vivo (Kim et al. 2018, 2020). Herein, DTX and CUR were encapsulated sepa-
rately in P/R-NLCs, and each P/R-NLC (DTX-P/R-NLC and CUR-P/R-NLC) was physi-
cally mixed for the combined application.

In the present study, two types of DTX- or CUR-loaded NLCs (pNLCs and P/R-NLCs) 
were successfully prepared using the solvent emulsification–evaporation method. The 
encapsulation of DTX or CUR did not alter the size of the NLCs, but surface-modifica-
tion with PEG3K and RIPL peptide slightly increased the size to approximately 200 nm. 
Due to their nano-size of less than 200 nm, P/R-NLCs can accumulate in tumor tissues 
by virtue of the enhanced permeability and retention effect and readily translocate into 
cancer cells via receptor-mediated endocytosis (Kebebe et al. 2018; Kondo et al. 2021). 
ZP is a key parameter in the evaluation of the stability of nanocarriers. The repulsion 
of the nanocarriers with same surface charge provides extra colloidal stability (Ribeiro 
et al. 2016). All prepared NLCs, regardless of the type of encapsulated drug, exhibited 
negative charge with an absolute ZP value above 15  mV, indicating sufficient electro-
static repulsion. This result was in accordance with an earlier report that PEG and RIPL 
peptide modification imparted negative charge on the surface of NLCs (Kim et al. 2018). 
Consequently, all obtained NLCs maintained their colloidal stability under storage con-
ditions for 4 weeks without signs of aggregation or changes in DL.

The synergistic mass ratio of DTX and CUR for combination therapy was selected 
after calculating the CI in MCF7 and MCF7/ADR cells. Interestingly, for the combi-
nation of DTX-P/R-NLCs and CUR-P/R-NLCs, we found that the mass ratio of 1:3 
resulted in the strongest synergistic effects among four tested mass ratios. The specific 
cellular uptake of P/R-NLCs and DTX or CUR released from the NLC matrix may 
influence the drug–drug ratio in the cytosol. The free drugs enter the cells through 
diffusion, which is related to the physicochemical properties of the drugs (Shi et al. 
2015). Presence of free DTX and CUR may lead to different uptake behaviors, and 
accordingly, the mass ratio of the drugs inside the cells may be become inconsistent 
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with the initial mass ratio. The co-administered DTX-P/R-NLCs and CUR-P/R-NLCs 
bind to the overexpressed hepsin on tumor cell membranes (Kim et al. 2020). DTX-
P/R-NLCs and CUR-P/R-NLCs are internalized via receptor-mediated endocyto-
sis, in which the two nanocarrier systems are internalized as a whole, which helps 
maintain the loading mass ratio (Xu et al. 2019). Upon internalization, both DTX and 
CUR are released from the NLCs, and the intracellular ratio of the drugs may vary 
depending on the release pattern. DTX- or CUR-loaded P/R-NLCs followed the Higu-
chi equation, indicating homogenous drug dispersion through the lipid matrix and 
diffusion-controlled release by matrix erosion and degradation (Son et al. 2017). Due 
to the higher drug loading of DTX, it may show a relatively faster release than CUR. 
Based on the findings our drug loading and release experiments, the mass ratio of 1:3 
(DTX:CUR, w/w) for DTX-P/R-NLCs and CUR-P/R-NLCs was selected as the opti-
mal combination ratio and was applied for further experiments.

Cytotoxicity of DTX- or CUR-loaded formulations in MCF7 and MCF7/ADR cells 
was evaluated using the MTT assay. Treatment with DTX- or CUR-loaded formu-
lations showed time- and concentration-dependent effects on cell viability. The IC50 
values at 24  h were in the order of P/R-NLCs < pNLCs < free drugs, indicating the 
importance of RIPL peptide exposure on the surface of NLCs. Co-treatment with 
DTX and CUR exhibited a better performance than treatment with the individual 
drugs. The antitumor effect of DTX- or CUR-loaded formulations was also evaluated 
in MCF7/ADR 3D spheroids by measuring the tumor growth inhibition. The changes 
in the volumes of 3D tumor spheroids were consistent with the trend of IC50 in cell 
viability experiments. The lower the IC50 value, the greater the inhibition effect on 
the volume of 3D tumor spheroids. The cytotoxicity of CUR-only treatments was low 
with negligible effect, because the concentration of CUR was insufficient to affect cell 
viability. In contrast, the combination of DTX and CUR showed the greater tumor 
spheroid inhibition compared with the DTX-only treatments. Our data supported 
the earlier reports that CUR enhanced the antitumor efficacy of DTX by acting as a 
pro-apoptotic agent via well-known signaling pathway (Misra et al. 2011; Yang et al. 
2017a, b).

The anticancer effect of DTX- or CUR-loaded formulations was further confirmed 
using the FITC-annexin V/PI-based apoptosis assay. The effects of DTX- or CUR-
loaded formulations on the apoptosis of MCF7 and MCF7/ADR cells were consistent 
with the results of the cytotoxicity assay. As shown in Fig. 5B, in comparison to the 
untreated control, the induction of cell apoptosis by treating with CUR-only formu-
lations was insignificant, whereas it was significantly increased by the combination 
with DTX. The data clearly reveal that treatment with a combination of DTX-P/R-
NLCs and CUR-P/R-NLCs led to an increase in apoptotic cell death compared to the 
treatment with single DTX-loaded formulations. Since all empty formulations caused 
no significant cell death with good tolerability and low toxicity, the differences in the 
cytotoxic and apoptotic effects of DTX- or CUR-loaded NLC formulations are attrib-
uted to the drug concentrations in the cytoplasm. For free drug solutions, internal-
ization occurs mainly by molecular diffusion and the drug concentration increases 
until saturation (Shi et  al. 2015). However, NLCs mainly intracellularly translocate 
via endocytosis and release the encapsulated drug into the cytoplasm in a controlled 
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manner. In a previous study, we found that P/R-NLCs induced RIPL-mediated inter-
nalization via endocytosis into hepsin-overexpressing cancer cells, showing strong 
cytosolic fluorescence intensity without premature fluorescent probe release (Kim 
et al. 2018). Taken together, these observations demonstrate that the superior in vitro 
antitumor effects of the combined administration of DTX-P/R-NLCs and CUR-P/R-
NLCs are due to the enhanced intracellular uptake of DTX and CUR and the sub-
sequent intracellular release that both facilitate high intracellular concentrations of 
DTX and CUR for synergy.

To collect more evidence regarding the apoptotic activity of DTX and the cell death 
pathway activity, the cell cycle distribution for MCF7 and MCF7/ADR cells was analyzed 
using flow cytometry. It is well-known that DTX exerts its antitumor effect by binding 
to β-tubulin, thereby inducing microtubule stabilization resulting in G2/M arrest and 
the subsequent apoptotic cell death (Murray et  al. 2012; Ojima et  al. 2016). In MCF7 
cells, DTX-containing treatments enhanced the accumulation of the cells in the G2/M 
phase after a 24 h incubation (Fig. 6A). However, in MCF7/ADR cells, cell cycle arrest at 
the subG0 phase—which represents cell death—increased (Fig. 6B). The difference in the 
arrested phase of the cells can be explained by the dual mechanism of DTX according to 
its concentration (Hernandez-Vargas et al. 2007a, b). DTX induces a transient or pro-
longed arrest of mitosis at a low or high concentration, respectively (Hernandez-Vargas 
et al. 2007a, b). Drug-resistant MCF7/ADR cells can continuously efflux DTX out of the 
cytoplasm, thereby lowering the intracellular DTX concentration. Due to this lowered 
DTX concentration in MCF7/ADR cells, the prevalence of aberrant mitosis increased 
due to a relatively short mitosis arrest, which led to an increase the subG0-phase pop-
ulation. Despite differences among the two cell lines, we observed that the apoptosis-
inducing mechanism of DTX was consistent with former reports (Kim et al. 2020).

Antitumor efficacy was evaluated by measuring tumor volume and body weight 
changes after intravenous injections of different drug-loaded formulations. OVCAR3 
cells, which are known as MDR cancer cells, were introduced to establish the xenograft 
mouse model (Vergara et al. 2012; Solomon et al. 2013; Zheng et al. 2018). The DTX-P/
R-NLC and CUR-P/R-NLC combination treatment group showed higher antitumor effi-
cacy than other treatment groups, which may be attributed to its high capacity to entrap 
DTX or CUR. Due to the prolonged circulation and target specificity, co-administration 
of DTX and CUR using a P/R-NLC system exhibited synergistic therapeutic effects of 
DTX and CUR. First, as a matrix-type particulate system, NLCs offer several advantages 
including high DTX or CUR encapsulation, and subsequent sustained release of the car-
gos (Haider et al. 2020). By encapsulating DTX or CUR in NLCs, these drugs could be 
protected from labile drug degradation by metabolism and clearance before reaching the 
target site (Rizwanullah et al. 2021). Due to the high surface-to-volume ratio of NLCs, 
the pharmacokinetics and biodistribution profiles of the encapsulated drugs could also 
be improved (Haider et  al. 2020). In addition, NLCs may pass through leaky vascula-
ture and accumulate in the surrounding tumor tissue due to enhanced permeability and 
retention effects owing to their ideal nano-size of approximately 200  nm (Fang et  al. 
2011; Sanna et al. 2014).

Second, the superior efficacy of the combination of DTX-P/R-NLCs and CUR-P/R-
NLCs could be attributed to the enhanced passive and active targeting capability of 
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P/R-NLCs via surface modification for multifunctionality. For in vivo stability and dis-
tribution of nanocarriers, P/R-NLCs had been designed using 1 mol% of hepsin-specific 
RIPL peptide and 5 mol% PEG3K (Kim et al. 2018). The presence of the PEG moiety on 
the P/R-NLC surface may reduce mononuclear phagocyte uptake, enhance in vivo sta-
bility, and prolong circulation leading to enhanced tumor accumulation by passive tar-
geting (Zhang et al. 2008; Wang et al. 2015a, b). By virtue of the RIPL peptide, P/R-NLCs 
could specifically bind to hepsin-expressing cancer cells and enhance the simultaneous 
intracellular delivery of DTX and CUR following their distribution and penetration of 
tumor tissues (Kim et al. 2020; Kondo et al. 2021). Third, the combination of DTX and 
CUR also synergistically improved DTX-induced apoptosis in vivo. Although DTX and 
CUR were encapsulated separately, they were presumed to accumulate simultaneously 
at the same site of action due to their loading in the same type of P/R-NLC (Dai et al. 
2017). In the cytosol of cancer cells, the optimal combination ratio of DTX and CUR 
would be maintained to trigger an apoptotic cascade by promoting cell cycle arrest in 
the G2/M phase and enhancing the activation of the apoptosis pathway. Altogether, our 
results indicate the superior anticancer efficacy of the combination treatment with DTX-
P/R-NLCs and CUR-P/R-NLCs against chemoresistant breast cancer.

Conclusions
A co-administrative system of DTX and CUR using P/R-NLCs was successfully devel-
oped with a high DL capacity and an optimized synergistic ratio of DTX-P/R-NLC to 
CUR-P/R-NLC (1:3, w/w). In both hepsin-expressing MCF7 (drug-sensitive) and MCF7/
ADR (drug-resistant) cell lines, the combination showed significantly enhanced cyto-
toxic and apoptotic effects, owing to enhanced cell cycle arrest in the G2/M or subG0 
phase. Further, using an OVCAR3-xenografted mouse model, enhanced in vivo antitu-
mor efficacy of the combination was obtained. Therefore, co-administration of DTX and 
CUR using P/R-NLCs may be a promising strategy to overcome MDR in cancers. How-
ever, for practical development, further clinical studies are required in the future.

Materials and methods
Materials

DTX (> 99% purity) was kindly gifted by Chong Kun Dang Pharm. Co. (Yongin, Korea). 
Oleoyl macrogol-6 glycerides (Labrafil® M 1944 CS) and glyceryl distearate (Precirol® 
ATO 5) were received as gifts from Gattefossé (Saint-Priest, France). CUR (> 94% cur-
cuminoid content, > 80% curcumin), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetra-
zolium bromide (MTT) dye, and phosphate-buffered saline (PBS) tablets were purchased 
from Sigma–Aldrich Chemical Co. (St. Louis, MO, USA). 1,2-Distearoyl-sn-glycero-
3-phosphoethanolamine-N-[maleimide(polyethylene glycol2000)] (DSPE-PEG2K-Mal) 
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol3000)] (DSPE-PEG3K) were purchased from Avanti Polar Lipids (Alabaster, AL, 
USA). The RIPL peptide was synthesized by Peptron Co. (Daejeon, Korea). All other 
chemicals and reagents purchased from commercial sources were of analytical or cell 
culture grade. PBS (10×, pH 7.4) and cell culture materials, including Roswell Park 
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Memorial Institute (RPMI) 1640 medium, fetal bovine serum (FBS), penicillin–strepto-
mycin, and trypsin–EDTA (0.25%) were obtained from Invitrogen (Carlsbad, CA, USA). 
BD Matrigel™ basement membrane matrix was purchased from BD Biosciences (San 
Jose, CA, USA).

Cell culture and animals

Human breast adenocarcinoma MCF7 cells and human ovarian adenocarcinoma 
OVCAR3 cells were purchased from the Korean Cell Line Bank (Seoul, Korea) and 
multidrug-resistant MCF7 cells (MCF7/ADR) were kindly gifted by Dr. Hwa Jeong Lee 
(College of Pharmacy, Ewha Womans University, Seoul, Korea). Cells were incubated 
in RPMI 1640 medium containing antibiotics (100 μg/mL streptomycin and 100 U/mL 
penicillin G) and 10% (v/v) FBS. Cells were cultured every 2–4 days in a humidified incu-
bator in an atmosphere with 5% CO2 at 37 °C and 95% relative humidity.

Female BALB/c athymic mice (17 ± 2  g, 6  weeks) were purchased from the Hanlim 
Experimental Animal Laboratory (Gyeonggi-do, Korea). The animal experiments were 
approved by the Institutional Animal Care and Use Committee of Chung-Ang Univer-
sity, Seoul, Korea (Protocol No. 2020–00072) and carried out in accordance with the 
National Institute of Health Guidelines for the Care and Use of Laboratory Animals.

Synthesis of DSPE‑PEG2K‑RIPL

DSPE-PEG2K-RIPL was synthesized using the thiol-maleimide reaction by conjugat-
ing the cysteine residue of the RIPL peptide to DSPE-PEG2K-Mal based on a previous 
report (Lee et al. 2018). In brief, RIPL peptides were reacted with DSPE-PEG2K-Mal at 
a molar ratio of 1.12:1 in 2 mL of 0.01 M PBS (pH 7.4) at 25 °C for 48 h with continuous 
stirring. The resulting mixture was subjected to dialysis for 48 h against distilled water 
using a dialysis bag (3.5 kDa MWCO, Biotech CE Tubing; Spectrum Laboratories, Inc., 
Rancho Dominguez, CA, USA) to remove unreacted RIPL peptides and other impuri-
ties. The final solution in the dialysis bag was freeze-dried and stored at −20 °C until use.

Preparation of DTX‑ or CUR‑loaded NLC formulations

DTX- or CUR-loaded P/R-NLCs were prepared using the solvent emulsification–evap-
oration method (Kim et al. 2020). The compositions of the different NLC samples are 
summarized in Additional file  1: Table  S1. Briefly, the organic phase was prepared by 
dissolving Labrafil M 1944 CS (liquid oil) and Precirol® ATO 5 (solid lipid) with DTX 
(4 mg) or CUR (1.6 mg) in dichloromethane (DCM; 0.667 mL). The organic phase was 
mixed with a 4 mL aqueous solution containing polysorbate 20 (1%, w/v), polyvinyl alco-
hol (0.5%, w/v), 5  mol% DSPE-PEG3K, and 1  mol% DSPE-PEG2K-RIPL. The mixture 
was then homogenized at 15,000  rpm for 2  min using an Ultra-Turrax T25 basic dis-
perser (IKA Labortechnik, Staufen, Germany), followed by sonication through a probe-
type sonicator (Sonopuls, HD 2070; Bandelin Electronics, Berlin, Germany) operating 
at 45% power for 3 min under cooling at 4 °C. Finally, the resulting emulsion was evapo-
rated at 25 °C under reduced pressure by magnetically stirring at 300 rpm to withdraw 
the organic solvent and solidify the NLCs. DTX- or CUR-loaded pNLCs were prepared 
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using the same procedure, excluding the addition of DSPE-PEG3K and DSPE-PEG2K-
RIPL. Empty NLC formulations were prepared without the addition of DTX or CUR. All 
prepared NLC formulations were maintained at 4 °C and used for the subsequent exper-
iments within 2 weeks. For in vivo intravenous injections, DTX-P/R-NLC and CUR-P/
R-NLC solutions were concentrated by centrifugation at 14,000 ×  g for 20  min using 
Amicon® ultra-centrifugal devices (100  kDa MWCO; Millipore, Billerica, MA, USA). 
DTX-P/R-NLC and CUR-P/R-NLC residues were diluted with normal saline to reach a 
concentration of 4 mg/mL and 2.5 mg/mL for DTX and CUR, respectively.

Preparation of a reference DTX and CUR solution

To mimic a marketed DTX product (Taxotere®), the DTX-Sol was prepared as a refer-
ence sample by dissolving DTX at a concentration of 10 mg/mL in normal saline con-
taining polysorbate 80 (25%, w/v) and ethanol (9.75%, v/v) (Guo et al. 2017). To prepare a 
CUR-Sol, CUR was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 5 mg/
mL (Wu et al. 2019). Thereafter, DTX-Sol and CUR-Sol were appropriately diluted with 
a cell culture medium or normal saline for in vitro and in vivo experiments, respectively. 
The final concentration of DMSO in the culture was less than 0.2% (nontoxic to cells).

HPLC analysis of DTX and CUR​

Quantitative determination of DTX was performed using an HPLC system consisting of 
separating modules (Waters® e2695), a UV detector (Waters® e2489), and a data station 
(Empower® 3), which were purchased from Waters® Corporation (Milford, MA, USA). 
DTX was separated using a C18 Column (5 μm, 4.6 × 250 mm; Shiseido, Tokyo, Japan) 
with acetonitrile and water (55:45, v/v) as the mobile phase, delivered at a flow rate of 
1 mL/min at room temperature. DTX was detected at 230 nm, and the injection volume 
was 50 μL. The amount of CUR was also quantified using the same HPLC system. Chro-
matography was carried out on a C18 Column (5 μm, 4.6 × 250 mm; Kromasil®, Akzo 
Nobel, Bohus, Sweden) with acetonitrile and 4% acetic acid (45:55, v/v) as the mobile 
phase, and delivered at a flow rate of 1 mL/min at 25 ºC. CUR was detected at 420 nm, 
and the injection volume was 50 μL.

EE and DL

EE and DL of DTX or CUR in DTX- or CUR-loaded NLC formulations were determined 
as reported earlier: free unencapsulated DTX or CUR were separated using the ultra-
filtration method using Amicon® ultra-centrifugal devices (Beloqui et al. 2014). Briefly, 
DTX- or CUR-loaded NLC samples (500 μL) were centrifuged for 20 min at 14,000 × g. 
The amount of free unencapsulated drug in the filtrate was quantified by HPLC as 
described above. The following equations were used for the calculations (Ghodrati et al. 
2019):

(1)EE(%) =
WT −WF

WT
× 100,
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where WT, WF, and WL represent the total amount of DTX or CUR added, the amount 
of free DTX or CUR in the filtrate, and the total amount of lipid matrix, respectively.

Particle size and ZP analysis

The particle size (diameter, nm), PDI, and ZP of DTX- or CUR-loaded NLCs were deter-
mined by dynamic light scattering on a Zetasizer Nano-ZS instrument (Malvern Instru-
ments, Worcestershire, UK). NLC samples were diluted (1:100) in distilled water. All 
measurements were carried out at 25 °C and each sample was measured in triplicate.

TEM

The morphology of DTX- or CUR-loaded NLCs was examined using TEM (Talos 
L120C; FEI, Czech) at an acceleration voltage of 120 kV. Briefly, NLC samples were 
diluted tenfold with distilled water and dropped on a carbon-coated grid. The samples 
were negatively stained with a phosphotungstate solution (2%, w/v) for 1  min. The 
grid was then washed with double-distilled water, allowed to air-dry at room tem-
perature, and subjected to TEM observation.

In vitro drug release

The in vitro release profiles of DTX or CUR from DTX- or CUR-loaded formulations 
were evaluated using a dialysis bag diffusion method (Rosiere et al. 2018). In prior, con-
sidering the concentration of in  vitro cell treatment for NLC formulations, DTX-Sol 
and CUR-Sol were tenfold diluted with PBS. Briefly, diluted DTX-Sol, diluted CUR-Sol, 
DTX-pNLC, CUR-pNLC, DTX-P/R-NLC, and CUR-P/R-NLC (1 mL each) were placed 
in a dialysis bag (300 kDa MWCO; Spectrum Laboratories). Then, firmly clipped dialysis 
bags were completely soaked in PBS (200 mL, pH 7.4), containing 1% (w/v) polysorbate 
80, and incubated at 37  °C with magnetic stirring at 100  rpm. At predetermined time 
points, 1 mL of the release medium was removed and replaced with the equivalent vol-
ume of fresh release medium. The concentration of DTX or CUR in the aliquots was 
analyzed using HPLC as described above. In order to examine the release kinetics of 
various types of NLCs, results of the release assessment were plotted in various models, 
such as zero-order, first-order, and Higuchi equations, as follows (Son et al. 2017):

where Qt is the cumulative amount of drug released at time t, Q0 is the initial amount 
of drug, and t is the time at which the drug release is calculated, and K0, K1, and KH are 
release constants of zero-order, first-order, and the Higuchi equations, respectively. The 
fitting of the data into models was assessed by the determination of the linearity of the 
plot from the regression factor (r2 value).

(2)DL(%) =
WT −WF

WL

× 100,

(3)Qt = QO − KO ∗ t,

(4)lnQt = lnQo − K1 ∗ t,

(5)Qt = KH ∗ t1/2,
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Stability test

Physical stability of the DTX- or CUR-loaded NLC formulations was determined by 
monitoring variations in particle size, PDI, and ZP for 4 weeks at 4 ± 1  °C (Gupta 
et  al. 2015). To investigate the leakage of DTX or CUR from DTX- or CUR-loaded 
NLC formulations during storage, changes in EE and DL were monitored using the 
method described above. Separately, for measuring serum stability, 100 μL of DTX- 
or CUR-loaded NLC formulations were incubated with 900 μL RPMI1640 cell culture 
medium containing 20% FBS at 37 °C for up to 48 h. Aliquots were sampled and sub-
jected for the observation of changes in size, PDI, ZP, and DL.

Combined effects of DTX and CUR​

The combined effects of DTX-P/R-NLCs and CUR-P/R-NLCs at different mass ratios of 
DTX to CUR (w/w) were assessed against MCF7 and MCF7/ADR cells using the MTT 
assay. Briefly, MCF7 and MCF7/ADR cells were seeded into 96-well plates at a density of 
10,000 cells/well. After incubation for 24 h, the cells were treated with a series of vary-
ing concentrations of DTX-P/R-NLCs (0.1–10,000  ng/mL) and CUR-P/R-NLCs (0.3–
30,000  ng/mL), or with different combination ratios of DTX-P/R-NLCs and CUR-P/R 
-NLCs (DTX:CUR = 5:1, 3:1, 1:1, 1:3, and 1:5, w/w). After a 24 h incubation, cells were 
washed twice with cold PBS and incubated with 100 μL of MTT solution (0.5 mg/mL) 
for 4 h. The resultant formazan salt crystals were dissolved by adding dimethyl sulfox-
ide (200 μL) to each well and the absorbance was measured at a wavelength of 450 nm 
using a microplate reader (Flexstation 3; Molecular Devices LLC, Sunnyvale, CA, 
USA). The following formula was used to calculate the cell viability (Chen et al. 2018): 
Cellviability(%) = ([AT − AB]/[AU − AB])× 100 , where AT, AB, and AU are the absorb-
ance of treated sample, blank control, and untreated sample, respectively. The synergistic 
effects of different combinations of DTX-P/R-NLCs and CUR-P/R-NLCs were assessed 
through calculation of the CI using the equation of Chou and Talalay (Chou 2010; Hong 
et al. 2019). The CI was calculated using the CompuSyn software (Biosoft, Cambridge, 
UK) with the following equation: CI = (D)1/(D50)1 + (D)2/(D50)2, where (D)1 and (D)2 
represent the IC50 values of DTX-P/R-NLCs and CUR-P/R-NLCs in combination, while 
(D50)1 and (D50)2 represent IC50 values of DTX-P/R-NLCs and CUR-P/R-NLCs alone, 
respectively. The occurrence of the ratio-dependent synergy was determined by plotting 
the CI versus the Fa that was calculated as follows: Fa = 1 – (percentage of viability of 
drug-treated cells / percentage of viability of untreated cells) (Zouaoui et al. 2016).

Cytotoxicity assessment

In vitro cytotoxicity levels of DTX-Sol, CUR-Sol, combined DTX-Sol and CUR-Sol 
(DTX: CUR = 1:3, w/w), DTX-pNLCs, CUR-pNLCs, DTX-P/R-NLCs, CUR-P/R-NLCs, 
combined DTX-P/R-NLCs and CUR-P/R-NLCs (DTX: CUR = 1:3, w/w), and empty for-
mulations were determined using the MTT assay as described above. Cell viability was 
measured as the percentage of viable cells relative to the untreated control as described 
above. All experiments were performed in triplicate, and the results were indicated as 
means ± SD. IC50 values were determined using GraphPad Prism 7.05 (GraphPad Soft-
ware Inc., San Diego, CA, USA) via nonlinear regression.
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Cell apoptosis analysis

Cell apoptosis was assessed using the FITC-annexin V/ apoptosis detection kit with PI 
(BioLegend, San Diego, CA, UsSA) followed by flow cytometric analysis (FACSCalibur; 
Becton Dickinson, Franklin Lakes, NJ, USA). Briefly, the MCF7 and MCF7/ADR cells 
were seeded at a density of 1.5 × 105 cells/well in 12-well plates and incubated for 24 h to 
facilitate attachment. The cells were exposed to DTX-loaded formulations and/or CUR-
loaded formulations at the DTX-equivalent concentration of 100 ng/mL for 24 h. After 
incubation, the cells were washed twice with ice-cold PBS, detached with 0.25% trypsin, 
centrifuged at 1,000 × g for 5 min, washed twice with ice-cold PBS, and resuspended in 
binding buffer (200 μL). Thereafter, FITC-annexin V (5 μL) and PI (5 μL) were added and 
mixed for 15 min at room temperature in the dark to stain cells according to the manu-
facturer’s protocol. In total, 10,000 events were counted for each sample using the FL1 
and FL2 channels for FITC-annexin V and PI, respectively. Stained untreated cells were 
used as controls. The data were analyzed using CellQuest Pro software (Becton Dickin-
son, Franklin Lakes, NJ, USA).

Cell cycle analysis

Cell phase distribution was determined based on DNA content using PI and RNAse 
flow cytometry kits (Abcam, Cambridge, UK), according to the manufacturer’s pro-
tocol. Briefly, MCF7 and MCF7/ADR cells were seeded at a density of 1.5 × 105 cells/
well in 12-well plates and allowed to attach for 24 h. Thereafter, cells were treated with 
DTX-loaded formulations and/or CUR-loaded formulations at the DTX-equivalent con-
centration of 100 ng/mL for 24 h. Adherent and non-adherent cells were collected via 
centrifugation at 1000 × g for 5 min and fixed with ice-cold 70% ethanol at − 20 °C for 
4  h. Cells were washed twice with cold PBS to remove any residual ethanol and were 
collected via centrifugation at 1000 × g for 5 min. Subsequently, cells were resuspended 
and incubated with PBS (200 μL), consisting of RNase A (550 U/mL) and a PI solution 
(0.05 μg/mL), to stain the DNA for 30 min at 37 °C. The cell distribution in SubG0, G0/
G1, S, and G2/M phases was measured and analyzed using a flow cytometer using the 
FL2 channel. The gating was done by distinguishing n and 2n content cells (G0/G1 and 
G2/M phase, respectively) on the base of DNA content.

Tumor spheroid growth inhibition assay

Briefly, MCF7/ADR cells were detached using trypsin–EDTA and passed through a 
70  μm cell strainer to generate a single-cell suspension. To prepare 3D spheroids, the 
MCF7/ADR single-cell suspensions were transferred into 96-well spheroid micro-
plates (C.4515; Corning Inc., Kennebunk, ME, USA) at a density of 5000 cells per well. 
Centrifugation was performed at 126 × g for 5 min to facilitate cellular aggregation in 
the well. Cell pellets were then incubated for 3 days. The formation of spheroids was 
monitored using an optical microscope at 100× magnification (KI-400; Optinity, Korea 
Labtech, Gyeonggi-do, Korea). When the diameter of the spheroids reached approxi-
mately 350 μm with uniform size and integrity, the medium was changed to a culture 
medium containing DTX- or CUR-loaded formulations at the final DTX-equivalent 
concentration of 500  ng/mL. Culture medium without any formulations was used as 
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the blank control. Microscopic images were taken every day for 5 days to monitor sphe-
roid growth. To evaluate the inhibition of spheroid growth, the volume (V) of the sphe-
roids was measured using the following formula: V = 0.5 × Dmax × Dmin

2, where Dmax 
is the maximum diameter and Dmin is the minimum diameter of each spheroid (Yang 
et al. 2017a, b). The volume change ratio of a spheroid was calculated using the formula: 
N = (Vn/V0) × 100%, where Vn is the volume of a spheroid at n days after treatment, and 
V0 is the volume of the spheroid prior to treatment.

In vivo antitumor efficacy study

The in vivo antitumor effects were investigated in BALB/c nude mice with OVCAR3 cell 
xenografts. To set up the tumor xenograft model, female BALB/c athymic mice were 
subcutaneously inoculated with RPMI 1640 medium/Matrigel (100 μL, 50:50 v/v) sus-
pension containing 2 × 106 OVCAR3 cells in the right flank. Digital calipers (Mitutoyo, 
Kawasaki, Japan) were used to measure the tumor dimensions. The tumor volume (mm3) 
was calculated as (Qu et al. 2014):

where L is length of tumor and W is width of tumor. When tumors reached a volume of 
100–110 mm3, mice were randomly divided into four groups (n = 4): (1) DTX-Sol, (2) 
DTX-NLC, (3) DTX-P/R-NLC, and (4) a combination of DTX-P/R-NLC and CUR-P/R-
NLC (DTX:CUR = 1:3, w/w). Each mouse received an intravenous injection via the tail 
vein at a dose of 5 mg DTX/kg using a 21 G needle for a total of three injections. The 
first day of administration was designated as day 0. Antitumor efficacy was evaluated 
weekly for a total of 4 weeks based on the changes in tumor volume and body weights. 
For further comparison, the percentage of TGI was calculated using the following equa-
tion (Liu et al. 2015):

 where Vt and Vc represent the tumor volume of the treated and control groups, respec-
tively, at day 28. General animal health was also recorded to detect potential side effects, 
including food and water avoidance, impaired movement, and behavioral changes. 
Median survival time was calculated, and Kaplan–Meier survival curves were plotted 
using GraphPad Prism (GraphPad Software, San Diego, CA, USA). At the end of the 
experiment, the mice were sacrificed, and the tumors were excised and photographed.

Statistical analysis

All values are expressed as the mean ± standard deviation (SD) (n ≥ 3). Statistical signifi-
cance was determined using Student’s t-test, and differences were considered significant 
at p < 0.05.
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MCF7/ADR cells after 24 h incubation. Fig. S3. Cytotoxicity of empty nanostructured lipid carriers (NLCs) on MCF7 
and MCF7/ADR cells determined using the MTT assay
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