
BASIC RESEARCH

Nanomedicine: Nanotechnology, Biology, and Medicine
12 (2016) 377–386
Original Article

Stable loading and delivery of disulfiram with mPEG-PLGA/PCL mixed
nanoparticles for tumor therapy

Wantong Song, PhDa, Zhaohui Tang, PhDa,⁎, Tian Lei, BPharmb, Xue Wen, BScc,
Guanyi Wang, BSca, Dawei Zhang, BPharma, Mingxiao Deng, PhDc, Xing Tang, PhDb,⁎,

Xuesi Chen, PhDa,⁎
aKey Laboratory of Polymer Ecomaterials, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun, PR China

bSchool of Pharmacy, Shenyang Pharmaceutical University, Shenyang, PR China
cDepartment of Chemistry, Northeast Normal University, Changchun, PR China

Received 22 August 2015; accepted 10 October 2015

nanomedjournal.com
Abstract

Disulfiram (DSF) showed great potential in an in vitro tumor therapy study; however, those results could not be applied to an in vivo study due to the
extreme instability of DSF in blood. Here, we describe a system of methoxy poly(ethylene glycol)-b-poly(lactide-co-glycolide)/poly(ε-caprolactone)
(mPEG-PLGA/PCL) mixed nanoparticles (NPs) for DSF loading and delivery. By adjusting the mPEG-PLGA/PCL content ratios, the DSF loading
capacity increased to 7.8%, while the hydrodynamic radii of the NPs were around 50-100 nm. The DSF-loaded NPs showed high stability in distilled
water and 10% serum-containing phosphate buffered saline. The NPs efficiently protected DSF from degradation while maintaining its anti-tumor
properties. Furthermore, a pharmacokinetics study demonstrated that NP delivery system enhanced the DSF concentration in the blood after tail vein
injection. Finally, DSF delivery using this model effectively slowed the growth of a 4T1 murine xenograft tumor.

From the Clinical Editor: The anti-tumor efficacy of the anti-alcoholic drug disulfiram has been known for some time. However, its use in
the clinical setting is limited due to the underlying instability of the drug. In this study, the authors utilized a nanocarrier system of mPEG-
PLGA/PCL for the delivery of this drug. The promising results may allow encapsulation of other drugs.
© 2015 Published by Elsevier Inc.
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The costs of bringing new drugs to market are exceedingly high;
therefore, the repurposing of existing drugs for new uses has become
a shortcut for drug development.1,2 Disulfiram (tetraethylthiuram
disulfide, DSF) is a member of the dithiocarbamate family that has
been categorized as a “repurposed drug”.3 DSF has traditionally
been used for decades in the treatment of alcoholism due to its ability
to irreversibly inhibit the acetaldehyde dehydrogenase (ALDH).4 In
recent years, researchers have discovered that DSF and its
metabolites may have antitumor and chemosensitizing activities,
possibly through inhibition of proteasome activity.5–8 In fact,
high-throughput screening has identified DSF as a potential
therapeutic for triple-negative breast cancer cells, breast cancer
stem cells and human glioblastoma stem cells by modulating
ROS-MAPK and NFκB pathways.9–12 DSF also permanently
inactivates the human multidrug resistance p-glycoprotein and has
been approved for prevention of related cases of drug resistance.13,14

Additionally, the safety of DSF has been fully proven— making it
an attractive option for cancer therapy development.
ulfiram with mPEG-PLGA/PCL mixed nanoparticles for tumor therapy.
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DSF is given as an oral formulation for the treatment of
alcoholism, which was the most direct way to test its efficacy
as an anti-cancer therapeutic. However, few successful in vivo
cases have been reported for the oral administration of DSF
in mice, even at extremely high doses.15,16 Oral DSF as a
cancer therapeutic has been tested in several completed and
on-going trials (ClinicalTrials.gov Identifier NCT00256230,
NCT00742911, NCT01118741), but no positive outcomes have
been reported. The poor results following oral administra-
tion of DSF are due to its extreme instability under
physiological conditions; DSF is quickly degraded in the
gastrointestinal system, during the hepatic first-pass effect
and in the blood stream.17,18 As a result, orally administered
DSF does not reach tumor tissues at therapeutic concentra-
tions, which is a major limitation for the clinical usage of
DSF in cancer treatment.

The development of a carrier system that will maintain
stability and enable the appropriate distribution of DSF to the
tumor tissues is a key issue for ensuring its proper testing as a
cancer therapeutic agent. As such, nanocarriers have shown a
lot of potential for antitumor drug delivery.19–21 Nanocarriers
‘trap’ small molecule drugs, changing their pharmacokinetics
and biodistribution while minimizing system toxicity and
increasing drug accumulation in the tumor tissue.22–25 Of
importance to DSF in particular, nanocarriers can protect
drugs from interacting with the surrounding environment,
which prevents premature degradation of unstable drugs in
biological systems.26,27 Previously, a liposome carrier system
was used to encapsulate DSF with high efficiency; however,
degradation still occurred because the DSF was not
completely isolated from the surrounding medium.28 In
contrast, nanoparticles (NPs) provide a hydrophobic inner
core that completely entraps the DSF and is therefore a more
suitable medium for DSF loading and delivery. Even so,
others and we have found it difficult to encapsulate DSF into
amphiphilic NPs.29–33 To the best of our knowledge, Duan
et al34 is the only laboratory to successfully entrap DSF with
over 5% drug loading content by applying a shell-crosslinked
micelle system. However, the materials applied were not
degradable and the structure was complicated, making the
system difficult to apply clinically.

In this study, we applied the most commonly polyesters,
mPEG-PLGA and PCL, toward DSF encapsulation. Drug-
incorporated NPs are usually prepared by nanoprecipitation
methods. During this process, the precipitation index and
compatibility of the polymer with the drugs are important for
successfully encapsulating the drugs inside the formed NPs.35–37

To obtain high drug loading capability, a high hydrophobic
proportion is commonly necessary.38 Also, thermodynamic
stability of the NPs, as commonly determined by the critical
micelle concentration (CMC), is an important parameter for
stabilizing the encapsulated drug; NPs with lower CMC and
higher thermodynamic stability will remain stable and reduce
drug leakage during delivery.39,40 Based on the above analysis,
we prepared a series of NPs for DSF loading by adjusting the
weight ratios of mPEG-PLGA and PCL. We evaluated the DSF
loading capacity, stability, in vitro and in vivo therapeutic
efficacy of this DSF formulation.
Methods

Materials

Methoxy poly(ethylene glycol)-b-poly(lactide-co-glycolide)
(mPEG-PLGA; Mw: mPEG 5000 Da, PLGA 2000 Da, LA/GA
75/25) and poly(ε-caprolactone) (PCL,Mw: 3400 Da) were a gift
from Changchun Sinobiomaterials Co., Ltd., China. DSF was
bought from Sigma–Aldrich. All the other reagents and solvents
were purchased from Sinopharm Chemical Reagent Co. Ltd. and
used as received.

Preparation of DSF-loaded NPs with different
mPEG-PLGA/PCL ratios

The DSF loaded NPs were prepared using a nanoprecipita-
tion method. The mPEG-PLGA/PCL (90 mg, weight ratios
from 9/0-0/9, named NP9/0/1-NP0/9/1) and 10 mg DSF were
dissolved in 5 mL N,N′-dimethylformamide/acetonitrile (DMF/
CH3CN, 1/1, v/v), then slowly added to 20 mL deionized water
under vigorous stirring. The resulting solution was stirred for
another 2 h and transferred into dialysis bags (MWCO
3500 Da) and dialyzed against deionized water for 36 h. The
solution was then collected, centrifuged at 8000 rpm for 5 min
and filtered through a 0.45 μmmembrane, which resulted in the
final DSF-incorporated NPs solution.

The sizes of the obtained NPs were determined by dynamic
light scattering (DLS) using a Wyatt-QELS instrument with a
vertically polarizedHe-Ne laser (DAWNEOS,Wyatt Technology)
at 90° collecting optics. Transmission electron microscopy (TEM)
images were taken with a JEOL JEM-1011 transmission electron
microscope at an accelerating voltage of 100 kV. Critical micelle
concentrations (CMC) of the NPs were estimated by fluorescence
spectroscopy using pyrene as the probe, following our previously
published method.41 DSF content was determined using a
high-performance liquid chromatography (HPLC) system, con-
sisting of a reverse-phase C-18 column (Symmetry), with a mobile
phase of acetonitrile andwater (80/20, v/v) pumped at a flow rate of
1.0 mL/min. The drug loading contents (DLC%) and drug loading
efficacies (DLE%) were calculated by the following equation:

DLC% ¼ DSF weight
total NP weight

� 100%

DLE% ¼ DSF content in NPs

theoretical DSF content in NPs
� 100%

The recovery ratios (R%) are defined to estimate the yield of
the NPs, calculated by the following equation:

R% ¼ resulted NP weight
total material weight fed

� 100%

Stability of the NPs

The feed ratio of mPEG-PLGA/PCL/DSF was 4/5/1 in mass
for the prepared NPs (NP4/5/1). The NP4/5/1 was placed in a 37 °C
shaking incubator with a shaking rate of 100 rpm at a
concentration of 1.0 mg/ml in distilled water. At predetermined
time points (0 h, 24 h, 48 h, 72 h, 96 h), a 0.5 mL aliquot of the
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solution was withdrawn and the NP sizes and intensities were
measured by DLS.

The stability of NP4/5/1 in phosphate buffered saline (PBS)
containing 10% fetal bovine serum (FBS) was measured similar
to the description above. Specifically, 0.5 mL of the prepared
NP4/5/1 solution was diluted with 4.0 mL PBS and 0.5 mL FBS,
then kept at a 37 °C shaking incubator with a shaking rate of
100 rpm. At predetermined time intervals (0 h, 6 h, 24 h, 48 h,
72 h), a 0.5 mL aliquot of the solution was withdrawn and the
NP sizes and intensities were measured by DLS.
Cargo loading stability

Nile red-incorporated NPs were prepared using a nanoprecipi-
tation method similar to that described above, with 40 mg
mPEG-PLGA + 50 mg PCL + 5 mg Nile red applied. Then
5 mL of the prepared NPs-Nile red solution was kept at a 37 °C
shaking incubator with a shaking rate of 100 rpm. At predeter-
mined time points (0 h, 6 h, 24 h, 48 h, 72 h), a 0.5 mL aliquot of
the solutionwaswithdrawn, and diluted to 2.0 mL for fluorescence
measurement. The fluorescent detector (PTi, Photon Technology
International, Inc.) was set at an excitation wavelength of 543 nm
and the emission intensities from 570 to 720 nm were recorded.

The cargo loading stability in PBS containing 10% FBS was
also measured using the Nile red-incorporated NPs. The prepared
solution (0.5 mL) was added to 4.0 mL PBS and 0.5 mL FBS,
then kept at a 37 °C shaking incubator with a shaking rate of
100 rpm. At predetermined time points (0 h, 6 h, 24 h, 48 h,
72 h), a 0.5 mL aliquot of the solution was withdrawn, and then
diluted to 2.0 mL for fluorescence measurement.
Stability of free DSF and NP4/5/1

Free DSF, dissolved in DMSO and diluted to 0.01 mg/mL
using water, or the prepared NP4/5/1 (0.01 mg DSF equivalent/mL
water) were kept at a 37 °C shaking incubator with a shaking rate
of 100 rpm. At predetermined time points (0 h, 4 h, 24 h, 48 h,
72 h, 96 h), a 0.5 mL aliquot of the solution was withdrawn,
freeze-dried, and the DSF content was measured by HPLC.
Residual DSF (%) was calculated by comparing to the initial
DSF concentration.

The stability of free DSF and NP4/5/1 in PBS containing 10%
FBS was tested similar to the above description; both the free
DSF and NP4/5/1 (0.01 mg DSF equivalent/mL PBS containing
10% FBS) were kept at a 37 °C shaking incubator with a shaking
rate of 100 rpm. At predetermined time points (0 h, 4 h, 8 h,
24 h, 48 h, 72 h), a 0.5 mL aliquot of the solution was
withdrawn and freeze-dried, and the DSF content was measured.
Cell culture

The human breast adenocarcinoma cell line, MCF-7, is
maintained by our laboratory. The mouse breast cancer cell line,
4T1, was obtained from Shanghai Bogoo Biotechnology Co., Ltd.
All the above cells were cultured inDMEMmedium supplemented
with 10% FBS, 100 U/mL penicillin and 100 U/mL streptomycin
and grown in a 37 °Chumidified environment containing 5%CO2.
MTT assay

The cytotoxicity of DSF and NP4/5/1 was determined by MTT
assay in the MCF-7 and 4T1 cell lines. Cells were seeded in
96-well plates at a density of 7000-10,000 cells per well. After
24 h, free DSF or NP4/5/1 was added at predetermined DSF
concentrations, and incubated for another 24 or 48 h. At the end of
the treatment, 20 μL MTT solution (5.0 mg/mL) was added into
each well. The plates were incubated at 37 °C for another 4 h.
After the medium was gently removed, 150 μL of DMSO was
added, and the plates were agitated for 5 min to dissolve the
formazan dye. The optical density (OD) of each well at 492 nm
was measured on a Bio-Rad 680 microplate reader. Cell viability
(%) was determined according to the following equation: viability
(%) = (Asample/Acontrol) × 100%, where Asample and Acontrol were
the absorbance of the sample wells and control wells, respectively.

Pharmacokinetic study

The Laboratory Animal Center of Shenyang Pharmaceutical
University provided Sprague Dawley (SD) rats, weighing
between 200 and 220 g. Before experimentation, the rats were
fasted for 12 h with free drinking water. Then, six rats were
randomly divided into two groups, and free DSF (dissolved in
Cremophor EL/ethanol at 5.0 mg/mL and diluted to desired
concentrations by distilled water) and NP4/5/1 were administered
via tail vein (DSF dosage, 8.0 mg/kg). At defined time periods
(5 min, 15 min, 30 min, 45 min, 1 h, 2 h, 4 h, 6 h, 8 h, 12 h and
24 h), 0.25 mL of blood was collected from the orbital cavity,
heparinized, and centrifuged at 6000 rpm for 5 min to obtain the
plasma. The plasma samples were instantly handled by phase
extraction method (Waters® OASIS HLB, 1 cc/10 mg), and the
DSF concentration was measured by a Waters® XEVO™TQMS
ACQUITY UPLC® system.

In vivo anti-tumor efficacy test

Balb/C mice (5-6 weeks of age) were bought from Beijing
Huafukang Biological Technology Co. Ltd. All the animal
experiments were conducted in accordance with the guidelines of
the Laboratory Protocol of Animal Care and Use Committee,
Jilin University. A 4T1 xenograft tumor model was prepared by
inoculating the right flank of Balb/C mice with 2.0 × 106 4T1
cells. After tumor growth reached about 50 mm3, the mice were
randomly divided into three groups (n = 6), receiving saline, free
DSF, or NP4/5/1 via tail vein on days 1, 3, 5, 8, 10 and 12. The
dosage of DSF was 15 mg/kg body weight. Measurements of
tumor volume and body weight were used to evaluate the
treatment efficacy and safety, respectively. Tumor volume (Vt)
and tumor suppression rate (TSR%) were calculated based on the
following equation:

Vt ¼ a � b2=2

TSR% ¼ Vc−Vxð Þ=Vc½ � � 100%

where a and b are the major and minor axes of the tumors
measured by caliper. Vc represents tumor volume of the control
group; Vx represents tumor volume of the treatment group.



Scheme 1. Preparation of DSF-incorporated mPEG-PLGA/PCL NPs by a nanoprecipitation method.

Figure 1. Characterization of the DSF-incorporated mPEG-PLGA/PCL NPs. (A) Drug loading content (DLC%) and recycle rate (R%). (B) Hydrodynamic radius
(Rh) of the prepared NPs, measured by DLS. (C) I339/I336 fluorescent ratios plots concentrations. (D) TEM image of NP4/5/1.
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At the end of the treatment, the mice were sacrificed and the
tumors were excised and stained with hematoxylin and eosin
(H&E) for histological analysis.

Statistical analysis

Allmean values ± SD reported in results sectionwere compared
by Student's t test. P values of b0.05 were considered significant.
Results

Preparation and characterization of NP4/5/1

In this study, the nanoprecipitation method shown in
Scheme 1 was used to prepare the NP4/5/1. We used
mPEG-PLGA and PCL with average molecular weights of
5 k-2 k and 3.4 k, respectively. The content ratios of
mPEG-PLGA/PCL were changed from 9/0 to 0/9 in order to
adjust the properties of the prepared NPs. As summarized in
Figure 1, A and Table 1, mPEG5k-PLGA2k was not a good
candidate for DSF loading, resulting in a DLC% of only 0.2%
and a DLE% of 2.0% (NP9/0/1). The addition of PCL to the
system dramatically improved the encapsulation capability of
the NPs to DSF, and such an improvement was correlative to the
increase of PCL content in the formulation. The encapsulation
efficacy was 78% and 65% when the PCL ratios were 90% and
80% (NP0/9/1 and NP1/8/1). However, an obvious decrease in the
recycle ratio (R%) of the obtained NPs occurred when the PCL
content was over 50% (NP4/5/1-NP0/9/1), suggesting that when
the concentration of PCL is too high, it could not be fully
enwrapped inside the mPEG-PLGA shells.



Table 1
Characterization of the prepared NPs.

Entrya Feed/mg DLC% DLE% R% Rh/nm CMC/10−3 mg/mL

mPEG-PLGA PCL DSF

NP9/0/1 90 0 10 0.2 2 86.7 30.1 ± 5.7 19.6
NP8/1/1 80 10 10 1.2 12 83.3 54.9 ± 6.2 16.5
NP7/2/1 70 20 10 1.6 16 91.7 68.1 ± 7.4 2.78
NP6/3/1 60 30 10 3.0 30 85.0 71.2 ± 5.4 1.86
NP5/4/1 50 40 10 3.2 32 86.7 76.9 ± 8.7 1.37
NP4/5/1 40 50 10 5.1 51 76.7 79.0 ± 9.3 0.85
NP3/6/1 30 60 10 5.5 55 66.7 82.3 ± 9.3 0.70
NP2/7/1 20 70 10 6.2 62 61.7 91.2 ± 10.5 0.94
NP1/8/1 10 80 10 6.5 65 56.7 90.5 ± 12.8 0.71
NP0/9/1 0 90 10 7.8 78 18.3 91.8 ± 25.3 1.76
a NPx/y/z refers to the feed ratio of mPEG-PLGA, PCL and DSF, with x/y/z being in mass for the preparation of NPs.

Figure 2. Particle sizes and intensities of NP4/5/1 in (A) distilled water and (B) PBS containing 10% FBS at 37 °C (n = 3).
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The hydrodynamic radius (Rh) of the NPs, as measured by
DLS, also correlated with the NPs content. As the PCL content
increased from 10% to 90%, the Rh increased from 30.1 ±
5.7 nm to 91.2 ± 10.5 nm (Table 1). When the PCL ratios were
too high (NP2/7/1-NP0/9/1), the amount of change in size of the
obtained NPs increased (Figure 1, B). Additionally, the CMC of
the NPs significantly decreased with the addition of PCL
(Figure 1, C). The CMC of NPs prepared from pure mPEG5k-
PLGA2k (NP9/0/1) was only 19.6 × 10−3 mg/mL; however,
when 20% PCL was added, the CMC decreased to 2.78 ×
10−3 mg/mL (NP7/2/1), and the CMC for NP3/6/1 was as low as
0.70 × 10−3 mg/mL (Table 1). CMC is a reflection of the
thermodynamic stability of the prepared NPs; a lower CMC
suggests that the NPs have a higher thermodynamic stability.
This is very important for in vivo drug delivery, since a
thermodynamically unstable carrier may dissociate before
reaching its target and prematurely release the drug.

Based on the above results, in subsequent experiments we used
NP4/5/1 with DLC% over 5% (5.1%), R% over 75% (76.7%), Rh of
79.0 ± 9.3 nm, and CMC of 0.85 × 10−3 mg/mL, with good
sphere morphology (Figure 1, D).

Stability of NP4/5/1

The stability of the NP4/5/1 in water was first evaluated by
monitoring changes in the size of the NPs. At different time
intervals, part of the solution was withdrawn, and the particle
sizes and intensities were measured by DLS. As shown in
Figure 2, A, NP4/5/1 was quite stable in distilled water, with no
significant size or intensity changes happening within 96 h.
Similarly, we measured the stability of the NPs under
near-physiological conditions by incubating NP4/5/1 in a
PBS solution containing 10% FBS at 37 °C. The NP sizes
did not change much, although the intensity slightly decreased
after 48 h (Figure 2, B). These data suggest that PEG ‘blocks’
are present at the surface of the prepared NPs and prevent
non-specific protein adsorption and aggregation on the NPs.42

We tested the cargo-loading stability of the NPs by entraping
them with Nile red. Nile red is extremely insoluble in water;
therefore, if any Nile red molecules diffuse out from the NPs, the
fluorescent intensity will decrease.43 As shown in Figure 3, A,
the fluorescent intensity of Nile red remained constant during
72 h of observation in water. Similarly, in PBS containing 10%
FBS, the fluorescent intensity also remained constant for over 24 h
(Figure 3, B); a significant decrease in Nile red intensity occurred
after 24 h. These results suggest that the mPEG-PLGA/PCL NPs
can maintain a stably enwrapped cargo for at least 24 h under
physiological conditions.

Since DSF undergoes quick self-catalyzed hydrolysis in water,
we could not describe its release profiles.44,45 Therefore, in order to
evaluate the stability of the NP4/5/1, we compared the residual DSF
concentrations over time. As shown in Figure 4, A, free DSF



Figure 3. Changes in fluorescent intensity of Nile red-incorporated NPs in (A) distilled water and (B) PBS containing 10% FBS at 37 °C.

Figure 4. Residual DSF (%) of free DSF and NP4/5/1 in (A) distilled water and (B) PBS containing 10% FBS at 37 °C (n = 3).
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Figure 5. Cytotoxicity of DSF and NP4/5/1 in (A) MCF-7 cells and (B) 4T1 cells at 24 and 48 h (n = 3).
quickly degraded in water, with only 43% left after 6 h, and less
than 10% left after 96 h. In contrast, DSF loaded inside prepared
NPs showed a significant reduction of its hydrolysis in water. After
96 h, over 70% of the DSF still remained. Similarly, the DSF
concentration in PBS containing 10% FBS quickly degraded
(Figure 4, B), while the DSF secured within the NPs maintained
over 70% in 24 h. However, after 24 h, obvious DSF degradation
occurred even with mPEG-PLGA/PCL NP encapsulation.

The above results showed that NP4/5/1 remains quite stable in
distilled water. Similarly, under near-physiological conditions
(PBS containing 10% FBS), the NP4/5/1 remained stable within a
24 h time period although the stability was decreased compared



Table 2
IC50 values of DSF and NP4/5/1 in MCF-7 and 4T1 cells at 24 and 48 h.

DSF/μM NP4/5/1/μM

MCF-7 cells @24 h 40.0 N40.0
@48 h 18.0 34.9

4T1 cells @24 h 37.3 N40.0
@48 h 6.3 9.1

Figure 6. Time profiles of DSF concentration in plasma after i.v.
administration of free DSF and NP4/5/1 at a DSF dosage of 8.0 mg/kg. #,
DSF could not be detected in the DSF group after 1 h. Each group is
expressed as mean ± SD (n = 3).

Table 3
Pharmacokinetic parameters of free DSF and NP4/5/1.

Parameter Free DSF NP4/5/1 Unit

AUC(0-∞) 452.3 ± 113.3 6108.0 ± 3352.4 mg/L * h
MRT(0-∞) 0.126 ± 0.042 8.74 ± 0.23 h
Tmax 0.083 0.083 h
Cmax 1984.7 ± 359.0 8310.6 ± 1575.2 mg/L
T1/2z 0.165 ± 0.039 9.67 ± 0.21 h

AUC, area under curve; MRT, mean residence time; Tmax, time to reach
maximum concentration; Cmax, maximum concentration; T1/2z, terminal
half life.
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to distilled water only. Based on these results, we conducted
in vitro and in vivo tumor therapy tests.

In vitro cytotoxicity

The cytotoxicity of DSF and NP4/5/1 to human breast cancer
MCF-7 cells and murine breast cancer 4T1 cells was evaluated
using the MTT assay. As shown in Figure 5, both free DSF and
NP4/5/1 inhibited tumor cell proliferation in a concentration-
dependent manner. The IC50 values of NP4/5/1 were higher than
that of free DSF (Table 2), which may be partially attributed to the
retarded release of DSF from the NPs. At 48 h, the IC50 values of
free DSF and NP4/5/1 in MCF-7 cells were 18.0 μM and 34.9 μM,
respectively. In 4T1 cells, both free DSF andNP4/5/1 had a stronger
inhibitory effect compared with MCF-7 cells, with IC50 values of
6.3 μM for free DSF and 9.1 μM for NP4/5/1 at 48 h.

We used Annexin-V-FITC and propidium iodide staining
followed by FACS analysis in order to measure apoptosis in 4T1
cells treated with 1.0 μM free DSF or NP4/5/1. As shown in Figure
S1, NP4/5/1 showed similar apoptotic effects compared with free
DSF. We also measured the cellular uptake of the NPs in 4T1 cells
by incubating them with NPs-Nile red. The NPs entered the tumor
cells gradually after 1, 3 and 6 h (Figure S2). These results show
that NP4/5/1 is endocytosed by tumor cells, resulting in inhibition of
the tumor cell growth and induction of apoptosis, suggesting
significant potential in future tumor therapy studies.

Surface protein absorption in plasma

Prior to conducting in vivo studies, we tested the surface
protein absorption properties of the NP4/5/1 in plasma as reported
by Docter et al.46 As shown in Figure S3, no obvious protein
absorption was observed on the NP4/5/1 in 24 h of incubation
with plasma, indicating the PEG shell effectively protected the
NPs from interacting with the surrounding plasma proteins. We
also tested the hydrodynamic radii of the NPs separated from the
plasma after different incubation times; no obvious changes in
size occurred during the observation period.

Pharmacokinetics

We compared the pharmacokinetics between free DSF and
NP4/5/1. Free DSF and NP4/5/1 were administered via tail vein at a
dosage of 8.0 mg/kg; blood samples were collected and analyzed
immediately at 5 min, 15 min, 30 min, 45 min, 1 h, 2 h, 4 h,
6 h, 8 h, 12 h and 24 h after injection. As shown in Figure 6, free
DSF quickly disappeared in blood after injection, with less than
10 ng/mL remaining at 1 h, and no detectable amount after 1 h.
NP4/5/1 significantly prolonged the blood retention time of DSF.
Although the initial distribution was also quick, the DSF
concentration was maintained around 40 ng/mL in blood for
over 24 h. The pharmacokinetic parameters are summarized in
Table 3. The Tmax and Cmax of both DSF and NP4/5/1 appeared at
the first time point (0.083 h); however, NP4/5/1 significantly
increased the AUC (6108.0 vs. 452.3 mg/L * h) and prolonged
the MRT (8.74 vs. 0.126) and T1/2z (9.67 vs. 0.165). These data
suggest that NP4/5/1 enhanced the stability and availability of
DSF in vivo, which addresses a key barrier against the in vivo
delivery of DSF.

In vivo tumor therapy test

We used a 4T1 xenograft tumor model to test the efficacy of
NP4/5/1 as an anti-tumor therapeutic agent in vivo. Saline, DSF
and NP4/5/1 were administered on days 1, 3, 5, 8, 10 and 12 at a
DSF dosage of 15.0 mg/kg. Tumor volumes and body weight
changes were recorded. As shown in Figure 7, free DSF
administered via tail vein showed almost no therapeutic effect,
while NP4/5/1 obviously slowed down the tumor growth rate. On
day 24, the TSR % of NP4/5/1 was 43.2%. Additionally, no
obvious bodyweight loss was observed following administration
of both formulas, demonstrating the safety of DSF and the NP4/5/1.
H&E staining of the tumor sections on day 24 also showed
differences between the three groups. For saline and free DSF
treatment, no obvious necrosis happened in the tumor tissues,
while obvious necrosis regions could be seen in the NP4/5/1 treated
tumor tissues. The tumor therapy results support the hypothesis
that NP4/5/1 provides an adequate delivery system for DSF and



Figure 7. Tumor therapy test of DSF and NP4/5/1 in a 4T1 xenograft tumor model. Drugs were administered on days 1, 3, 5, 8, 10, 12 at a DSF dosage of 15.0 mg/kg.
Panels (A) and (B) are the recorded tumor volume and body weight changes, respectively. (C) Representative images of the tumor sections on day 24 using H&E
staining. The images were taken at 4x magnitude. **P b 0.01, n = 6.
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protects against its premature degradation in vivo— providing an
effective in vivo tumor therapy application.
Discussion

It has long been known that DSF has therapeutic potential for
inhibition of tumor cell growth under in vitro conditions; however,
this characteristic has not resulted in an effective treatment option
in vivo due to extreme instability in a physiological environment.
Obviously, a key issue for the successful application of DSF for
cancer therapy is the design of a proper delivery system. Although
a few studies have demonstrated that DSF can be encapsulated into
liposomes or NPs, the encapsulation efficiency and loading
stability have not been satisfactory, which has limited its
therapeutic application.

In this study, we developed a simple and effective NP system
for DSF loading and delivery. Since DSF undergoes self-catalyzed
hydrolysis when coming into contact with water, we hypothesized
that an NP system would be more suitable than liposomes for DSF
loading. We then addressed two key issues associated with
NPs-based delivery systems: the drug loading capability and drug
loading stability. Commonly, the inclusion of higher hydrophobic
segment contents results in an increased drug loading capability,
while higher thermodynamic stability prevents drug leakage
during the delivery process. Therefore, amphiphilic polymers
with both hydrophilic and hydrophobic segments are necessary to
prepare core-shell structure nanocarriers for drug entrapment.47,48

Based on these analyses, we usedmPEG5k-PLGA2k, a widely used
polyester in biomedical application, as the matrix material in these
studies.49–51 Furthermore, the use of PCL is necessary for DSF
encapsulation30; however, since high molecular weight PCL
degrades slowly, PCL with a molecular weight of 3.4 k was
applied here. The PCL content was adjusted by mixing different
ratios of mPEG-PLGA and PCL.52,53

We applied amixed systemofmPEG-PLGA andPCL using the
nanoprecipitation method shown in Scheme 1 and demonstrated
that DSF could be immobilized in the formedNPswith a high, PCL
concentration-dependent encapsulation efficiency (Figure 1,
Table 1). In addition to increasing the encapsulation efficiency,
an increasing PCL content increases the thermodynamic stability
of the NPs. High thermodynamic stability is essential to keep the
NPs and the cargo stably enwrapped inside. We confirmed this
using the particle size and cargo-loading stability tests. The
optimized NP4/5/1 is stable in distilled water (Figure 2), and no
cargo-release occurred for over 72 h as indicated by the Nile red
intensity changes (Figure 3, A). Furthermore, the prepared NP4/5/1
prevented the enwrapped DSF from degrading and maintained
over 70% of the DSF residue in water within 96 h (Figure 4, A).
Under near-physiological conditions (PBS containing 10% FBS),
the stability of the NPs and the enwrapped cargos were gradually
affected over time; obvious cargo loss or degradationwas observed
after 24 h (Figure 3, B and Figure 4, B). Protection of loaded
cargos by the NPs occurs by separating the cargos from contact
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with the outside medium. The results here reflect that the
cargo-loading stability is not only governed by thermodynamic
stability, but also kinetic principles.35,37 Over time, substance
diffusion inevitably occurs between the inside and outside of the
NPs. Particularly in the near-physiological medium, cargo
diffusion or degradation took place after 24 h. Nevertheless, the
NPs substantially improved the cargo protection capacity within
the first 24 h, which is a significant improvement for in vivo
delivery as compared with the free DSF formulation.

Once we ensured that the NP4/5/1 was optimally stable, we used
MCF-7 and 4T1 cells to determine if the DSF maintained its tumor
growth inhibitory properties (Figure 5). The NP4/5/1 showed a tumor
cell inhibition and apoptosis induction effect, although the IC50

valueswere higher than that of freeDSFdue to the retarded release of
the drug from theNPs (Figure S1, Table 2). Asmentioned above, the
NPs slowly releaseDSF; therefore, we speculated that endocytosis is
a major pathway for the loaded DSF to enter the tumor cells. We
used CLSM to test this idea, as shown in Figure S2.

A pharmacokinetics study was used to provide more direct
evidence for the effects of NPs-encapsulation and in vivo delivery of
DSF.Historically, the key problem for in vivo administration ofDSF
is its quick degradation, resulting in little or no therapeutic amount of
drug being delivered to the tumor tissue. We observed a significant
difference in the plasma DSF concentration between free DSF and
NP4/5/1, however, a fast decrease also happened in the NP4/5/1 group
(Figure 6). In vitro plasma absorption tests showed that the mPEG
shell can efficiently protect the NPs from protein absorption, and the
size of the NPs kept constant over 24 h in plasma (Figure S3). In
addition, the size of the NPs (Rh = 79.0 ± 9.3 nm) is within the
proper range (20-200 nm) for avoiding premature elimination via
glomerular filtration or the reticuloendothelial system (RES).54

However, the in vivo situation is far more complicated than we can
mimic, with additional factors such as fast shear flow and protein
interactions. This may increase the contact possibility of the plasma
medium with the loaded DSF and contribute to the fast DSF
elimination of NP4/5/1. Overall, the use of NPs as a drug carried
increased the AUC of DSF 13.5 fold. The benefit from this was
reflected in the tumor therapy results: free DSF showed almost no
effect in tumor growth inhibition, while NP4/5/1 inhibited 43.2% of
the tumor growth in 24 days (Figure 7).

In summary, we designed a robust delivery system for DSF
that will increase the therapeutic applicability of DSF as an
anti-tumor agent. Furthermore, these results may prove useful in
the delivery of many other drugs that are unstable, or difficult to
use in their original formula. A proper delivery system design
may help these drugs be more meaningful for in vivo application.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.nano.2015.10.022.
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