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Purpose: The aim of this study was to explore the use of self-assembling nanoparticles 
loaded with two chemotherapy drugs for the treatment of multiple myeloma.
Materials and Methods: Nanoparticle systems were developed based on amine polyethy-
lene glycol-polycaprolactone (NH2-PEG-PCL) to encapsulate 5-Aza-2ʹ-deoxycytidine and 
Bortezomib using the self-assemble method. Morphological changes were observed by 
transmission electron microscopy (TEM), and the size, drug release, long-term stability, 
and release of reactive oxygen species (ROS) were analyzed. The MTT assay was used to 
evaluate the effects of drug-loaded nanoparticles (PEG-PCL-DAC-BTZ) in inhibiting the 
proliferation of multiple myeloma cells (U266 and LP-1), and the TUNEL assay and Western 
blotting were used to measure the induction of cell apoptosis.
Results: Based on the diameter of NH2-PEG-PCL and PEG-PCL-DAC-BTZ, the drug- 
loaded nanoparticles were successfully prepared. TEM revealed that PEG-PCL-DAC-BTZ 
was spherically shaped. More than 90% of the drugs were released after 72 h, and PEG-PCL- 
DAC-BTZ maintained a good stability. U266 and LP-1 cells treated with PEG-PCL-DAC- 
BTZ showed the highest growth inhibition, release of ROS, and cell apoptosis compared to 
those treated with unloaded nanoparticles and chemotherapy drugs alone.
Conclusion: The drug-loaded nanoparticles are a good foundation for the treatment of 
multiple myeloma as they showed a slow release profile, good stability, and superior anti- 
cancer effects in vitro.
Keywords: multiple myeloma, nanoparticle, 5-Aza-2ʹ-deoxycytidine, Bortezomib

Introduction
Multiple myeloma, a neoplasm that originates from plasma cells, accounts for 2% 
of hematological diseases. It is predominantly prevalent in the elderly population 
and has a median overall survival of 5 years only.1 Despite the fact that immuno-
modulatory drugs and proteasome inhibitors have improved its treatment outcome, 
the frequent relapses still possess a challenge.2,3 Hence, it is urgent to develop new 
treatment approaches for multiple myeloma.

Combination therapy is considered a promising approach to overcome drug 
resistance and thereby improve long-term treatment outcomes. Two commonly 
used drugs for multiple myeloma include 5-Aza-2ʹ-deoxycytidine (DAC) and 
Bortezomib (BTZ). DAC is a nucleoside analog that incorporates into the genome 
of highly replicative cancer cells and disrupts their DNA synthesis.4 BTZ exerts its 
anti-cancer effect by serving as a protease inhibitor that attenuates tumor growth 
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due to the highly replicative nature of tumor cells.5,6 

However, the efficacy of combination therapy with DAC 
and BTZ has not been explored. Additionally, emerging 
studies have suggested that inefficient delivery of cancer 
drugs to the cancer cells is the bottleneck of treatment of 
multiple myeloma, a neoplasm that is highly metastatic 
and dispersive. Therefore, the development of a drug 
delivery platform to enhance the specific accumulation of 
drugs in tumor sites and facilitate the internalization of 
drugs by cancer cells is warranted.

In previous studies, a variety of nanoparticle systems 
have been shown to efficiently deliver chemotherapy drugs 
to multiple myeloma sites.7–11 For example, the use of 
liposomes with encapsulate carfilzomib and doxorubicin 
in the treatment of multiple myeloma has been shown to 
enhance tumor-inhibiting effects and reduce systemic 
toxicity.12 BTZ delivery using hyaluronic acid shell and 
disulfide-crosslinked core micelles has also been 
explored.7 A nanoparticle system based on NH2-PEG- 
PCL, which self-assembles with hydrophobic drugs into 
micelles, was previously shown as a potential platform 
that enhances the delivery and uptake of chemotherapy 
drugs in breast, ovarian, and gastric cancers.13–15 

However, this nanoparticulate system has not been applied 
to the treatment of multiple myeloma.

Therefore, our study aimed to synthesize a new deliv-
ery system for DAC-BTZ using NH2-PEG-PCL, which 
will serve as a new combination therapy for multiple 
myeloma and characterize its ability to enhance the anti-
tumor effects of the drugs. The size, drug release profile, 
and stability of the drug-loaded particles were character-
ized. On basis of cell survival, ROS release, and apoptosis, 
cells treated with the drug-loaded particles were compared 
with cells treated with drugs alone or untreated cells. This 
finding could potentiate the use of the novel nanoparticle 
drug delivery system for improving the therapeutic out-
come of multiple myeloma.

Materials and Methods
Materials
Unless stated otherwise, all solvents used for chemistry 
were purchased from Sigma. The multiple myeloma tumor 
cell lines (U266 and LP-1) were purchased from American 
Type Culture Collection (ATCC, Rockville, MD, USA), 
NH2-PEG-PCL from Ponsure Biotechnology (Shanghai, 
China), 5-Aza-2ʹ-deoxycytidine from Sigma (Saint Louis, 

MO, USA), and Bortezomib from Foshan Xinhang 
Biotechnology, Ltd. (Foshan, China).

Drug Loading
Four milligrams of NH2-PEG-PCL were dissolved in 2 mL 
N, N-dimethylformamide (DMF). 5-Aza-2ʹ-deoxycytidine 
(DAC) (6 mg) and Bortezomib (BTZ) (1 mg) were mixed at 
a molar ratio of 100:1, which was dissolved with 1 mL 
DMF. The DAC-BTZ mixture was added to NH2-PEG- 
PCL nanoparticles at a weight ratio of 2:1, followed by 
stirring for 2 h. The drug-loaded particles were purified by 
dialysis against ddH2O using a dialysis bag (MWCO=3000 
Da) to remove free drugs. After 24 h of dialysis, the nano-
particles were used for further analysis.

The Size of PEG-PCL-DAC-BTZ
The size of the nanoparticles was analyzed by dynamic 
light scattering (DLS). Briefly, the nanoparticles were 
diluted with distilled water and put on a copper grid 
covered with nitrocellulose. Thereafter, the samples were 
negatively stained with 5% phosphotungstic acid and dried 
at room temperature. Then, the size of the samples was 
determined by DLS using Malvern Nano-ZS 90 at room 
temperature, and each sample was analyzed three times.

Cell Culture
An RPMI-1640 medium (Gibco, Carlsbad, CA, USA) 
supplemented with 10% FBS (Gibco, Carlsbad, CA, 
USA) in a humid chamber maintained at 37°C and 5% 
CO2. Then, the cells were treated for 4 h with 0.5 μmol/L 
DAC and 20 ng/mL BTZ.

In vitro Release Ability of PEG-PCL-DAC- 
BTZ
The lyophilized powder of PEG-PCL-DAC-BTZ was dis-
solved in deionized water and 5 mL of the solution was put 
into a dialysis bag (molecular weight cut-off 3000 Da). Then, 
the bag was immersed in 30 mL of phosphate-buffered saline 
(PBS, pH 7.4) containing Tween-80 (0.5% w/w) and the 
medium was stirred at 70 rpm at 37°C. Samples were col-
lected at the 12th, 24th, 36th, 48th, and 72nd h and the same 
volume of fresh PBS was added to maintain the buffer 
volume. The concentration of the released DAC-BTZ in the 
dialysis media was determined by HPLC (LC-10ATvp, 
Shimadzu) with a C18 column (Symmetry shield TM 
RP18, 3.9 mm × 150 mm, from Waters) at 25°C. The accu-
mulative release amount of DAC-BTZ was calculated using 
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a calibration curve and expressed as the percentage of 
released concentration.

MTT Assay
Cells in the logarithmic growth phase (1×104 cells/mL) were 
seeded in 96-well plates. After culturing for 24 or 48 h, 
treatment was conducted for 4 h and 200 µL MTT 
(5 mg/mL) was added to the medium and cultured for another 
4 h. Then, the supernatant was discarded and 150 µL of 
DMSO was added, followed by shaking for 15 min to dis-
solve the crystal. Absorbance was measured at 570 nm and 
the following equation was used to calculate the inhibition 
rate of cell growth: percent survival = (1-ODexperiment 

/ODcontrol)×100%.

Characterization of ROS Release
The ROS release was quantified using the 
conversion of non-fluorescent 5, 6-Chloromethyl-2V, 
7Vdichlorodihydrofluorescein diacetate (CM-H2 

DCFDA) to its fluorescent derivative (DCF) by 
SpectraMax iD5 (Molecular Devices, Sunnyvale, CA, 
USA). Briefly, U266 or LP-1 cells were treated with 
PEG-PCL-DAC-BTZ micelles. Then, the media were 
removed, and the cells were lysed and centrifuged to 
eliminate debris. The fluorescence in the supernatant 
was assessed using a fluorometer when excitation 
wavelength was 500 nm and emission wavelength was 
530 nm.

Cell Apoptosis Assay
Cells seeded in 12-well plates at the density of 
1×105cells/mL were cultured for 48 h. Then, 50 µL 
TUNEL agent (Beyotime, C1088) was added to the cells 
washed with PBS twice. After incubating for 60 min at 37° 
C, the cells were washed and resuspended with 250–500 µL 
PBS. Then, the fluorescence was recorded through the FITC 
channel of a fluorescence microscope, and intensity of 
TUNEL signal was quantified using ImageJ.

Western Blot Analysis
After lysing 2×105 cells by culturing them in 6-well plates 
for 48 h, their proteins were extracted. Equal amounts of 
protein were loaded in 10% gel and subjected to SDS- 
PAGE at 120 V. Electrotransferring was performed at 
100 V for 120 min on PVDF membranes. After blocking 
with 5% fat milk for 1 h, primary antibodies against 
cleaved-caspase-9 (Abcam, ab2324), cleaved-caspase-3 
(Abcam, ab2302), or GAPDH (Abcam, ab9485) were 

added to the membrane and incubated overnight at 4°C. 
Next, the membrane was washed 3 times with TBST, and 
the HRP-conjugated secondary antibody was added and 
incubated for another 1 h. Then, the PVDF membranes 
were washed three times (15 min each) with TBST, and 
ECL substrate was visualized using film exposure.

Statistical Analysis
Statistical analysis was performed by SPSS 20.0 using 
Student’s t-test. Data derived from the three replicates in 
every experiment were presented as mean ± SD. p values 
< 0.05 were considered statistically significant.

Results
Drug Loading and Characterization of the 
Particles
To form a drug-loading system for DAC and BTZ, we 
employed NH2-PEG-PCL, an amphiphilic nanoparticle 
system, which encapsulated DAC and BTZ in the core of 
the particles showing the schematic structure of PEG-PCL 
-DAC-BTZ (Figure 1A). The transmission electron micro-
scopy (TEM) revealed that the nanoparticle PEG-PCL- 
DAC-BTZ was spherically shaped (Figure 1B). Dynamic 
light scattering (DLS) was used to characterize the sizes of 
the particles before and after drug loading. As shown in 
(Figure 1C and D), the particle diameter significantly 
increased after drug loading (220.2 nm) compared with 
that of NH2-PEG-PCL (91.28 nm), suggesting that the 
particle formation with the drugs was successful. The 
drug loading efficacy was 40.87%. To evaluate the stabi-
lity of the nanoparticle system, particles suspended in PBS 
for 1, 15, and 30 days were compared for size distribution 
using DLS (Figure 1E). Drug release was measured by 
transferring the drug-loaded particles into a dialysis bag 
and quantifying the drug released into PBS. The drug 
release profile during 72 h is shown in (Figure 1F). At 
72 h, more than 90% of the drug was released from the 
nanoparticle system, suggesting a slow release profile. Our 
data suggested that the change of particle size was negli-
gible, indicating that the nanoparticles had a good stability.

PEG-PCL-DAC-BTZ Inhibits Multiple 
Myeloma by Promoting Cell Apoptosis
The cytotoxicity effects of the drug-loaded nanoparticles 
were first tested using MTT assay. The multiple myeloma 
cells were incubated for 4 h with the unloaded nanoparticles 
(NH2-PEG-PCL), the mixture of two drugs (DAC-BTZ), and 
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the drug-loaded particles (PEG-PCL-DAC-BTZ) at the dose 
of 0.5 μmol/L and 20 ng/mL for DAC and BTZ, respectively, 
and the cell survival was evaluated. The untreated cells were 
used as control. As shown in Figure 2A and B, cells treated 
with PEG-PCL-DAC-BTZ exhibited the lowest survival 
among other groups, and their survival was approximately 
40% lower (p < 0.001) than that of cells treated with DAC- 
BTZ or control. To explain the mechanism of the cytotoxic 
effects, the ROS levels of cells treated with DAC-BTZ or 
PEG-PCL-DAC-BTZ were measured. As shown in 
(Figure 2C and D), the ROS level in the multiple myeloma 
cells treated with PEG-PCL-DAC-BTZ was dramatically 
higher than that in the cells treated with DAC-BTZ 
(p < 0.0001). In agreement to this, TUNEL assay also sug-
gested that PEG-PCL-DAC-BTZ treatment let to promi-
nently higher apoptosis in cells, which was evidenced by 

apparently stronger fluorescence in cells with PEG-PCL- 
DAC-BTZ treatment (Figure 2E and F), compared to those 
treated with DAC-BTZ and control.

PEG-PCL-DAC-BTZ Up-Regulates the 
Expression of Cell Apoptosis Markers
Western blot assay (Figure 3) was performed to detect the 
expression of the apoptosis markers cleaved-caspase-3 and 
cleaved-caspase-9. Compared to untreated cells, DAC- 
BTZ treated cells demonstrated a higher expression of 
cleaved-caspase-3 (p = 0.0005) and cleaved-caspase-9 
(p = 0.0006), suggesting that DAC-BTZ has pro- 
apoptotic ability. Notably, PEG-PCL-DAC-BTZ treatment 
led to an even higher up-regulation of cleaved-caspase-3 
(p < 0.0001) and cleaved-caspase-9 (p = 0.0001) compared 

Figure 1 Drug loading and characterization of the particles. (A) The schematic structure of PEG-PCL-DAC-BTZ prepared in this study; (B) the morphology of PEG-PCL- 
DAC-BTZ by transmission electron microscopy (TEM); (C and D) dynamic light scattering characterization of unloaded particles, PEG-PCL, and drug-loaded particles, PEG- 
PCL-DAC-BTZ; and (E) stability characterization using dynamic light scattering. Particles were placed in dialysis bags against PBS for 1, 15, and 30 days. (F) DAC release 
profile of the PEG-PCL-DAC-BTZ nanoparticle system.
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to DAC-BTZ treatment, indicating a higher apoptosis rate 
in PEG-PCL-DAC-BTZ treated cells.

Discussion
Bortezomib (BTZ) is one of the most effective drugs used in 
treating multiple myeloma. However, most multiple mye-
loma patients who receive BTZ develop drug resistance 
which leads to recurrence and even poor prognosis.16,17 

To overcome this, novel reagents that treat multiple mye-
loma need to be urgently developed. Decitabine (DAC) not 
only enhances myeloma cell sensitivity to BTZ, but also 
depletes myeloid-derived suppressor cells (MDSCs) in the 
multiple myeloma microenvironment. MDSCs are essential 
for myeloma cell survival and immune escape in the multi-
ple myeloma microenvironment.18 To sum up, we deduced 
that novel and potential strategies for multiple myeloma 

Figure 2 PEG-PCL-DAC-BTZ inhibits multiple myeloma by promoting cell apoptosis. (A and B) MTT assay to study the survival of PEG-PCL-DAC-BTZ treated multiple 
myeloma cell lines (U266 and LP-1) compared to the control (untreated), PEG-PCL, or DAC-BTZ treated cells. (C and D) ROS release characterization. U266 cells and LP-1 
cells treated with PEG-PCL-DAC-BTZ showed the highest ROS release. (E and F) TUNEL assay of multiple myeloma cell lines (U266 and LP-1) treated with DAC-BTZ or 
PEG-PCL-DAC-BTZ shows that PEG-PCL-DAC-BTZ induced the highest apoptosis (**p < 0.01, ***p < 0.001, ****p < 0.0001).
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patients after relapse can likely be developed by adding 
DAC to currently available and effective anti-myeloma 
therapies.

The recent development of drug-delivery systems 
based on nanoparticles has attested that this strategy has 
great potential in enhancing cancer treatment outcome. 
Here, we characterized the anti-cancer effects of nanopar-
ticles self-assembled with DAC and BTZ in vitro, which 
showed that these nanoparticles significantly inhibited cell 
survival and induced ROS release and apoptosis. The 
slow-release profile could also increase the amounts of 
drugs metabolized by the cells, as high-concentration 
drugs could easily be execrated by cells as a defensive 
system.

In this present study, transmission electron microscopy 
(TEM) revealed that the nanoparticle PEG-PCL-DAC- 
BTZ, which was prepared in the study, was spherically 
shaped. Our data suggested that the size of nanoparticles 
after drug-loading (220.2 nm in diameter) was drastically 
higher than that before drug-loading (91.28 nm in dia-
meter), which confirmed that the drug-loading micelle 
was successfully prepared. The size of the nanoparticles 
was not influenced by drug release. The slow-release pro-
file of the drug-load nanoparticles in this study is similar to 

that of nanoparticles in another study,14 which showed the 
release of PTX from NH2-PEG-PCL-based particles. 
These characteristics, along with the high stability of the 
nanoparticles, are desirable traits for in vivo delivery of 
drugs to tumors. Although we have not tested the in vivo 
delivery efficacy of the system, it is expected that the 
nanoparticles would demonstrate a higher efficacy in 
smuggling drugs into tumors due to the enhanced perfu-
sion and retention (EPR) effect of tumors.

The nanoparticles were programmed to simulta-
neously deliver a combination of DAC and BTZ to multi-
ple myeloma. Recently, this combinatory approach is 
gaining increasing attention due to its enhanced efficacy 
in relapsed cases.19–21 For example, the immunotherapy 
drug, lenalidomide, has been used in combination with 
dexamethasone as a standard regimen in patients with 
relapsed or refractory multiple myeloma.22 However, cau-
tion has to be taken to avoid increased toxicity due to the 
use of multiple drugs. In this scenario, the enhanced 
tumor uptake and decreased systemic toxicity of the nano-
particle delivery system make it a desirable platform. 
Here, we showed that the DAC-BTZ combination therapy 
remarkably attenuated proliferation and induced ROS 
release and apoptosis in multiple myeloma cells. Also, 

Figure 3 PEG-PCL-DAC-BTZ up-regulates the expression of cell apoptosis markers. (A) Western blot assay of cleaved-caspase-9 and cleaved caspase-3 to quantify the 
levels of cell apoptosis in multiple myeloma cell lines (U266 and LP-1) treated with DAC-BTZ or PEG-PCL-DAC-BTZ. (B and C). Quantification of cleaved-caspase-3 and 
cleaved-caspase-9. GAPDH was used as loading control (*p < 0.05, **p < 0.01, ***p < 0.001).
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the DAC-BTZ-loaded nanoparticles exerted higher anti- 
cancer effects. Further in vivo testing of this system is 
warranted. In addition, the current system can be 
improved by modifying the nanoparticles with tumor- 
targeting ligand, as it has been explored by previous 
studies.7,14 In the present study, the properties and 
in vitro anti-tumor effect of the drug-loaded nanoparticle 
have been preliminarily studied. Additionally, the anti- 
tumor mechanism and in vivo anti-cancer activity of the 
nanoparticle needs to be further studied. Meanwhile, 
enhancing the targeting of the drug-loaded nanoparticle 
is an important content and a challenge for follow-up 
research.

Conclusion
Summarily, we exploited the self-assemble NH2-PEG- 
PCL nanoparticle system to encapsulate two chemotherapy 
drugs, DAC and BTZ, for the treatment of multiple mye-
loma. First, our results indicated that the PEG-PCL-DAC- 
BTZ nanoparticle exhibited properties with a slow release 
and good stability. Then, we verified the enhanced efficacy 
of the drug-loaded nanoparticles in inhibiting multiple 
myeloma cell growth and inducing ROS release and apop-
tosis, which has paved the way for further development of 
the system for the treatment of multiple myeloma in vivo.
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