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Abstract
Purpose We developed a core–shell (CS) nanoparticle, docetaxel (DTX)-loaded core and tariquidar (TRQ)-loaded shell 
conjugated with PEG and RIPL peptide (D/C-T/S-PR), which sequentially releases TRQ and DTX to overcome multidrug 
resistant (MDR) cancer.
Methods D/C-T/S-PR was fabricated by two-step method, including the formation of a DTX-loaded nanostructured lipid car-
rier (D/NLC) core by solvent emulsification-evaporation and a TRQ-loaded lipid bilayer shell using a film hydration method. 
CSs with a lipid mass ratio of shell to core from 1 to 5 (CS1–CS5) were prepared and purified by sucrose density gradient 
centrifugation. The physicochemical properties of the CSs were evaluated to select an optimal ratio. Additionally, CS forma-
tion was confirmed by transmission microscopy (TEM) and confocal laser scanning microscope (CLSM) images. In vitro 
drug release was evaluated and in vitro cellular uptake and cytotoxicity were assessed against MCF7 and MCF7/ADR cells.
Results The amounts of CSs acquired after purification were increased with increasing lipid ratio. CS3 was selected as the 
final formulation due to its high drug loading. Using TEM, we observed the distinct formation of the shell coating the core 
in the D/C-T/S-PR, while CLSM was used to confirm the co-loading of two fluorescent probes in different layers. D/C-T/S-
PR showed a burst release of TRQ from the shell, followed by sustained release of DTX from the core. D/C-T/S-PR showed 
enhanced uptake and cytotoxicity in both cell types.
Conclusion We successfully developed a CS exhibiting sequential release of TRQ and DTX, which may represent a promis-
ing strategy to overcome MDR.
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Introduction

Docetaxel (DTX) belongs to the second-generation taxane 
family and is an anticancer agent used to treat breast, ovar-
ian, prostate, and non-small-cell lung cancers (Yin et al. 
2009; Patel et al. 2015). DTX has an affinity to β-tubulin 
and is a mitotic inhibitor that induces tubulin polymeri-
zation and mitotic arrest in the cell cycle at the G2/M 
phase (Xu et al. 2016; Li et al. 2021). However, the poor 
aqueous solubility, nonspecific toxicity, and especially 
multidrug resistance (MDR) of DTX can limit its clinical 

application despite its increased usage (Guo et al. 2017). 
The overexpression of P-glycoprotein (P-gp), as a drug-
efflux transporter, is the main reason for MDR, and anti-
cancer agents that are responsive to P-gp, including DTX, 
doxorubicin, and vinblastine, can be pumped out from the 
cell membrane to reverse concentration gradients, lead-
ing to a reduced intracellular concentration in tumor cells 
(Sarisozen et al. 2012; Zhong et al. 2020).

Combination therapy with P-gp inhibitors and DTX 
has been widely studied to improve therapeutic efficacy 
against MDR (Patil et al. 2009). Tariquidar (TRQ) is a 
third-generation P-gp inhibitor, which is more potent and 
specific to P-gp and has lower toxicity, better tolerability, 
and fewer pharmacokinetic interactions with anticancer 
drugs compared to first- and second- generation P-gp 
inhibitors (Thomas and Coley 2003; Patil et al. 2009). The 
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mechanism by which TRQ acts on tumor cells is via non-
competitive binding to P-gp, which inhibits its drug-bind-
ing conformation and prevents substrate binding (Xia et al. 
2018; Zhong et al. 2020). Although TRQ can increase the 
therapeutic efficacy of MDR cancer, it has poor aqueous 
solubility, a nonspecific distribution, and side effects on 
normal cells (Xia et al. 2018). To overcome these disad-
vantages and increase the efficacy of anticancer agents, 
drugs should be co-delivered into the same target using a 
precise nanocarrier system (Patil et al. 2009).

Nanoparticles can offer diverse possibilities for address-
ing complex and challenging chemotherapy by providing 
a broad spectrum of treatment opportunities (Thapa and 
Kim 2023). When considering the mechanism of P-gp, 
a nanoparticle-based drug delivery system that provides 
sequential release of P-gp inhibitors and anticancer agents 
is essential for MDR treatment (Zhang et al. 2017). The 
rapid release of P-gp inhibitors can suppress the action 
of P-gp efficiently, while the inclusion of an anticancer 
agent can maintain sustained release (Zhang et al. 2017). 
Additionally, when considering the drug–drug interac-
tion associated with P-gp, sequential release can avoid 
or minimize interactions with drugs and has limited side 
effects by loading the drugs in different spaces and enhanc-
ing target specificity (Yap et al. 2013; Lee et al. 2023). A 
core-shell (CS) can be an appropriate model to release 
drugs sequentially given that the concentration of the first 
released drug can reach the required level rapidly, while 
that of the second released drug can be maintained at a 
steady level (Sengupta et al. 2005).

The structure of a CS involves a core surrounded by a 
shell, which can be used to encapsulate and deliver two or 
more therapeutic agents into each compartment (Mandal 
et al. 2013). Indeed, lipid-coated CSs have been widely 
used in recent years due to their biocompatibility, stability, 
high specificity by surface modification, sustained release 
of the core, and ability to co-load drugs into each space 
(Jiang et al. 2020). For example, Zhang et al. (2017) fab-
ricated a CS to co-load paclitaxel and tetrandrine with 
a sequential drug-release profile, while Ruttala and Ko 
(2015) co-delivered curcumin and paclitaxel using a CS 
and showed a sequential release pattern that enhanced 
chemotherapeutic efficacy. General CS-structured drug 
delivery systems introduced the simple co-loading of two 
types of anti-cancer drugs into the core and shell layers. 
In addition, most studies have mainly introduced applica-
tion of two different types of anticancer drugs together to 
improve anticancer effects.

 However, in the present study, we propose a new strategy 
for chemotherapy in that DTX is loaded in the core, TRQ, a 
P-gp inhibitor, was loaded in the shell, and IPLVVPLRRR 
RRR RRC (RIPL) peptide that composed of two domains, 
RRR RRR RRC (R8) a cell penetrating peptide domain and 

IPLVVPLC (IPL) hepsin-specific sequences domain, to 
improve targeting ability to cancer cells by enhanced cel-
lular uptake. The RIPL peptide was firstly proposed as a 
cell penetrating/homing peptide in previous report (Kang 
et al. 2014) and applied to this work for the same purposes. 
Based on the previous work, we developed a CS nanopar-
ticle, encompassing a DTX-loaded core and TRQ-loaded 
shell conjugated with polyethylene glycol (PEG) and RIPL 
peptide (D/C-T/S-PR), to provide sequential release of TRQ 
and DTX. D/C-T/S-PR was prepared by a two-step method, 
including the formation of a DTX-loaded nanostructured 
lipid carrier (D/NLC) core by solvent-evaporation emulsi-
fication and a TRQ-loaded lipid bilayer shell using a film 
hydration method (Fig. 1). CSs with a lipid mass ratio of 
shell to core from 1 to 5 (CS1–CS5) and a 1:1 mass ratio of 
DTX and TRQ were prepared and purified. After purifica-
tion, the physicochemical properties of the CSs, including 
the particle size, polydispersity index (PDI), zeta potential 
(ZP), encapsulation efficiency (EE), and drug loading (DL) 
were evaluated to select an optimal lipid ratio and for physi-
cal stability. Also, morphology was evaluated to confirm the 
CS formation. Moreover, the in vitro drug release patterns 
were evaluated for 48 h, while the in vitro antitumor efficacy 
was assessed in terms of cellular uptake and cytotoxicity 
against MCF7 and MCF7/ADR cells.

Materials and methods

Materials

DTX (purity > 99%) was received from Chong Kun Dang 
Pharm. Co. (Yongin, Korea); TRQ (purity > 97.5%) was 
purchased from MedChemExpress (Monmouth Junction, 
NJ, USA); oleoyl macrogol-6 glycerides (Labrafil® M 
1944 CS) and glyceryl distearate (Precirol® ATO 5) were 
received from Gattefosse (Saint-Priest, France); dioctadecyl-
3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI), 
coumarin 6 (C6), dichloromethane (DCM), polyvinyl alco-
hol (PVA), polysorbate 20 (Tween® 20), dimethyl sulfox-
ide (DMSO), phosphotungstic acid, sodium dodecyl sul-
fate (SDS), and phosphate buffer saline (PBS) tablets were 
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA); 
L-α-phosphatidylcholine (Soy PC), 1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine-N-[maleimide (polyethylene 
glycol)-2000] (DSPE-PEG2K-Mal), and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol)-3000)] (DSPE-PEG3K) were purchased from Avanti 
Polar Lipids (Alabaster, AL, USA); and RIPL peptide was 
synthesized by Peptron Co. (Daejeon, Korea).

For cell experiments, human breast adenocarcinoma 
(MCF7) cells were purchased from the Korean Cell 
Line Bank (Seoul, Korea), while MDR human breast 
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adenocarcinoma (MCF7/ADR) cells were kindly donated 
by Prof. Dr. Kyung Hoon Min (College of Pharmacy, 
Chung-Ang University, Seoul, Korea). Cell culture materi-
als, including Roswell Park Memorial Institute (RPMI) 1640 
medium, fetal bovine serum (FBS), penicillin–streptomycin, 
and trypsin–EDTA (0.25%), were obtained from Invitrogen 
(Carlsbad, CA, USA). EZ-cytox water-soluble tetrazolium 
salt-1 (WST-1) reagent solution was purchased from Dali 
Lab service (Seoul, Korea), and 4′,6-diamidino-2-phenylin-
dole (DAPI) was purchased from Vector Laboratories (Burl-
ingame, CA, USA).

Synthesis of DSPE‑PEG2K‑RIPL

DSPE-PEG2K-RIPL was synthesized by a thiol-maleimide 
reaction with DSPE-PEG2K-Mal and RIPL peptide based on 
a previous report (Kim et al. 2023). In brief the maleimide 
group of DSPE-PEG2K-Mal was reacted with the sulfhy-
dryl group of the cysteine residue of the RIPL peptide to 
obtain a thioether bond. Briefly, DSPE-PEG2K-Mal was 
mixed with RIPL peptide at a molar ratio of 1:1.12 in 0.01 
M PBS (pH 7.4) for 48 h at 25 °C in the dark. Then, unre-
acted RIPL peptides were removed by purification using a 

3.5-kDa dialysis membrane for 24 h at 4 °C. After dialysis, 
the purified solution was freeze-dried for 24 h at − 45 °C 
using a freeze-dryer (FDU-1200; EYELA, Miyagi, Japan) 
at a pressure of 8 Pa, and the dried sample was stored at 4 
°C for subsequent experiments.

Preparation of reference solutions

DTX-containing solution (D-Sol) was prepared as a com-
mercial product called Taxotere® (Guo et al. 2017). Briefly, 
DTX was mixed with double-distilled water containing 
Tween 80 (25%, w/v) and ethanol (9.75%, w/v). TRQ-con-
taining solution (T-Sol) was prepared by dissolving TRQ 
in DMSO. The final concentration of DTX in D-Sol and 
TRQ in T-Sol was 10 mg/mL and 5 mg/mL, respectively. 
For in vitro cell experiments, D-Sol and T-Sol were diluted 
with cell culture media and the final concentration of DMSO 
was < 0.1%.

Preparation of nanoparticle formulations

According to the solvent emulsification-evaporation method 
reported previously (Kim et al. 2023), NLC formulations 

Fig. 1  Schematic illustration of core-shell formation process. First, 
preparation of docetaxel-loaded nanostructured lipid carrier (D/NLC) 
core. Second, coating of tariquidar (TRQ)-loaded lipid bilayer shell. 
Briefly, D/NLC core was prepared by solvent emulsification-evapora-

tion. Then, lipid film was hydrated with the D/NLC core solution, and 
the resulting suspension was extruded and subjected to the sucrose 
density gradient centrifugation (SDGC) to purify the core–shell
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were prepared in the following groups: Empty NLC, D/
NLC, and DTX- and TRQ-loaded NLC-PR (DT/NLC-
PR). TRQ-loaded liposome-PR (T/L-PR) was prepared by 
the film hydration method reported previously (Jang et al. 
2019). Empty core-shell-PR (CS-PR), DTX-loaded core and 
TRQ-loaded shell conjugated with PEG (D/C-T/S-P), and 
D/C-T/S-PR were prepared by the 2-step method reported 
previously, with slight modification (Wang and Ho 2010). 
The lipid film was hydrated with the NLC core and the 
resulting suspension was extruded and subjected to sucrose 
density gradient centrifugation (SDGC) to separate the CSs. 
To observe the nanoparticles after SDGC or co-loading of 
two fluorescent probes in the core and shell, DiI was loaded 
in NLC and core and C6 was loaded in the liposome and 
shell. All of the prepared nanoparticle samples were stored 
at 4 °C and used within 2 weeks.

Preparation of NLC

To prepare the D/NLC, an organic phase containing labrafil 
M 1944 CS (liquid oil; 6.2 µL), precirol ATO 5 (solid lipid; 
15.5 mg), DiI (40 µg), and DTX (1.6 mg) was dissolved 
in DCM (670 µL). The organic phase was added into the 
aqueous phase (4 mL) containing Tween 20 (2%, w/v) and 
PVA (0.5%, w/v). Subsequently, the mixture was homog-
enized at 15,000 rpm for 2 min using an Ultra-Turrax T25 
basic homogenizer (IKA Labortechnik, Staufen, Germany). 
The resulting suspension was sonicated using a probe-type 
sonicator (Sonoplus, HD2070; Bandelin Electronics, Ber-
lin, Germany) for 3 min at 4 °C. Finally, the emulsion was 
evaporated at 400 rpm for 4 h using a magnetic stirrer to 
remove the organic solvent. DT/NLC-PR was prepared sepa-
rately using the same procedure, except that DSPE-PEG3K 
(5 mol%) and TRQ (1.6 mg) were added into the organic 
phase and Tween 20 (1%, w/v) instead of Tween 20 (2%, 
w/v) and DSPE-PEG2K-RIPL (1 mol%) were added into 
the aqueous phase. The empty NLC was prepared using the 
same procedure, except the addition of DTX.

Preparation of liposomes

To prepare T/L-PR, soy PC:Tween 20:DSPE-PEG3K:DSPE-
PEG2K-RIPL (molar ratio = 79.2:8.8:10:2), C6 (40 µg), and 
TRQ (1.6 mg) were dissolved in DCM in a round-bottom 
flask. Then, the organic phase was evaporated with a rotary 
vacuum evaporator at 40 rpm for 5 min to form a lipid film 
in the flask. Subsequently, the dried lipid film was hydrated 
with double-distilled water (4 mL) at a temperature higher 
than the transition temperature (40 °C) to allow the lipid 
film to form lipid bilayers spontaneously. Finally, the result-
ing suspension was extruded 20 times through 400-nm 

polycarbonate membrane (Nuclepore™ Track-Etch Mem-
brane, CYTIVA, Germany) with a syringe extruder to obtain 
a homogenous size distribution.

Preparation of CS

 A schematic illustration of the CS preparation and the rep-
resentative structure of D/C-T/S-PR are depicted in Fig. 1. 
D/NLC, as the core material, was used for the hydration 
of the lipid film composed of soy PC:Tween 20:DSPE-
PEG3K:DSPE-PEG2K-RIPL (molar ratio = 79.2:8.8:10:2), 
C6 (40 g), and TRQ (1.6 mg). The same procedures as those 
for making T/L-PR were used during the hydration process 
and extrusion. Additionally, to decide the optimal lipid ratio 
of shell to core and ensure maximum drug loading, the CSs 
were manufactured from CS1 to CS5, while the mass ratio 
of DTX and TRQ was set to 1:1. As depicted in Fig. 2A, we 
conducted SDGC to acquire CSs at a specific density compart-
ment. Briefly, to generate the sucrose density gradient, 750 
µL of sucrose (8%, w/v) was added to a 1.5-mL microtube, 
before adding 50 µL of sucrose (50%, w/v) below by insert-
ing the pipette to the very bottom of the microtube. Next, 200 
µL of sample was loaded on the top of the 8% sucrose and 
centrifuged for 1 h at 20,000×g at 4 °C. Subsequently, the 
lower layer containing nanoparticles was sampled to select 
the D/C-T/S-PR according to its physicochemical properties 
(Fig. 2B). To wash the sucrose from the D/C-T/S-PR solu-
tion, the solution was ultracentrifuged using  Amicon® ultra-
centrifugal filters (30 kDa molecular weight cutoff; Millipore, 
Billerica, MA, USA). Briefly, the D/C-T/S-PR solution was 
centrifuged for 2 h at 2,500 × g at 4 °C. Then, the concen-
trate in the filter was inverted and recentrifuged for 5 min at 
2,500 × g at 4 °C, followed by resuspension with an equal 
volume of double-distilled water. Finally, physical stability of 
D/C-T/S-PR was evaluated by particle size, PDI, ZP, and EE 
of DTX and TRQ at 4 °C for 7 days (Fig. 2C). D/C-T/S-P was 
prepared separately using the same procedure with the selected 
optimal ratio above, except that DSPE-PEG2K-RIPL was not 
added. CS-PR was prepared using the same procedure with 
the selected optimal ratio above, except the addition of DTX 
and TRQ.

Particle size and ZP analysis

The average particle size, PDI, and ZP of various nanoparticles 
were determined using a dynamic light scattering (DLS) par-
ticle size analyzer (Zetasizer Nano-ZS; Malvern Instruments, 
UK). All measurements were conducted at 25 °C and each 
sample was measured in triplicate after 100 times dilution with 
double distilled water.
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Fig. 2  Purification of the core–shell (CS) by sucrose density gradient 
centrifugation, determination of the optimal lipid ratio of shell to core 
by characterization, and physical stability of the final formulation for 
7 days. CSs with a lipid mass ratio of shell to core from 1 to 5 (CS1–
CS5) were prepared. A Samples including docetaxel (DTX)-loaded 
nanostructured lipid carrier (D/NLC), tariquidar (TRQ)-loaded lipo-
some conjugated with PEG and RIPL peptide (T/L-PR), and CSs 
were added on top of the tube containing sucrose with a concentra-
tion gradient. Subsequently, the samples were centrifuged for 1 h 

at 20,000 × g at 4 °C and the lower layer was sampled to evaluate 
its physicochemical properties. B Effect of the lipid ratio of shell to 
core on the particle size, polydispersity index (PDI), zeta potential 
(ZP), encapsulation efficiency (EE), and drug loading (DL) of DTX 
or TRQ. C Physical stability of CS3 was evaluated by size, PDI, ZP, 
and EE of DTX and TRQ at 4 °C for 7 days. Statistical significance 
was evaluated using Student’s t-test by comparing the size, PDI, 
ZP, and EE of 0 days and 7 days. ***p < 0.001. Data represent the 
mean ± standard deviation (n = 3)
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High‑performance liquid chromatography (HPLC) 
assay

The amount of DTX, TRQ, DiI, and C6 in samples was quan-
tified using an HPLC (Milford, MA, USA) system consist-
ing of separating modules (Waters® e2695), a UV detector 
(Waters® e2489), and a data station (Empower® 3). DTX 
was quantified using a C18 column (Shiseido, 5 μm, 4.6 × 150 
mm) with an isocratic mobile phase containing acetonitrile 
(ACN) and water (55:45, v/v) at a flow rate of 1 mL/min at 
25 °C and detected at 230 nm. TRQ was quantified using a 
C18 column (Kromasil, 5 μm, 4.6 × 150 mm) with a gradient 
mobile phase containing a mixture of ACN (solvent A) and 
0.05% trifluoroacetic acid (solvent B) at a flow rate of 1 mL/
min at 30 °C and detected at 254 nm. The following gradient 
program was applied: 0–8.0 min, 10–80% ACN; 8.0–13.0 min, 
80% ACN; 13.0–13.1 min, 80–10% ACN; and 13.1–15.0 min, 
10% ACN. DiI was quantified using a C18 column (Shiseido, 
5 μm, 4.6 × 150 mm) with an isocratic mobile phase contain-
ing 0.05 M dimethyl sulfate and methanol (2:98, v/v) at a flow 
rate of 1.5 mL/min at 25 °C and detected at 548 nm. C6 was 
quantified using a  C18 column (Kromasil, 5 μm, 4.6 × 150 mm) 
with an isocratic mobile phase containing ACN and water (4:1, 
v/v) at a flow rate of 1.5 mL/min at 25 °C and detected at 464 
nm. All injection volumes were 50 µL.

Determination of EE and DL

EE and DL of NLC and liposomes

The EE and DL of cargos such as DTX, TRQ, DiI, and 
C6 in D/NLC, DT/NLC-PR, and T/L-PR were determined 
indirectly by an ultrafiltration method reported previously 
(Kim et al. 2023). Free unencapsulated cargo was separated 
by Amicon® ultracentrifugal devices (100 kDa MWCO; 
Millipore, Billerica, MA, USA). Briefly, 500 µL of sample 
was centrifuged for 20 min at 14,000×g at 25 °C. Then, the 
amount of free unencapsulated cargo in the filtrate was quan-
tified by HPLC as described above. The following equations 
were used for the calculations: 

 where  WT,  WF, and  WL represent the total amount of cargo 
added, the amount of free cargo in the filtrate, and the total 
amount of lipids added, respectively.

(1)EE(%) =
WT −WF

WL

× 100,

(2)DL(�g∕mg) =
WT −WF

WL

,

EE and DL of CS

The EE and DL of cargos such as DTX, TRQ, DiI and C6 in 
the CSs were determined directly during the SDGC process 
(Sánchez-López et al. 2009). Briefly, the total amount of 
cargo in the samples was quantified by HPLC as described 
above, before loading on top of 8% sucrose. After SDGC, 
the amount of encapsulated cargo in the lower layer was 
quantified and the lower layer solution was freeze-dried as 
described above. The total amount of lipids added was cal-
culated by the difference in the total amount of freeze-dried 
lower layer solution and the total amount of cargo and sugar 
in the lower layer. The following equations were used for 
the calculations: 

 where  WLow,  WSample,  WT1, and  WT2 represent the amount 
of encapsulated cargo in the lower layer after SDGC, the 
total amount of cargo loaded on top of the 8% sucrose before 
SDGC, the total amount of freeze-dried lower layer solution, 
and the total amount of cargos and sugar in the lower layer 
after SDGC, respectively.

Transmission electron microscopy (TEM) images

The morphologies of D/NLC, T/L-PR, and D/C-T/S-PR 
were observed using a TEM (Talos L120C; FEI, Czech) at 
an acceleration voltage of 120 kV. Briefly, nanoparticles 
were diluted twice with double-distilled water and dropped 
on a 200-mesh carbon film grid for 1 min, before negative 
staining with phosphotungstic acid (2%, w/v) for 1 min. 
Then, the grid was air-dried to evaporate the surface liquid 
for 24 h at 25 °C and subjected to TEM.

Confocal laser scanning microscope (CLSM) images

To visualize the DiI- and C6- loaded nanoparticles, fluo-
rescence images of D/NLC, T/L-PR, admix of D/NLC and 
T/L-PR, and D/C-T/S-PR were taken using a CLSM (LSM 
700 Meta; Carl Zeiss, Jena, Germany) under 400 × magni-
fication. Briefly, each nanoparticle sample (2 µL) after dou-
ble dilution with double-distilled water was loaded on the 
glass slide and dried for 24 h at 25 °C in the dark. Images 
were obtained using a CLSM with DiI filter (excitation/
emission; 549/565 nm) and C6 filter (excitation/emission; 
387/470 nm).

(3)EE(%) =
WLow

WSample

× 100,

(4)DL(�g∕mg) =
WLow

WT1

,
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In vitro drug release

The in  vitro drug release profiles of DT/NLC-PR and 
D/C-T/S-PR were evaluated using a dialysis bag diffusion 
method (Kim et al. 2023). Briefly, 1.5 mL of DT/NLC-PR 
or D/C-T/S-PR with a DTX-equivalent amount of 300 µg 
were placed in a dialysis bag (100 kDa MWCO; Spectrum 
Laboratories, Rancho Dominguez, CA, USA). Then, the 
dialysis bags were soaked in 100 mL of PBS (0.01 M, pH 
7.4) containing SDS (1%, w/v) and incubated at 37 °C for 
48 h using a magnetic stirrer at 100 rpm. At designated time 
points, 750 µL of the released medium was collected to ana-
lyze the amount of DTX and TRQ and the same volume of 
fresh release medium was replenished. The amount of DTX 
and TRQ was analyzed by HPLC as described above.

Cell culture

MCF7 and MCF7/ADR cells were cultured in RPMI 1640 
medium containing 10% (v/v) FBS and antibiotics (100 U/
mL penicillin G and 100 µg/mL streptomycin). Cells were 
cultured every 3–4 days in a humidified 5%  CO2 incubator 
at 37 °C and 95% relative humidity, and cells at passages of 
5–20 were used for the experiments.

Cellular uptake

To evaluate the cellular uptake of DTX mediated by RIPL 
peptide, nanoparticle, and TRQ, DiI was employed to 
replace DTX. CS-PR, D/C-T/S-P, DT/NLC-PR, and D/C-
T/S-PR were evaluated by flow cytometry with CellQuest 
Pro software (FACSCalibur; Becton Dickinson, Franklin 
Lakes, NJ, USA) and CLSM images.

For quantitative analysis, MCF7 and MCF/ADR cells 
were seeded in 6-well plates at a density of 2 ×  105 cells/
well and incubated for 24 h at 37 °C. Then, the formulations 
(DiI-equivalent concentration of 100 ng/mL) were added to 
the cells and incubated for 90 min at 37 °C. After incuba-
tion, the cells were washed twice with PBS, detached by 
trypsin-EDTA, collected by centrifugation, and resuspended 
by PBS. Finally, 10,000 cells of each sample were detected 
by flow cytometry using the FL2 (red) channel.

For qualitative analysis, the same procedure was applied 
until 90 min incubation in MCF7/ADR cells. After incu-
bation, the cells were washed twice with PBS, fixed with 
4% formaldehyde in PBS, and mounted with DAPI to stain 
nuclei. Finally, fluorescence images of DAPI and DiI were 
taken using a CLSM under 400× magnification.

Cell viability assay

The cytotoxic effects of D-Sol, admix of D-Sol and T-Sol 
with a 1:1 mass ratio of DTX and TRQ (D-Sol + T-Sol), 

DT/NLC-PR, D/C-T/S-P, and D/C-T/S-PR were evaluated 
by WST-1 assay using MCF7 and MCF7/ADR cells. On 
the first day, the cells were seeded into 96-well plates at 
a density of 1 ×  104 cells/well and incubated for 24 h in a 
humidified 5%  CO2 incubator at 37 °C. On the second day, 
the cells were treated at 1, 10, 50, 100, 1000, and 10,000 ng/
mL as DTX-equivalent concentration and incubated for 24 
h. On the third day, cells were washed with PBS and incu-
bated with 100 µL of WST-1 reagent solution (10%, v/v) 
for 30 min at 37 °C. Finally, the absorbance of each well 
was measured at 450 nm using a Flexstation 3 microplate 
reader (Molecular Devices LLC, Sunnyvale, CA, USA). 
The relative viability of the treated cells was calculated as 
a percentage of the viability of the untreated control group. 
Half-maximal inhibitory concentration  (IC50) values were 
determined using GraphPad Prism 7.05 via nonlinear regres-
sion. Separately, the cytotoxic effects CS-PR without DTX 
and TRQ were evaluated by the same procedure except that 
cells were treated at 0.025, 0.25, 1.25, 2.5, 25, and 250 ng/
mL as DiI-equivalent concentration.

Statistical analysis

All data are expressed as the mean ± standard deviation 
(SD) (n ≥ 3). Statistical analysis was conducted using the 
Student’s t-test or one-way analysis of variance (AVOVA) 
followed by Tukey’s test for post hoc multiple compari-
sons. Statistical significance was considered at *p < 0.05, 
**p < 0.01, and ***p < 0.001.

Results

Purification and optimization of CS

CSs, D/NLC, and T/L-PR were subjected to SDGC to 
purify the CS (Fig. 2A). The SDGC process performed at 
4 °C prevents spontaneous disruption of nanoparticles by 
overheating the suspension (Sánchez-López et al. 2009). 
After SDGC, D/NLC and T/L-PR were not sedimented in 
the lower layer, but CSs were sedimented and were more 
frequently observed in the lower layer when the lipid ratio 
of shell to core was increased.

After sampling the lower layer solution, the phys-
icochemical properties, including the size, PDI, ZP, EE, 
and DL, of CSs were evaluated to select an optimal ratio 
(Fig. 2B). One-way ANOVA was used to evaluate the D/
NLC and CSs acquired from the lower layer according 
to size, ZP, EE, and DL (Table S1). The size of all CSs 
ranged from 190 to 200 nm, with no significant changes in 
size between CSs. The PDI values of all CSs were < 0.3, 
indicating a homogenous particle distribution. The abso-
lute values of ZP and EE of DTX were increased from 
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CS1 to CS3, with no significant differences thereafter. In 
contrast, the EE of TRQ increased to approximately 64.1% 
as the lipid ratio of the shell to core increased. The DL of 
DTX and TRQ increased from CS1 to CS3, while DTX 
and TRQ decreased thereafter due to the increase in the 
total lipid amount. To confirm maintenance of DTX in the 
core and TQR in the shell without significant mass transfer 
between core and shell compartments over time, and to 
confirm the physical stability of the final formulation, par-
ticle size, PDI, ZP, and EE of DTX and TRQ of CS3 were 
measured at 4 °C after 7 days of preparation (Fig. 2C). 
Except for the EE of TRQ, no statistically significant 
changes were found in size, PDI, ZP, and EE of DTX. The 
EE of DTX measured on the 7th day remained very high 
EE (97.5%), it was considered that CS3 remained stable 
and did not significantly affect the stability of the loaded 
drugs. The slight decrease of EE of TQR will be due to 
the fast diffusion of drugs to the release media. Based on 
these results, CS3 was selected as the D/C-T/S-PR for use 
in subsequent experiments due to its high EE, DL.

Confirmation of CS formation

 As depicted in Fig. 3A, the TEM images showed vari-
ous spheroid nanoparticles without aggregation. The par-
ticle size observed by TEM was consistent with the data 
acquired from DLS. In particular, a distinct inner core and 
lipid bilayer outer shell were observed in D/C-T/S-PR.

CSLM images of nanoparticles are shown in Fig. 3B. 
DiI-loaded D/NLC and C6-loaded T/L-PR showed red and 
green fluorescence, respectively, while in the admix of these 
two formulations, red and green fluorescence were observed, 
respectively, which indicated that each nanoparticle existed 
separately. In the case of D/C-T/S-PR, orange fluorescence 
was observed due to the overlay of the DiI-loaded core and 
C6-loaded shell.

Physicochemical properties of nanoparticles

The physicochemical properties, including the nanopar-
ticle size, PDI, ZP, DL, and EE, of various nanoparticles 
were evaluated (Table 1). Compared to the size of D/
NLC, that of DT/NLC-PR was increased by linkage with 
DSPE-PEG3K and DSPE-PEG2K-RIPL peptide (Kim 
et al. 2022). Additionally, compared to the size of D/NLC, 
that of CSs was increased to approximately 200 nm by the 
addition of a surface-modified lipid bilayer shell (Wang 
and Ho 2010). Moreover, there were no significant changes 
in size between CSs. The PDI values of all formulations 
were < 0.3, indicating a narrow and homogenous size dis-
tribution. In terms of ZP, all types of nanoparticles were 
negatively charged, but there were differences in the abso-
lute ZP. Compared to the absolute ZP value of D/NLC, 
those of DT/NLC-PR and T/L-PR were slightly decreased. 
Among the CSs, the absolute ZP value of D/C-T/S-PR was 
lower than that of CS-PR without DTX and TRQ and D/C-
T/S-P without RIPL peptide. All types of nanoparticles 
showed a high EE and DL of drug or fluorescent material.

Drug release

 The cumulative drug release patterns of DT/NLC-PR and 
D/C-T/S-PR over 48 h are shown in Fig. 4. In the case of 
DT/NLC-PR, the release of TRQ and DTX was 66.1% 
and 73.8% at 6 h, respectively, and reached a plateau after 
12 h. Approximately 81% of TRQ and DTX were simul-
taneously released from the DT/NLC-PR within 12 h. In 
the case of D/C-T/S-PR, the release of TRQ and DTX 
was 84.8% and 62.2% at 6 h, respectively, and reached 
a plateau after 12 h. Approximately 96.7% of TRQ was 
burst released, while only 71.3% of DTX was released in 
a more sustained manner from D/C-T/S-PR within 12 h. 

Table 1  Physicochemical properties of various nanoparticles

D/NLC docetaxel (DTX)-loaded nanostructured lipid carrier, DT/NLC-PR DTX- and tariquidar (TRQ)-loaded NLC conjugated with PEG and 
RIPL peptide, T/L-PR TRQ-loaded liposome-PR, CS-PR empty core–shell-PR, D/C-T/S-P DTX-loaded core and TRQ-loaded shell conjugated 
with PEG, D/C-T/S-PR DTX-loaded core and TRQ-loaded shell-PR, PDI polydispersity index, ZP zeta potential, EE encapsulation efficiency, 
DL drug loading, N/A not available

D/NLC DT/NLC-PR T/L-PR CS-PR D/C-T/S-P D/C-T/S-PR

Size (nm) 115.9 ± 3.0 228.5 ± 5.1 121.1 ± 3.1 195.4 ± 2.5 201.4 ± 5.4 202.4 ± 9.6
PDI 0.273 ± 0.048 0.243 ± 0.086 0.139 ± 0.040 0.195 ± 0.072 0.182 ± 0.052 0.225 ± 0.063
ZP (mV) − 9.8 ± 0.4 − 7.0 ± 0.4 − 7.1 ± 0.5 − 35.2 ± 1.5 − 36.2 ± 2.1 − 32.7 ± 1.4
EE of DTX (%) 99.1 ± 0.1 98.8 ± 0.1  N/A N/A 45.2 ± 2.5 48.7 ± 3.7
EE of TRQ (%) N/A 99.8 ± 0.1 40.8 ± 0.1  N/A 44.5 ± 1.4 45.5 ± 0.7
EE of DiI (%) 99.5 ± 0.1 99.6 ± 0.1  N/A 46.5 ± 1.3 45.5 ± 2.1 47.2 ± 1.5
EE of C6 (%) N/A N/A 97.5 ± 0.1 45.5 ± 1.1 45.2 ± 1.7 45.6 ± 1.1
DL of DTX (µg/mg) 77.9 ± 1.8 73.3 ± 5.1  N/A N/A 46.2 ± 2.4 54.4 ± 4.6
DL of TRQ (µg/mg) N/A 75.8 ± 1.2 77.9 ± 2.0  N/A 47.2 ± 3.1 50.6 ± 4.3
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The release patterns of D/C-T/S-PR showed a sequential 
release of TRQ and DTX, whereas those of DT/NLC-PR 
showed the simultaneous release of TRQ and DTX.

Cellular uptake

 The in vitro cellular uptake of DiI-loaded formulations, 
including CS-PR, D/C-T/S-P, DT/NLC-PR, and D/C-T/S-
PR, was evaluated in MCF7 and MCF7/ADR cells. DiI was 
employed to replace DTX to easily quantify and visualize 
the amount of encapsulated cargo through fluorescence. As 
shown in Fig. 5A, the mean fluorescence intensity (MFI) 
values arranged in descending order in MCF7 cells were as 
follows: D/C-T/S-PR > CS-PR > DT/NLC-PR > D/C-T/S-
P. Compared to the MFI values of D/C-T/S-PR in MCF7 
cells, those of DT/NLC-PR and D/C-T/S-P were signifi-
cantly different. Separately, the MFI values arranged in 
descending order in MCF7/ADR cells were as follows: 
D/C-T/S-PR > DT/NLC-PR > D/C-T/S-P > CS-PR. Com-
pared to the MFI values of D/C-T/S-PR in MCF7/ADR 
cells, those of CS-PR, DT/NLC-PR, and D/C-T/S-P were 
significantly different. As shown in Fig. 5B, the DiI uptake 
in MCF7/ADR cells following treatment with various for-
mulations was visualized by CLSM. The cells treated with 
D/C-T/S-PR showed the highest red fluorescence intensity 
of DiI. The fluorescence intensity of all formulations was 
consistent with the quantitative analysis results obtained 
by FACS.

Cytotoxicity

Using the WST-1 assay, we next evaluated the in vitro cyto-
toxicity of D-Sol, D-Sol + T-Sol, D/C-T/S-P, DT/NLC-PR, 
and D/C-T/S-PR against MCF7 and MCF7/ADR cells at 
different concentrations of DTX over 24 h (Fig. 5C). The 
cell viability in the untreated group was considered 100%. 
In both cell types, concentration-dependent cytotoxicity 
was observed in all formulations. A gradual decrease in cell 
viability was observed at concentrations greater than the 
DTX-equivalent of 10 ng/mL for both cells. When adding 
T-Sol, the cytotoxicity of D-Sol did not significantly influ-
ence DTX cytotoxicity in MCF7 cells; however, the cytotox-
icity of D-Sol increased when adding T-Sol to MCF7/ADR 
cells. In MCF7 cells, there were significant differences in 
cell viability between concentrations of DT/NLC-PR and 
D/C-T/S-PR greater than 100 ng/mL of the DTX-equivalent 
concentration; however, in MCF7/ADR cells, there were sig-
nificant differences in cell viability between DT/NLC-PR 
and D/C-T/S-PR at concentrations greater than 10 ng/mL of 
the DTX-equivalent concentration. Separately, as depicted 
in Fig. S1, CS-PR without DTX and TRQ resulted in cell 
viability greater than 95% in all concentrations of DiI.

For further comparison,  IC50 values were calculated in 
DTX-loaded formulations (Fig. S2 and Table 2). The  IC50 
values arranged in ascending order in both cell types were 
are as follows: D/C-T/S-PR < DT/NLC-PR < D/C-T/S-
P < D-Sol + T-Sol < D-Sol. MCF7/ADR cells required a 
higher dose of DTX to achieve an equal level of cell death 
as that observed in MCF7 cells, which may be due to con-
tinuous drug efflux from cells.

Discussion

The D/C-T/S-PR was designed to load drugs into each space 
for sequential release. The core was composed of D/NLC, 
while the shell comprised a TRQ-loaded lipid bilayer, which 
has a long circulation by PEGylation, as well as target modu-
lation by RIPL peptide conjugation (Fig. 1).

The major principle involved in the generation of CS 
was that the shell consisting of phospholipids became 
disordered from an ordered state at temperatures higher 
than the transition temperature and spontaneously wrapped 
around the core (Mandal et al. 2016). To envelope the core 
more efficiently, it is important to alter the shell composi-
tion and lipid ratio (Troutier et al. 2005). Regarding the 
shell composition, cholesterol or surfactant can be added 
to the phospholipids. However, in the case of the addition 
of cholesterol, the shell did not wrap the core efficiently 
due to its rigidity (Kalam et al. 2020). In contrast, when 
surfactant was added to the flexible lipid bilayer shell, it 
was able to surround the core material more efficiently (Li 
et al. 2012). The flexibility and permeability of the mem-
brane can be increased by softening the bilayer composi-
tion, and a flexible membrane can easily shape and disrupt 
its membrane (Li et al. 2012). For this reason, Tween 20 
was selected as the shell composition. As the lipid ratio 
of the shell, CSs can be made with different lipid ratios 
to modulate the amount of lipid that can form the CS and 
load the maximum amount of drug (Zhang et al. 2008). 
The lipid density of the shell is also important for steady 
release of the drug from the core (Wang and Ho 2010). 

Table 2  Half-maximal inhibitory concentration  (IC50) of different 
formulations in MCF7 and MCF7/ADR cells

IC50 (ng/mL)

MCF7 MCF7/ADR

D-Sol 868.9 ± 251.2 7,486.0 ± 274.7
D-Sol + T-Sol 634.9 ± 137.4 2,043.8 ± 631.7
D/C-T/S-P 540.8 ± 70.3 1,203.4 ± 169.2
DT/NLC-PR 164.1 ± 23.8 806.5 ± 90.1
D/C-T/S-PR 99.7 ± 26.2 313.5 ± 99.5
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Because of these properties, it was necessary to optimize 
the composition and lipid ratio of the shell.

SDGC was used to purify the CS from the unencapsu-
lated drugs and nanoparticles exist only as core or shell 
(Fig. 2A). There are several purification methods, includ-
ing SDGC, ultracentrifugation, and size-exclusion chro-
matography (Sun et al. 2009; Romana et al. 2020; Pirok 
et al. 2017). SDGC is based on the principle that specific 
nanoparticles can be separated at designated sucrose gra-
dients according to separation factors, which are deter-
mined by differences in the density, size, and shape of 
the nanoparticle (Sánchez-López et al. 2009). Sucrose is 
commonly used given that it forms a discontinuous con-
centration gradient and is less reactive with other sub-
stances (Sánchez-López et al. 2009). In comparison, ultra-
centrifugation based on size and density generally requires 
a high gravity force to sediment lipid-based nanoparticles 
(Romana et al. 2020), while size-exclusion chromatogra-
phy is only separated by size (Pirok et al. 2017). Consid-
ering the separation factors, SDGC was considered the 
most suitable method to separate the CS. We set a spe-
cific sucrose gradient (8%, w/v) where only the CS exists 
without nanoparticles present as the core or shell. At the 

specific sucrose gradient, D/NLC and T/L-PR were not 
sedimented, whereas CSs were. In particular, more CS 
nanoparticles were observed as the lipid ratio of the shell 
increased. After collecting the lower layer of the CSs, the 
physicochemical properties were evaluated by one-way 
ANOVA (Fig. S1). As a result, we found no significant 
differences in the size, ZP and EE of DTX from CS3 to 
CS5. In the case of DL, CS3 showed the highest DL of 
DTX and TRQ among all CSs. Finally, CS3 was selected 
as the D/C-T/S-PR.

As depicted in Table 1, all nanoparticles were < 300 nm, 
which makes it easier for nanoparticles to cross the enlarged 
gap junction of cancer cells and accumulate in tumor tis-
sues by the enhanced permeability and retention effect (Fang 
et al. 2011). Surface modification of NLC and liposomes 
with PEG and RIPL peptide have been shown to lead to an 
increase in size (Jang et al. 2019; Kim et al. 2022). How-
ever, there were no significant differences in size between 
D/T-T/S-P and D/T-T/S-PR due to the efficient surface cov-
erage of the PEG chain (Kim et al. 2018). Moreover, when 
comparing the CS-PR and D/C-T/S-PR, the encapsulation 
of DTX and TRQ did not appear to affect the size of the 
CS. Despite the positively charged amine group of TRQ 

Fig. 3  Confirmation of core–
shell formation. A Transmission 
electron microscopy images of 
the docetaxel (DTX)-loaded 
nanostructured lipid carrier 
(D/NLC), tariquidar (TRQ)-
loaded liposome conjugated 
with PEG and RIPL peptide 
(T/L-PR), DTX- and TRQ-
loaded NLC-PR (DT/NLC-PR), 
and DTX-loaded core and 
TRQ-loaded shell-PR (D/C-
T/S-PR). Scale bar represents 
100 nm. B Confocal laser 
scanning microscopy images 
of D/NLC, T/L-PR, admix of 
D/NLC and T/L-PR, and D/C-
T/S-PR. Dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine 
perchlorate (DiI) and Coumarin 
6 (C6) were visualized. Zoom 
images in a selected dashed line 
are represented in a box. Scale 
bar represents 5 μm
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or arginine residue of the RIPL peptide, the ZP value of 
the T/L-PR or CSs showed a negative charge because the 
negatively charged PEG chain was sufficient to cover the 
surface (Kim et al. 2022). The differences in the ZP value 
between T/L-PR and D/C-T/S-PR were due to the DL dif-
ferences in TRQ in the lipid bilayer. The absolute ZP value 
of D/T-T/S-PR was lower than that of CS-PR or D/C-T/S-P 
because CS-PR has no TRQ in the shell and D/C-T/S-P has 

no RIPL peptide on the surface. In the case of the EE and 
DL of DTX and TRQ, the NLC formulations showed a high 
EE of > 98% and a DL of > 73 µg/mg. Liposomes and CSs 
showed a relatively low EE and DL, which may be attributed 
to the spontaneous formation of the lipid membrane, which 
cannot encapsulate all drugs.

TEM and CLSM images were acquired to confirm the for-
mation of the CS (Fig. 3). In the TEM images, the structure 

Fig. 4  In vitro cumulative drug 
release patterns of docetaxel 
(DTX) and tariquidar (TRQ) 
from DTX- and TRQ-loaded 
nanostructured lipid carrier 
conjugated with PEG and RIPL 
peptide (DT/NLC-PR), and 
DTX-loaded core and TRQ-
loaded shell-PR (D/C-T/S-PR) 
for 48 h. Data represent the 
mean ± standard deviation 
(n = 3)

Fig. 5  Cellular uptake and cell viability of various formulations. A 
Mean fluorescence (MFI) values of DiI in core-shell nanoparticles 
against MCF7 and MCF7/ADR cells after 90 min incubation. Data 
represent the mean ± standard deviation (SD) (n = 3). Statistical sig-
nificance was evaluated using the Student’s t-test versus docetaxel 
(DTX)-loaded core and tariquidar (TRQ)-loaded shell conjugated 
with PEG and RIPL peptide (D/C-T/S-PR). *p < 0.05, **p < 0.01, and 
***p < 0.001. B Cellular uptake of core-shell nanoparticles by MCF7/

ADR cells after 90 min incubation. Blue and red represent DAPI and 
DiI fluorescence, respectively. Scale bar represents 5 μm. C Cell via-
bility of different formulations in MCF7 and MCF7/ADR cells. Data 
represent the mean ± SD (n = 5). Statistical significance was evaluated 
using Student’s t-test between DTX-loaded and TRQ-loaded nano-
structured lipid carrier-PR (DT/NLC-PR) and D/C-T/S-PR. *p < 0.05, 
**p < 0.01, and ***p < 0.001
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of the core and shell was observed. Additionally, through 
the empty space between the core and shell, it could be seen 
that the shell was composed of a bilayer not a monolayer. In 
the CLSM images, the overlay of fluorescent images of the 
DiI-loaded core and C6-loaded shell was observed. These 
images showed that the 2 fluorescent materials were encap-
sulated in the core and shell, respectively, and coexisted in 
the same core-shell structure (Wang and Ho 2010), indicat-
ing successful construction of co-loaded CS nanoparticles.

Regarding the release patterns, D/C-T/S-PR showed 
sequential release of TRQ and DTX, while DT/NLC-
PR showed simultaneous drug release (Fig. 4). The CS 
releases drugs sequentially due to three reasons. First, the 
core and the shell are structurally positioned inside and 
outside, respectively, so that the drugs in the outer shell 
exhibit a burst release pattern unlike those in the inner core. 
For example, Wang and Ho (2010) generated a CS with a 
combretastatin-loaded shell and paclitaxel-loaded core and 
showed 63% burst release of combretastatin and 40% sus-
tained release of paclitaxel in the first 24 h. Additionally, 
Sengupta et al. (2005) generated a CS where combretasta-
tin loaded to the shell and doxorubicin loaded to the core 
showed temporal release of combretastatin and doxorubicin. 
Second, adding surfactant as a component of the lipid bilayer 
membrane allows rapid release of the drug from the mem-
brane (Kalam et al. 2020). Surfactants such as Tween 20 
reduce interfacial tension and increase the permeability of 
the bilayer, resulting in fast drug release in the lipid bilayer 
(Cipolla et al. 2014). Third, sustained release patterns of 
the core can be acquired by optimizing the lipid ratio of 
the shell (Wang and Ho 2010). At a sufficient lipid ratio 
of the shell to form a CS, the rate of hydrolysis of the core 
can be decreased due to the reduced water penetration into 
the core, which results in slow release of core drugs (Zhang 
et al. 2008). Therefore, the DTX release pattern from the D/
NLC core could be regulated according to the lipid density 
of the shell.

In the in vitro cell study, D/C-T/S-PR exhibited enhanced 
uptake and cytotoxicity in both cell types. These results are 
due to the effective internalization by RIPL peptide and 
nanoparticle, as well as the burst release of TRQ, which 
sufficiently suppresses the P-gp pump, followed by enhanced 
accumulation of DTX. Regarding cellular uptake, DiI, a 
fluorescent material, was used to replace DTX and evaluate 
the degree of internalization quantitatively and visually. As 
depicted in Fig. 5A, in the quantitative evaluation by flow 
cytometry, compared to the MFI value of D/C-T/S-PR, there 
were no significant differences from that of CS-PR in MCF7 
cells, but there were significant differences in MCF7/ADR 
cells. These findings indicate that P-gp expression was high 
in MCF7/ADR cells and the P-gp pump was suppressed by 
TRQ, which can be used for MDR evaluation. In both cell 
types, the MFI value of D/C-T/S-PR was significantly higher 

than that of D/C-T/S-P without RIPL peptide, which showed 
that RIPL peptide exposure on the surface of the nanoparti-
cle enabled targeting of hepsin-expressing cells and recep-
tor-mediated endocytosis (Kim et al. 2022). Additionally, the 
MFI value of D/C-T/S-PR was significantly higher than that 
of DT/NLC-PR in both cell types, which may be attributed 
to the different cellular internalization capacity of nanopar-
ticles in both cells and the efficient suppression of the P-gp 
pump by rapidly released TRQ in MCF7/ADR cells.

In the in vitro cytotoxicity experiment, CS-PR showed 
cytotoxicity of > 95% of all DiI concentrations in both cells, 
indicating that the empty carrier had limited cytotoxicity 
(Fig. S1). As TRQ is not involved in cytotoxic pathways 
(Leitner et al. 2011) and shows little to no cytotoxicity 
(Kim et al. 2022), the cytotoxicity was attributed to DTX. 
Moreover, when T-Sol was added to D-Sol, the cytotoxic-
ity increased in MCF7/ADR cells, which results from the 
suppression of the overexpressed P-gp pump by TRQ. Fur-
thermore, D/C-T/S-P showed lower cytotoxicity and higher 
 IC50 values than D/C-T/S-PR in both cell types, indicating 
that internalization by RIPL peptide is also related to cyto-
toxicity. Compared to DT/NLC-PR, D/C-T/S-PR showed 
increased cytotoxicity in both cell types because CS nano-
particles act more efficiently than NLC nanoparticles in both 
cells. In MCF7/ADR cells, the differences in cytotoxicity 
between DT/NLC-PR and D/C-T/S-PR may be attributed 
to effective P-gp blocking of the rapidly released TRQ from 
the shell, as described in the release data above, followed by 
continuous accumulation of DTX in the cell (Zhang et al. 
2017).

In our previous report, Kim et al. (2022) designed dual 
carrier system containing DTX-loaded NLC functionalized 
with PEG and RIPL peptide (DTX-P/R-N) and TQR-loaded 
NLC functionalized with PEG and RIPL peptide (TRQ-P/R-
N). Meanwhile, Kim et al. (2023) reported single carrier 
system called DT/NLC-PR, which were used as a control 
group in the current study. In the two reports, co-delivery 
system showed high EE and high DL capacity at an opti-
mized synergistic mass ratio of DTX:TRQ (1:1). Especially, 
single carrier system showed more enhanced cytotoxic 
effect, MDR reversal efficiency, superior cellular uptake, and 
in vivo antitumor efficacy than dual carrier system. Because 
the present CS system was constructed under the assumption 
that TRQ located in the shell will be released quickly and 
inhibit P-gp as a first step, it would have efficiently blocked 
the P-gp pumps and allowed DTX to be accumulated suf-
ficiently within the cytosols of cells. As depicted in Fig. 6, 
D/C-T/S-PR is internalized into the cells at higher levels 
than DT/NLC-PR owing to the different cellular internali-
zation capacities of nanoparticles. After endosomal escape, 
nanoparticles introduced into the cells without unencapsu-
lated drugs release their drug into the cytoplasm, while TRQ 
enhances the accumulation of DTX by inhibiting p-gp pump 
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efflux (Yu et al. 2020). Moreover, DTX induces microtubule 
stabilization, G2/M phase arrest, and finally apoptotic cell 
death (Herbst and Khuri 2003). At this time, in the case of 
DT/NLC-PR, partial DTX efflux occurs before P-gp block-
ing of TRQ; however, in the case of D/C-T/S-PR, P-gp is 
blocked by the rapid release of TRQ followed by sustained 
release of DTX. Then, high concentrations of DTX from 
the CS could be accumulated due to the inhibition of DTX 
efflux, which further enhances the effect of apoptosis. There-
fore, improved internalization at specific ligand-receptor 
interaction and rapid P-gp inhibition by P-gp inhibitor can 
induce enhanced antitumor activity in MDR cancer (Zhang 
et al. 2017; Lee and Lee 2023).

Conclusion

Here, we successfully developed D/C-T/S-PR for the sequen-
tial release of TRQ and DTX. CSs with diverse lipid ratios 
of the shell were evaluated to acquire CSs with a high EE, 
DL, and sequential release. As the lipid ratio of the shell to 
core increases, relatively more CSs were sedimented after 
SDGC and CS3 was selected as the final formulation, with 
homogenous dispersion (202.4 nm), ZP (− 32.7 mv), EE 
of DTX (48.7%), EE of TRQ (45.5%), DL of DTX (54.4 
µg/mg), and DL of TRQ (50.6 µg/mg). Through the TEM 
images, the distinct core and shell from D/C-T/S-PR were 
observed with no aggregation. In the CLSM images, the 

Fig. 6  Comparison of the antitumor efficacy between docetaxel 
(DTX)- and tariquidar (TRQ)-loaded nanostructured lipid carrier 
conjugated with PEG and RIPL peptide (DT/NLC-PR), and DTX-
loaded core and TRQ-loaded shell-PR (D/C-T/S-PR). RIPL peptide 
can bind to overexpressed hepsin receptor, which induces internaliza-
tion by receptor-mediated endocytosis. D/C-T/S-PR showed enhanced 
internalization compared to DT/NLC-PR. DT/NLC-PR escapes from 

the endosomes and simultaneously releases TRQ and DTX into the 
cytosol (left panel). In comparison, D/C-T/S-PR escapes from the 
endosomes and sequentially releases TRQ and DTX into the cytosol 
(right panel). Compared to DT/NLC-PR, rapidly released TRQ from 
D/C-T/S-PR may inhibit the P-glycoprotein (P-gp) before DTX efflux 
and enhance DTX accumulation, which enhances apoptosis.
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coexistence of fluorescent materials in the core and shell was 
confirmed by observing the overlay of fluorescence images 
of the DiI-loaded core and C6-loaded shell. In terms of the 
drug release patterns, D/C-T/S-PR initially showed a burst 
release pattern of TRQ and subsequently showed a sustained 
release pattern of DTX.

Regarding cellular uptake, D/C-T/S-PR showed enhanced 
nanoparticle internalization capacity. In terms of cell viabil-
ity, D/C-T/S-PR showed high cytotoxicity and a low  IC50 
value in both cell types tested. Therefore, the sequential 
delivery of TRQ and DTX using D/C-T/S-PR represents a 
good candidate to overcome MDR. However, further studies 
on in vitro and in vivo experiments are still needed.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40005- 023- 00645-8.
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