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Abstract: In this study, a novel pH-responsive cholesterol-PEG adduct-coated solid lipid 

nanoparticles (C-PEG-SLNs) carrying doxorubicin (DOX) capable of overcoming multidrug 

resistance (MDR) breast cancer cells is presented. The DOX-loaded SLNs have a mean 

hydrodynamic diameter of ~100 nm and a low polydispersity index (under 0.20) with a high 

drug-loading efficiency ranging from 80.8% to 90.6%. The in vitro drug release profiles show 

that the DOX-loaded SLNs exhibit a pH-controlled drug release behavior with the maximum 

and minimum unloading percentages of 63.4% at pH 4.7 and 25.2% at pH 7.4, respectively. 

The DOX-loaded C-PEG-SLNs displayed a superior ability in inhibiting the proliferation 

of MCF-7/MDR cells. At a DOX concentration of 80 μM, the cell viabilities treated with 

C-PEG-SLNs were approximately one-third of the group treated with free DOX. The inhibi-

tion activity of C-PEG-SLNs could be attributed to the transport of C-PEG to cell membrane, 

leading to the change of the composition of the cell membrane and thus the inhibition of perme-

ability glycoprotein activity. This hypothesis is supported by the confocal images showing the 

accumulation of DOX in the nuclei of cancer cells and the localization of C-PEG on the cell 

membranes. The results of in vivo study further demonstrated that the DOX delivered by the 

SLNs accumulates predominantly in tumor via enhanced permeability and retention effect, the 

enhanced passive tumor accumulation due to the loose intercellular junctions of endothelial 

cells lining inside blood vessels at tumor site, and the lack of lymphatic drainage. The growth 

of MCF-7/MDR xenografted tumor on Balb/c nude mice was inhibited to ~400 mm3 in volume 

as compared with the free DOX treatment group, 1,140 mm3, and the group treated with 1,2 

distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)] solid lipid 

nanoparticles, 820 mm3. Analysis of the body weight of nude mice and the histology of organs 

and tumor after the administration of DOX-loaded SLNs show that the SLNs have no observ-

able side effects. These results indicate that the C-PEG-SLN is a promising platform for the 

delivery of therapeutic agents for MDR cancer chemotherapy.

Keywords: pH-responsive, solid lipid nanoparticles, multidrug resistance, permeability 

glycoprotein

Introduction
Nanotechnology has recently been used for the development of drug delivery sys-

tems for cancer therapy.1 Various biocompatible and biodegradable materials have 

been used to prepare drug-loaded nanocarriers that can be effectively delivered to 

tumor sites via the enhanced permeability and retention (EPR) effects.2–4 However, 

multidrug resistance (MDR) is frequently encountered in patients undergoing long-

term chemotherapy, leading to the failure of chemotherapy. One of the well-known 

mechanisms of MDR is drug efflux mediated by permeability glycoprotein (P-gp), 
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a membrane-bound translocase of the adenosine triphos-

phate (ATP)-binding cassette transporter superfamily 

encoded by MDR1 gene, overexpressed on the cancer cell 

membrane. Enhanced active transport of chemotherapeutic 

agents, such as doxorubicin (DOX), cisplatin, topotecan, 

and paclitaxel, out of cancer cells by P-gp prevents cel-

lular drug accumulation, and thus reduces the efficacy of 

chemotherapy.5,6

To this end, several P-gp inhibitors, such as verapamil 

and disulfiram,7,8 have been co-encapsulated in nanocarriers 

to reduce the MDR of cancer cells. However, the inherent 

toxicity of these P-gp inhibitors, partly resulting from the 

inhibition of Ca2+ channels in smooth muscle that line blood 

vessels and heart, often leads to hypotension and bradycar-

dia in cancer patients.9,10 Furthermore, such P-gp inhibitors 

may exhibit unfavorable pharmacokinetic interactions with 

chemotherapy drugs, and thus further enhance their toxicity 

to normal organs and tissues.11 Alternatively, relief of MDR 

by reducing the expression level of P-gp with small interfer-

ing RNA (siRNA) has also been proposed.12 To encapsulate 

the negatively charged siRNA, however, it is generally 

necessary to use positively charged materials, such as poly-

ethylenimine, dioleoylphosphatidylethanolamine, and 1,2-

dioleoyl-3-trimethylammonium-propane, for the preparation 

of nanoscale delivery systems.13–15 These cationic components 

are usually highly cytotoxic due to their extensive charge inter-

actions with cell membrane. Furthermore, enhanced uptake of 

siRNA could lead to the inhibition of the translocase activity 

of P-gp of normal tissues.

Alternatively, reduction of the MDR effect of cancer 

cells on intracellular drug delivery by means of incorporating 

nonionic surfactants has been receiving increasing attentions. 

Several potential candidates, such as Tweens, Pluronic, 

D-alpha tocopheryl polyethylene glycol 1000 succinate 

(TPGS), and Brij,11,16–18 have emerged and been examined 

for their actions on reducing cellular drug efflux from MDR 

cancer cells by disrupting membrane structure of cells or mito-

chondria to inhibit the ATPase activity or ATP production. In 

addition to their relatively low cytotoxicity,19–21 these nonionic 

surfactants are also known for their ability in enhancing the 

stability and dispersity of nanocarriers in aqueous phases and 

thus their co-delivery to tumor sites with the anticancer drugs 

in the nanocarriers via EPR effect.22–24

Cholesterol, the most common steroid in animals, is 

well known for its vital role as the principal component 

of cell plasma membrane actively involved in the regu-

lation of membrane fluidity and formation of lipid rafts 

with which the P-gp devices are intimately associated.25,26  

It is thus rational to exploit new amphiphilic conjugates of 

cholesterol with poly(ethylene glycol) (C-PEGs) to elabo-

rate nanoparticulate drug vehicles for the effective treatment 

of MDR cancer cells overexpressing P-gp by disturbing cell 

membrane structure, and thus the P-gp activity presumably 

through allosteric ATPase inhibition,27 in addition to the 

colloidal stabilization by PEG chain segments in aqueous 

phases. In this work, the effects of C-PEGs coated on the 

surfaces of the trilaurin-based solid lipid nanoparticles 

(SLNs) as the DOX carriers on reducing P-gp activity of 

human breast cancer cells (MCF-7/MDR) were evaluated 

and compared with that of 1,2 distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)] 

(DSPE-PEG) serving as the control. Neutralization of 

charges with laurate allows the incorporation of DOX/

lauric acid complexes into the trilaurin-rich core of SLNs. 

C-PEG and DSPE-PEG were anchored on the surfaces of 

the SLNs via the hydrophobic moieties of the two nonionic 

surfactants, exposing the relatively hydrophilic PEG chain 

segments on the surface. It was demonstrated that the 

pH-responsive DOX-loaded SLNs elaborated by C-PEGs 

could significantly improve the therapeutic efficacy of 

chemotherapy to overcome MDR. The structure of the 

pH-responsive SLN and its delivery strategy to tumor cell 

of this study are shown in Figure 1.

Materials and methods
Chemicals, drugs, and cell lines
Trilaurin, sodium laurate, monomethoxy-polyethylene gly-

cols (mPEG), cholesteryl chloroformate, N-hydroxysuccin-

imide, N,N′-dicyclohexylcarbodiimide (DCC), cysteamine, 

verapamil, β-estradiol, 3,3′-dioctadecyloxacarbocyanine 

perchlorate (DiO), Hoechst 33258, and rhodamine B were 

obtained from Sigma-Aldrich (St Louis, MO, USA, and 

Seelze, Germany). DOX and ω-maleimide-polyethylene 

glycol-amine were purchased from Seedchem (Melbourne, 

Australia) and Jenkem (Beijing, People’s Republic of 

China), respectively. DSPE-PEG was obtained from 

Avanti Polar Lipids (Alabaster, AL, USA). Chloroform, 

dimethyl sulfoxide (DMSO), and paraformaldehyde (PFA)  

were obtained from TEDIA (Fairfield, OH, USA). All 

organic reagents were of analytical grade. For cell culture 

studies, Dulbecco’s Modified Eagle’s Medium (DMEM), 

fetal bovine serum (FBS), and 0.25% trypsin–EDTA and 

penicillin–streptomycin solutions were purchased from 

Thermo Fisher Scientific (Waltham, MA, USA). Alamar 

Blue, a cell viability reagent, was purchased from Thermo 

Fisher Scientific. MCF-7 and MCF-7/MDR were obtained 
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from Food Industry Research and Development Institute 

(Hsinchu City, Taiwan) and courtesy of Dr San-Yuan Chen of 

Department of Materials Science and Engineering at National 

Chiao Tung University, Taiwan, respectively. Balb/c C57B 

nude mice were purchased from the National Laboratory 

Animal Center, Taiwan.

Synthesis and characterization of  
cholesterol-PEG derivatives
Cholesterol-PEG (C-PEG): monomethoxy-polyethylene 

glycols (Mw 2,000 and 5,000 g/mol) and cholesteryl chlo-

roformate in a molar ratio of 1:1.1 were mixed in dichlo-

romethane in the presence of 4-(dimethylamino) pyridine 

as the catalyst.28 Acylation of PEG was allowed to proceed 

at room temperature for 3  days. The C-PEG, denoted as 

C-PEG2k and C-PEG5k, thus obtained was precipitated 

from ethyl ether.29 The yield of C-PEG was determined by 
1H-NMR (Bruker Avance-850NMR Spectrometer) in CDCl

3 

(Cambridge Isotope Laboratories, Cambridge, MA, USA).

Cholesterol-PEG-rhodamine (C-PEG-R): C-PEG-

maleimide was obtained by the acylation of ω-maleimide-

polyethylene glycol-amine (2,000/5,000) with cholesteryl 

chloroformate, as described earlier. C-PEG-maleimide 

was then further conjugated with cysteamine in dehydrated 

DMSO at room temperature for 24 hours. After precipita-

tion from ethyl ether, C-PEG-NH
2 

obtained was collected 

by filtration. C-PEG-NH
2
, N-hydroxysuccinimide, N,N′-

dicyclohexylcarbodiimide, and rhodamine B in the molar 

ratio of 1.0:1.1:1.1:1.1 were then mixed in dehydrated 

DMSO at room temperature for 24 hours. Finally, C-PEG-R 

thus obtained was purified by dialysis with Cellu-Sep T4 

membrane (molecular weight cut-off 1,000, Membrane 

Filtration Products, Seguin, USA) against deionized water for 

1 week. The chemical structure of C-PEG-R was confirmed 

by 1H-NMR in CDCl
3 
and the conversion yield was deter-

mined by Beer’s law based on the absorbance at 520 nm.

Preparation and characterization of  
DOX-loaded solid lipid nanoparticles
Trilaurin (24  mg) and lipid/PEG derivatives (C-PEG or 

DSPE-PEG, 4.8 mg) were dissolved in chloroform (0.7 mL) 

as the organic phase. DOX and lauric acid, in molar ratios 

from 1:1 to 1:5, were dissolved in deionized water (0.3 mL) 

as the aqueous phase. The aqueous drug solution was added 

dropwise into the organic phase. The mixture was then exten-

sively homogenized by ultrasonication for 10 minutes in ice 

bath. Upon the completion of the first homogenization cycle, 

phosphate buffer (pH 7.4, ionic strength 10 mM, 2.5 mL) was 

added, and the mixture was further ultrasonicated for another 

10 minutes in ice bath. Chloroform in the mixture was sub-

sequently removed by rotary evaporator for 30 minutes. The 

unencapsulated DOX was removed from the DOX-loaded 

SLNs by dialysis against pH 7.4 phosphate buffer (ionic 

strength 10 mM) with Cellu-Sep T4 membrane (molecular 

weight cut-off 12,000–14,000) for 3 days.

The encapsulation efficiency was determined by the mea-

surement of fluorescence intensity using a microplate reader 

(FLUOstar, OPTIMA, BGM Labtech , Ortenberg, Germany) 

with an excitation wavelength of 480 nm and an emission 

wavelength of 560 nm. The encapsulation efficiency herein 

was defined as the percentage of DOX remained in SLNs 

upon dialysis.30 The particle size, polydispersity index, and 

zeta potential of the SLNs were characterized by dynamic light 

scattering (DLS, Malvern ZetaSizer Nano Series instrument, 

Westborough, MA, USA) with He-Ne laser 4 mW, λ=633 nm. 

The morphology of the SLNs was examined by transmission 

electronic microscopy conducted on a JEOL JEM-1200 CXII 

microscope operating at an accelerating voltage of 120 kV.

Figure 1 Cholesterol-PEG-coated therapeutic solid lipid nanoparticles and the pathway to induce apoptosis of MDR cancer cells by inhibiting the P-gp activity.
Abbreviations: PEG, poly(ethylene glycol); MDR, multidrug resistance; P-gp, permeability glycoprotein; EPR, enhanced permeability and retention; ERC, endocytic recycling 
compartment.
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Drug release of SLNs
The drug release profiles of DOX-loaded SLNs in buffers 

(ionic strength 0.15 M) of pH 4.7, 6.0 (succinate), and 7.4 

(phosphate) were studied at 37°C, respectively. SLN solution 

(0.2 mL) was loaded into a dialysis bag (Cellu sep molecular 

weight cut-off 12,000–14,000) against 40 mL of the afore-

mentioned outer buffer. At the prescribed time intervals, 

1 mL outer buffer was withdrawn to quantify the amount 

of DOX released by fluorescence spectroscopy. After each 

sampling, 1 mL fresh buffer was added to the outer aqueous 

phase. The cumulative drug release was determined as the 

ratio of the amount of DOX released into the outer buffer to 

the original amount of DOX encapsulated in the SLNs.

Cytotoxicity analysis of SLNs
MCF-7 and MCF-7/MDR cells were seeded into 96-well 

plates at a concentration of 8×103 cells/well in 0.2  mL 

DMEM, containing 10% FBS and 1% penicillin, and incu-

bated at 37°C overnight in an atmosphere of 5% CO
2
. The 

spent medium was then replaced with working suspensions/

solutions containing DOX at concentrations ranging from 

2.4 nM to 80 μM, prepared by twofold serial dilution of 

free DOX, DOX-loaded cholesterol-PEG adduct-coated 

solid lipid nanoparticles (C-PEG-SLNs), and DOX-loaded 

DSPE-PEG-SLNs stock solutions with DMEM, respectively. 

The plates were further incubated at 37°C for 6 hours. After 

being washed twice with phosphate buffer saline (PBS), 

the 96-well plates were then filled with fresh DMEM 

(0.2 mL/well) and re-incubated for additional 24 hours. To 

determine the cell viability of cancer cells, Alamar Blue 

(10% v/v) in RPMI 1640 medium was added into the 96-well 

plate (100 mL/well), followed by re-incubation at 37°C for 

2 hours. The absorbance of each well at 570 and 600 nm was 

determined by the microplate reader.

Cellular uptake study
For intracellular DOX level in MCF-7/MDR cells study, 

MCF-7 and MCF-7/MDR cells were seeded in a six-well plate 

at 5×105 cells/well and incubated at 37°C in an atmosphere 

of 5% CO
2
 overnight. The cells were treated with free DOX, 

DOX-loaded C-PEG-SLNs, DOX-loaded DSPE-PEG-SLNs, 

or free DOX + verapamil (50 µM) at a DOX concentration 

of 20 µM for 6 hours and then washed with PBS twice. To 

study the effect of lipid/PEG derivative on the intracellular 

DOX level, the cells were treated simultaneously with free 

DOX (20 µM) and lipid/PEG adducts (C-PEG2k, C-PEG5k, 

DSPE-PEG2k, and DSPE-PEG5k) at concentrations ranging 

from 1.2 to 18.5 µg/mL for 6 hours and then washed with 

PBS twice. DMSO (1 mL) was then added into each well for 

the lysis of the cancer cells. The amount of DOX released 

from the cancer cells were quantitatively determined by the 

microplate reader. For laser scanning confocal microscopy 

imaging, cancer cells were seeded on 22 mm round glass 

coverslips placed in a six-well plate at 5×105 cells/well and 

incubated at 37°C overnight. The cells were treated with free 

DOX, DOX-loaded C-PEG-SLNs (DOX-loaded C-PEG-R-

SLNs), DOX-loaded DSPE-PEG-SLNs at a DOX concentra-

tion of 20 µM for 6 hours, and then washed with PBS twice. 

Cancer cells on the glass coverslips were fixed with 4% PFA 

and then washed with PBS twice. Nuclei of cancer cells were 

stained with Hoechst 33258 at 37°C for 5 minutes and then 

washed with PBS twice. To examine the cellular distribution 

of C-PEG-R, the cell membrane was additionally stained with 

DiO. Finally, the cancer cells were then fixed with mounting 

gel, and the coverslips were covered with microslides. The 

distribution of DOX within cancer cells were examined by 

laser scanning confocal microscopy (ZEISS LSM-780) with 

an excitation wavelength of 488 nm and emission wavelength 

of 560 nm. Rhodamine was monitored with an excitation 

wavelength of 560 nm and emission wavelength of 630 nm. 

DiO was monitored with an excitation wavelength of 488 nm 

and emission wavelength of 510 nm.

Biodistribution of SLNs
The animal use protocol in this work has been approved by 

the Institutional Animal Care and Use Committee of National 

Tsing Hua University, Taiwan (IACUC approval number: 

10244). All of the animal experiments were executed follow-

ing the “Guide for the Care and Use of Laboratory Animals” 

published by the National Academy Press, revised in 1996.

MCF-7/MDR cells at a concentration of 5×106 cells/mL 

were suspended in PBS containing 50% matrigel. Seven-

week-old Balb/c nude mice were subcutaneously injected 

with 0.1 mL cancer cells/PBS suspension on the right thigh 

and fed with β-estradiol at 2 mg/L in daily drinking water to 

induce the growth of the hormone-dependent MCF-7/MDR 

cells. The feeding of β-estradiol was terminated 1  week 

before the onset of chemotherapy treatment. The nude mice 

bearing tumor of the size ~100 mm3 were first injected with 

PBS via the tail vein and then followed by DOX-loaded 

C-PEG-SLNs and DSPE-PEG-SLNs at a dose of 20 mg/kg. 

One day later, the nude mice were sacrificed under CO
2
. 

Tumor and organs, including heart, liver, spleen, lung, 

and kidney, were collected for ex vivo DOX distribution 

examination with an in vivo imaging system (Caliper IVIS 

Spectrum) with excitation and emission wavelengths at 465  
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and 560 nm, respectively. The size of the tumor herein was 

evaluated as 0.52× length × width × height.31

Tumor inhibition
The MDR tumor model of nude mice bearing tumor of size 

200 mm3 was established as described earlier. The nude mice 

were separated into six groups with three mice per group and 

intravenously injected with PBS, free DOX, DOX-loaded 

C-PEG-SLNs, or DOX-loaded DSPE-PEG-SLNs at a DOX 

dosage of 10 mg per kg of body weight every other day for three 

doses. Tumor volume, calculated as described earlier, was moni-

tored for 45 days to estimate the extent of tumor inhibition.

Hematoxylin and eosin stain
Hematoxylin and eosin staining was performed according 

to the procedure reported in the literature32 and was briefly 

outlined. Major organs (heart, liver, spleen, lung, and kidney) 

and tumors were collected on day 45 after treatment, then cut 

into appropriate size, and stained with hematoxylin and eosin. 

The histology of stained organs and tumors were observed 

using microscopy (Olymplus IX70).

Statistical analysis
Unless specified otherwise, all experiments were performed 

in triplets, and data were reported as mean ± standard devia-

tion. Statistical significance was determined using Student’s 

t-test. Significant differences were defined as (*) P,0.05 and 

(**) P,0.01. Not significant differences were displayed as 

NS (P.0.05).

Results and discussion
Synthesis and characterization of  
cholesterol/PEG adducts
To evaluate the inhibition efficiency of C-PEG-coated 

nanoparticles in overcoming the MDR of MCF-7, cho-

lesterol-PEG2k/5k adducts were synthesized in this 

study. The 1H-NMR spectra of C-PEG2k/5k are shown in 

Figure S1 (supplementary data: https://www.dropbox.com/s/

q82v4exsxwbh1p2/Supplementary_Data_05_17.docx?dl=0). 

The conversion yields of C-PEG2k and C-PEG5k, calculated 

with the characteristic resonances of PEG (5.37 ppm) and 

cholesterol (3.30 ppm), were 90.1% and 91.5%, respectively. 

For biodistribution study in tumor cells, C-PEG2k/5k addi-

tionally labeled with rhodamine B (C-PEG2k/5k-R) were 

synthesized. The presence of the characteristic resonances 

of PEG (3.56 ppm), cholesterol (5.37 ppm), and rhodamine 

B (7.03  ppm and 7.51  ppm) in the 1H NMR spectra of 

C-PEG2k/5k-R indicated that the conjugated compounds 

were successfully synthesized as shown in Figure S2. The 

conversion yields of C-PEG2k/5k-R, determined by Beer’s 

law at 520 nm, were 18.9% and 25.3%, respectively (data 

not shown).

Preparation and characterization of SLNs
The effect of the amount of lauric acid, which could associate 

with DOX via electrostatic attraction, on the drug loading 

efficiency of the SLNs was investigated. The DOX loading 

efficiency of the SLNs was found to increase with the amount 

of lauric acid. The loading efficiency reached a plateau of 

80.2%±3.6% at a molar ratio of DOX to lauric acid at 1:5, 

beyond which the loading efficiency remained essentially 

constant (Figure S3). The effect of the amount of lipid/PEG 

derivatives (DSPE-PEG and C-PEG), which could prevent 

SLNs from aggregation with one another by virtue of the PEG 

chain segments of the derivatives, on the stability and size 

dispersity of the SLNs in aqueous phase was also studied. 

As expected, extensive aggregation induced by hydrophobic 

interactions in aqueous phase occurred for SLNs with insuf-

ficient lipid/PEG derivatives. At a concentration of C-PEG2k 

corresponding to 20% (w/w) of the trilaurin-rich hydrophobic 

domain, a clear transparent SLNs aqueous suspension was 

obtained, indicating that the SLNs were well dispersed in the 

medium. The SLNs thus prepared had a mean hydrodynamic 

diameter (D
h
) of 108.7±3.2 nm and a fair polydispersity index 

of 0.128. A further increase in derivative concentration, how-

ever, led to an increase in particle size that could possibly 

limit the EPR effects for in vivo applications. Based on these 

results, SLNs with a DOX to lauric acid molar ratio of 1:5 

containing 20% lipid/PEG derivatives were used for all the 

subsequent experiments, unless specified otherwise.

The mean particle sizes, particle size distributions, and 

zeta potentials of C-PEG2k/5k-SLNs and DSPE-PEG2k/ 

5k-SLNs in pH 7.4 aqueous solution determined by DLS are 

summarized in Table 1. Note that, for efficient targeting of 

tumor, the drug-loaded nanocarriers must be of suitable particle 

sizes to facilitate the passive accumulation of nanoparticles in 

Table 1 Characteristics of DOX-loaded SLNs

Sample code Dh (nm) PDI ZP (mV) LE (%)

C-PEG2k-SLNs 108.7±0.2 0.189±0.024 2.1±0.2 80.8±4.8
C-PEG5k-SLNs 107.5±1.3 0.103±0.016 1.5±0.1 84.6±5.5
DSPE-PEG2k-SLNs 104.1±2.4 0.116±0.026 3.3±0.3 82.5±2.3
DSPE-PEG5k-SLNs 106.6±1.8 0.127±0.018 0.7±0.1 90.6±2.4

Abbreviations: DOX, doxorubicin; SLNs, solid lipid nanoparticles; PDI, poly
dispersity index; ZP, zeta potential; LE, loading efficiency; C-PEG2k/5k-SLNs, 
cholesterol-poly(ethylene glycol)2000/5000-solid lipid nanoparticles; DSPE-PEG2k/5k-
SLNs, 1,2 distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol)]2000/5000-solid lipid nanoparticles.
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tumor.33–35 As shown in Table 1, the C-PEG-SLNs and DSPE-

PEG-SLNs exhibit a mono-modal particle size distribution with 

the D
h
 values in the range 100–110 nm, pertinent for passive 

targeting to tumor by the EPR effect (#200 nm)3,33 and for 

avoiding elimination by kidneys ($10 nm).36 The transmission 

electronic microscopy images illustrate that the SLNs were 

solid spherical particles without aggregation (Figure 2). The 

SLNs exhibited neutral zeta potentials of 0.7–3.3 mV, due to 

the presence of PEG-derived coating as the stealth system on 

the surfaces of SLNs, which could further enhance storage 

stability and reduce albumin-associated aggregation in blood 

circulation,36,37 as the prerequisites for practical applications. 

This is supported by the results of DLS analysis showing that 

the SLNs maintained their original particle sizes after long-term 

storage (~5 weeks) in high ionic strength (0.15 M) PBS buffer 

(Figure S4A). Furthermore, no albumin-associated aggregation 

was observed for SLNs dispersed in DMEM containing 10% 

FBS over a time period of 5 days (Figure S4B). The SLNs in 

both PBS and DMEM also had mono-modal polydispersity 

indexes, indicating that the SLNs had excellent stability against 

self-aggregation for in vitro storage and in vivo applications. 

High loading efficiencies (.80%) and drug loading content 

(~11%) were achieved for all SLNs prepared.

Drug release behavior
The pH targeting nanotechnology has been widely applied in 

pH-sensitive drug carrier systems such as polymeric micelles 

and nanogels.38,39 To overcome MDR, drug carrier systems 

aiming at increasing intracellular drug concentration against 

the active transport by P-gp have been developed.40 In this 

work, the drug release behavior of the SLNs was studied 

at pH characteristic of the blood circulation (pH 7.4), the 

acidic tumor microenvironment (pH 6.0), and the subcellular 

acidic organelles (4.7) with succinate and PBS buffers.41 As 

shown in Figure 3, all SLNs tested exhibited pH-dependent 

drug release behaviors, with the highest drug release of ~55% 

at pH 4.7, followed by a moderate drug release of ~40% at 

pH 6.0, and the lowest drug release of ~25% at pH 7.4. The 

release of DOX under acidic conditions was facilitated by 

the protonation of the carboxyl group of laurate (pKa =5.34), 

leading to the reduction of the electrostatic attractions 

between the negatively charged laurate and the positively 

charged DOX. The high drug release at low medium pH can 

also be partly attributed to the increase in DOX solubility. 

The high drug release at pH 4.7 and low drug release at pH 7.4 

suggest that enhanced drug release can be achieved within 

endosome/lysosome and the tumor microenvironment with 

minimal release in bloodstream.

Although 45% of DOX remained bound in the hydropho-

bic core of the SLNs, composed mainly of trilaurin, it might 

be possible to achieve higher release efficiency in vivo upon 

endocytosis. It has been reported that the release of drug 

from nanoparticles prepared with ester-bond compounds, 

such as poly(epsilon-caprolactone) and triacylglycerol, 

could be promoted upon the lipase-catalyzed hydrolysis of 

nanoparticles.42,43 Since endosome and lysosome are known 

to contain lipases,44–46 the effect of lipase incubation on the 

structure of the SLNs was studied. It was found that the 

Figure 2 TEM images of (A) C-PEG2k-SLNs, (B) C-PEG5k-SLNs, (C) DSPE-PEG2k-SLNs, and (D) DSPE-PEG5k-SLNs.
Abbreviations: TEM, transmission electronic microscopy; C-PEG2k/5k-SLNs, cholesterol-poly(ethylene glycol)2000/5000-solid lipid nanoparticles; DSPE-PEG2k/5k-SLNs, 
1,2 distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)]2000/5000-solid lipid nanoparticles.
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derived count rate of SLNs from the DLS measurement 

after lipase treatment decreased from ~15,000 to 3,500 

(Table S1), indicating the disruption of SLNs by lipases. 

It is thus possible to achieve a higher release level of DOX 

from the SLNs in vivo due to the lipase-mediated disruption 

of the lipid nanoparticles.

Cytotoxicity study
The in vitro cytotoxicity of DOX-loaded SLNs against 

MCF-7 cells was determined by using Alamar Blue assay. As 

shown in Figure 4A, no significant reduction in cell viability 

was observed until the DOX concentration reached 1.25 µM, 

beyond which the viability dropped steadily to ~40% at a 

DOX concentration of 80 µM. Since pristine SLNs are non-

toxic to cancer cells and normal cells (Figure S5), the cytotox-

icity of DOX-loaded SLNs against MCF-7 cells can be solely 

attributed to the released DOX species instead of the lipid 

carriers. To assess the efficacy of DOX-loaded SLNs against 

MDR cancer cells, MCF-7/MDR cells overexpressing P-gp, 

as confirmed by Western blot assay illustrated in Figure S6, 

were treated with free DOX, DOX-loaded C-PEG-SLNs, and 

DSPE-PEG-SLNs. Figure 4B shows that free-DOX-treated 

MCF-7/MDR exhibited high cell viability (~75.9%) even 

at the highest DOX concentration (80 µM). Similar results 

were attained in groups treated with DOX-loaded DSPE-

PEG2k/5k-SLNs with cell viabilities of 69.0% and 71.6%, 

respectively. The low cytotoxicity can be attributed to the 

excretion of DOX by the overexpressed P-gp. In contrast, 

high cytotoxicity toward MCF-7/MDR cells was observed 

for groups treated with DOX-loaded C-PEG2k/5k SLNs. At 

a DOX concentration of 80 µM, the cell viabilities for groups 

treated with DOX-loaded C-PEG2k/5k-SLNs, ~25%, were 

approximately threefold lower than that with free DOX and 

DOX-loaded DSPE-PEG-SLNs. Since all the SLNs were 

Figure 3 Cumulative drug release profiles of (A) DOX-loaded C-PEG2k-SLNs, (B) C-PEG5k-SLNs, (C) DSPE-PEG2k-SLNs, and (D) DSPE-PEG5k-SLNs at pH 7.4, 6.0, and 
4.7 (n=3).
Abbreviations: DOX, doxorubicin; C-PEG2k/5k-SLNs, cholesterol-poly(ethylene glycol)2000/5000-solid lipid nanoparticles; DSPE-PEG2k/5k-SLNs, 1,2 distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)]2000/5000-solid lipid nanoparticles.
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of identical lipid composition except for the surface PEG 

derivatives, the difference in drug efficacy against MCF-7/

MDR cells can be ascribed to the inhibitory effect of C-PEG 

on the activity of P-gp. Nanocarriers with other PEG deriva-

tives, such as TPGS and Brij, capable of overcoming MDR 

have also been reported in the literature.11,18 The 50% cel-

lular growth inhibition (IC
50

) values of C-PEG2k/5k-SLNs 

against MCF-7/MDR were 9.2  and 8.1  µM of the DOX 

concentrations, respectively. These values are slightly higher 

than that reported in the literature, ~1–3 µM for TPGS and 

disulfiram,8,18 due to the short co-incubation time, 6 hours 

instead of 48 hours, used in this study.

Cellular uptake
The cellular uptake of DOX-loaded C-PEG-SLNs and DSPE-

PEG-SLNs in MCF-7 and MCF-7/MDR cells was charac-

terized with the endocytic reactions for 3 and 6 hours. As 

shown in Figure 5A, significant accumulation of DOX in the 

nuclei was observed for MCF-7 cells treated with free DOX 

and DOX-loaded PEG-derivative SLNs, suggesting that the 

decline in cell viability was caused as reported by the inhibi-

tion of DNA replication and production of reactive oxygen 

species due to the accumulation of DOX in nuclei and the sub-

sequent inactivation of topoisomerase II, eventually leading 

to the apoptosis of cells.47 On the contrary, for MCF-7/MDR 

cells treated with free DOX, the DOX species accumulated 

mainly around the cell membrane with only trace amount of 

DOX in the cytoplasm (Figure 5B), indicating the exclusion 

of DOX molecules by P-gp overexpressed in MCF-7/MDR 

cells, as reported elsewhere.18,48 Nevertheless, for groups 

treated with C-PEG-SLNs, essentially all the DOX molecules 

accumulated in the nuclei of MCF-7/MDR. Such a preferen-

tial distribution of DOX in the nuclei was not observed for 

groups treated with DSPE-PEG-SLNs. Similar results were 

also attained from the co-incubation of MCF-7 and MCF-7/

MDR, separately, with SLNs for 3 hours (Figure S7).

The amounts of DOX residing within MCF-7/MDR after 

the cellular internalization of C-PEG-SLNs via endocytosis 

were quantified by fluorescence analysis upon cell disrup-

tion. The MCF-7/MDR cells treated with free DOX (20 µM) 

containing 50 µM verapamil, a P-gp inhibitor,49,50 and those 

treated with free DOX alone were used as the positive and 

negative controls, respectively. As shown in Figure 6A, 

the amount of DOX accommodated intracellularly by the 

positive control, 1.86±0.12 µg, was twofold of the negative 

control, 0.95±0.05 µg. As expected, low DOX accumulation, 

essentially identical to the negative control, was observed 

for MCF-7/MDR treated with DSPE-PEG2k/5k-SLNs, 

1.09±0.08  µg, and 1.00±0.05  µg, respectively. Enhanced 

intracellular DOX accumulation, on the other hand, equiva-

lent to that for the positive control was observed for MCF-7/

MDR treated with C-PEG2k/5k-SLNs, 1.60±0.03 µg, and 

1.85±0.04  µg, respectively. A concentration-dependent 

P-gp inhibition and intracellular DOX accommodation were 

observed for C-PEG but not for DSPE-PEG (Figure 6B). 

These results imply that C-PEG-SLNs enhance DOX 

accumulation within MCF-7/MDR by inhibiting the ATP-

mediated translocation activity of P-gp. To further validate 

the inhibitory effect of C-PEG on P-gp activity of MCF-7/

MDR cells, the accumulation profiles of rhodamine 123, 

Figure 4 Cell viability of (A) MCF-7 and (B) MCF-7/MDR cells incubated with free DOX, C-PEG2k-SLNs, C-PEG5k-SLNs, DSPE-PEG2k-SLNs, and DSPE-PEG5k-SLNs at 
37°C for 6 hours. After the removal of the therapeutic solution, the cells were re-incubated in fresh DMEM for additional 24 hours, followed by the cell viability evaluation 
by Alamar Blue assay, (n=3).
Abbreviations: MDR, multidrug resistance; DOX, doxorubicin; C-PEG2k/5k-SLNs, cholesterol-poly(ethylene glycol)2000/5000-solid lipid nanoparticles; DSPE-
PEG2k/5k-SLNs, 1,2 distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)]2000/5000-solid lipid nanoparticles; DMEM, Dulbecco’s Modified Eagle’s 
Medium.
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Figure 5 LSCM images of (A) MCF-7 and (B) MCF-7/MDR cells co-incubated with various preparations at 37°C for 6 hours with a final DOX concentration of 20 µM. 
Nuclei of cells were stained with Hoechst 33258.
Abbreviations: LSCM, laser scanning confocal microscopy; MDR, multidrug resistance; DOX, doxorubicin; C-PEG2k/5k-SLNs, cholesterol- poly(ethylene 
glycol)2000/5000-solid lipid nanoparticles; DSPE-PEG2k/5k-SLNs, 1,2 distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)]2000/5000-solid lipid 
nanoparticles.

Figure 6 Intracellular DOX levels in MCF-7/MDR cells treated, respectively, with DOX-loaded SLNs and lipid/PEG derivative.
Notes: (A) Intracellular DOX levels in MCF-7/MDR cells subjected to various treatments. (B) The effect of lipid/PEG derivative concentration on the intracellular DOX 
level. The cells were incubated with free DOX (20 µM) and lipid/PEG adducts for 6 hours. Each sample contained 5×105 cells. NS P.0.05, *P,0.05, and **P,0.01 (n=3).
Abbreviations: DOX, doxorubicin; MDR, multidrug resistance; PEG, poly(ethylene glycol); C-PEG2k/5k-SLNs, cholesterol-poly(ethylene glycol)2000/5000-solid lipid 
nanoparticles; DSPE-PEG2k/5k-SLNs, 1,2 distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)]2000/5000-solid lipid nanoparticles; NS, not 
significant.
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a well-known substrate of P-gp frequently used to evaluate 

the efficiency of P-gp-mediated drug efflux,51,52 were studied. 

As expected, enhanced intracellular rhodamine accumulation 

was only observed for MDR cancer cells treated with C-PEG 

but not those with DSPE-PEG (Figure S8).

To further elucidate the mechanism of C-PEG-mediated 

P-gp inhibition, C-PEG(2k/5k)-R adducts were used to 

investigate the location of C-PEG within MCF-7/MDR cells. 

It has been postulated that the inhibitory effects of PEG-

derived amphiphiles on the activity of P-gp can be classified 

by the action on either cell or mitochondria membranes. For 

the latter, the disturbance of mitochondria membranes by the 

attachment of PEG-derivatives, such as Pluronic, interferes 

with the ATP production, thereby leading to the depletion 

of energy required to drive the P-gp activity by ATPase. 

In contrast, the association of lipid/PEG adducts with cell 

membranes alters not only the membrane fluidity but also 

the lipid composition of lipid rafts intimately related to the 

function of P-gp, which could lead to the perturbation of 

membrane structure, and thus allosteric inhibition of ATPase 

and/or modulation of P-gp activity.26,53 As seen in Figure 7, 

the DiO-stained cell membrane exhibited a strong rhodamine 

fluorescence intensity, confirming that the C-PEG deriva-

tives adopted herein accumulated on cell membrane. Since 

it has been shown that cholesterol in endosome is returned 

to cell membrane by the endocytic recycling compartment 

(ERC) transport,54 we believe that C-PEG released from 

SLNs in endosome was delivered via the endocytic recycling 

compartment pathway to cell membranes at which the allos-

teric inhibition of ATPase domain associated with P-gp thus 

developed. Although DSPE-PEG may also be returned to cell 

membrane by the endocytic recycling compartment transport 

as C-PEG, the structural similarity between DSPE and phos-

pholipid of cell membrane allows DSPE-PEG to be better 

accommodated in cell membrane with limited perturbation 

on cell membrane fluidity and thus P-gp activity.

Biodistribution
To evaluate in vivo DOX delivery efficiency of the drug-

loaded SLNs, administered via the tail vein, the MCF-7/

MDR-bearing nude mice were used as the xenograft tumor 

model. Figure 8A shows the DOX fluorescence intensity 

of ex vivo organs and tumors by IVIS spectra. For groups 

treated with C-PEG-SLNs and DSPE-PEG-SLNs, high 

DOX fluorescence intensities were detected in the tumors 

with relatively low DOX intensities in the organs, indicating 

that large amounts of DOX were delivered preferentially 

to the tumor tissue possibly via the EPR effect. The DOX 

fluorescence intensities of the regions of interest of the 

selected organs/tumor were further quantified along with the 

background intensity correction from the PBS control and 

normalized to total corrected DOX fluorescence intensity 

of all isolated organs and tumor. As shown in Figure 8B, 

the percentages of DOX fluorescence intensities of livers, 

Figure 7 LSCM images of MCF-7/MDR cells co-incubated with DOX-loaded C-PEG2k/5k-R-SLNs at 37°C for 3 hours. Cell membrane was stained with DiO.
Abbreviations: LSCM, laser scanning confocal microscopy; MDR, multidrug resistance; DOX, doxorubicin; C-PEG2k/5k-SLNs, cholesterol-poly(ethylene 
glycol)2000/5000-solid lipid nanoparticles; C-PEG2k/5k-R-SLNs, cholesterol-poly(ethylene glycol)2000/5000-rhodamine-solid lipid nanoparticles; DiO, 3,3′-dioctadecy
loxacarbocyanine perchlorate.
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14.1% and 14.5%, for C-PEG2k/5k-SLNs were significantly 

lower than that in the tumors, 45.6% and 50.6%. Although 

slightly lower, comparable accumulation of DOX in the 

tumors was also observed in the group treated with DSPE-

PEG-SLNs. The results further confirm the accumulation 

of DOX in tumor by the passive tumor homing property 

of SLNs. It has been reported in the literature that surface-

active PEGylated nanocarriers are capable of evading cel-

lular uptake by the reticuloendothelial system present in 

liver and spleen.55 These results thus imply that the surface 

activities of C-PEG2k/5k and DSPE-PEG2k/5k are capable 

of protecting the SLNs from the reticuloendothelial system 

clearance.

Tumor growth inhibition
The MCF-7/MDR-bearing Balb/c nude mice were used as an 

animal tumor model to evaluate the tumor inhibition effect of 

SLNs. Based on the tumor growth inhibition curves shown 

in Figure 9, the tumor volumes of the group treated with 

free DOX, over 1,150 mm3, were close to those of the group 

treated with PBS
, 
indicating that free DOX lacked tumor-

targeting capability and was actively pumped out by the over-

expressed P-gp in MDR xenograft tumor cells. The groups 

treated with DSPE-PEG2k/5k-SLNs exhibited medium 

inhibition efficiency, giving an average tumor volume of 

approximately 810 mm3,
 
30% lower than that of the group 

treated with free DOX, suggesting that the DSPE-PEG-SLNs  

Figure 8 DOX accumulation in major organs and tumors after administration of free DOX or DOX-loaded SLNs.
Notes: (A) The IVIS images of ex vivo organs and tumors. (B) Normalized DOX fluorescence intensity of organs and tumors. The images were taken 24 hours post-DOX 
administration via tail vein injection. NS P.0.05, and **P,0.01 (n=3).
Abbreviations: IVIS, in vivo imaging system; DOX, doxorubicin; DSPE-PEG2k/5k-SLNs, 1,2 distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol)]2000/5000-solid lipid nanoparticles; C-PEG2k/5k-SLNs, cholesterol-poly(ethylene glycol)2000/5000-solid lipid nanoparticles; NS, not significant; SLNs, solid liquid 
nanoparticles.
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accumulated to the tumor site via EPR effect. However, 

upon cellular endocytosis of SLNs, most of the DOX 

released in endosome/lysosome was actively excluded by 

the overexpressed P-gp, leaving a fraction of DOX in cancer 

cells, and thus giving a moderate inhibition efficiency. As 

expected, the growth of tumor was significantly depressed 

in the groups treated with C-PEG2k/5k-SLNs, giving 

an average tumor volume of ~400  mm3, one-third of the 

control. These results, in conjunction with the in vivo and  

in vitro data shown earlier, confirm the therapeutic efficacy 

of the C-PEG-SLNs in overcoming MDR of cancer cells.

The variation of the body weights of mice after intra-

venous administration of DOX-loaded SLNs is shown in 

Figure S9. Eight days after the administration of free DOX, 

15% reduction in body weight was observed. In contrast, no 

apparent change in body weight was observed in the groups 

treated with DOX-loaded SLNs, indicating that the SLNs 

effectively reduced the adverse effect of DOX to normal 

tissues. Serious damages to heart and liver were observed 

in the group treated with free DOX (highlighted by green 

arrows) in the histology images of organs and tumors, 

shown in Figure 10. In conjunction with the decrease in 

body weight described earlier, such damages indicate that 

the free DOX could induce detrimental side effects to nude 

mice. In contrast, while tumor necrosis of the groups treated 

with DOX-loaded C-PEG-SLNs was observed, no damage 

was observed in heart, lung, liver, or kidney, implying that 

C-PEG-SLNs can lower the inherent DOX side effects to 

normal tissues by transporting the DOX preferentially to 

tumor sites.

Conclusion
In this work, pH-responsive PEG-coated SLNs as nanocar-

riers for DOX were developed for improving the efficacy 

of MDR cancer chemotherapy. Through the pH-responsive 

electrostatic attractions between laurate and DOX, selec-

tive release of DOX in the microenvironment of tumors and 

in the acidic compartments of lysosomes and endosomes 

of cancer cells was achieved. The SLNs exhibited sound  

in vitro stability in FBS-rich medium and had a pertinent size 

for passive targeting via EPR effects in vivo, implying that 

the SLNs are stable in bloodstream and suitable for intrave-

nous injection. The DOX-loaded C-PEG-SLNs displayed a 

superior capability of inhibiting the proliferation of MDR 

cancer cells due to the combined effects of intracellular 

pH-triggered drug release and the P-gp inhibition activity of 

C-PEG. Furthermore, the C-PEG-SLNs showed significant 

tumor inhibition in nude mice bearing human MDR breast 

cancer with no observable side effects. These results indicate 

the pH-responsive C-PEG-SLNs are promising nanocarri-

ers for improving the efficacy of chemotherapy for MDR 

cancers. We believe that by incorporating additional targeting 

moieties and therapeutic agents, nanoparticles with enhanced 

efficacy and minimal side effects for MDR cancer chemo-

therapy can be developed based on the platform presented 

in this study.

Figure 9 In vivo antitumor effect of free DOX and DOX-loaded SLNs on Balb/c nude mice bearing MCF-7/MDR tumors.
Notes: (A) Tumor growth profiles of subcutaneous human breast MCF-7/MDR carcinoma xenografts in Balb/c nude mice with different treatments. Mice were injected 
intravenously with PBS, free DOX and DOX-loaded SLNs including DSPE-PEG2k-SLNs, DSPE-PEG5k-SLNs, C-PEG2k-SLNs, and C-PEG5k-SLNs at a DOX dose of 10 mg/kg.  
A total of three doses were given on day 0, 2, and 4. (B) Ex vivo MCF-7/MDR carcinoma xenografts isolated from the nude mice sacrificed on day 45. NS P.0.05, *P,0.05, 
and **P,0.01 (n=3).
Abbreviations: MDR, multidrug resistance; PBS, phosphate buffer saline; DOX, doxorubicin; SLNs, solid lipid nanoparticles; DSPE-PEG2k/5k-SLNs, 1,2 distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)]2000/5000-solid lipid nanoparticles; C-PEG2k/5k-SLNs, cholesterol-poly(ethylene glycol)2000/5000-solid 
lipid nanoparticles.
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