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Abstract: In recent years, lung cancer has become one of the fastest growing cancers in the 

world. Thus, the development of efficient combination therapy to treat lung cancer has attracted 

significant attention in the cancer therapy field. In this article, we developed a single vehicle drug 

delivery system, based on quantum dot (QD) nanoparticles, to deliver small interfering RNA 

(siRNA; target Bcl-2) and different anticancer drugs (carboplatin, paclitaxel, and doxorubicin) 

simultaneously for treating A549 lung cancer cells efficiently by combination therapy. The QD 

nanoparticles were conjugated with l-arginine (l-Arg) and different kinds of hydroxypropyl-

cyclodextrins (HP-α-CDs, HP-β-CDs, and HP-γ-CDs) on the surface to form the delivery 

nanocarriers (QD nanocarriers). They were able to not only bind and transport the siRNA 

through electrostatic interactions with l-Arg residues but also accommodate various disparate 

anticancer drugs using different HP-CD modifications. Compared with free drug treatments, the 

use of QD nanocarriers to deliver Bcl-2 siRNA and different anticancer drugs simultaneously 

exerted a threefold to fourfold increase in cytotoxicity in A549 cells, which greatly improved 

the treatment efficacy through combined action. Furthermore, the QD nanocarriers could be 

used as a probe for real-time imaging of the drug delivery and release because of their strong 

fluorescence properties. These findings indicate that multifunctional QD nanocarriers hold great 

promise as a powerful tool for combination therapy for lung cancer.

Keywords: combination therapy, lung cancer cells, Bcl-2 siRNA, anticancer drugs, quantum 

dot nanocarriers

Introduction
Lung cancer is one of the most rapidly growing malignant tumors; it has the fastest 

growth rate and mortality and has posed the greatest threat to the health and life of 

the general population in recent years.1 Systemic toxicity, lack of tumor specificity, 

and emergence of multidrug resistance (MDR) remain serious problems that limit 

the extensive applications of targeted chemotherapy in clinical practice.2 To date, 

chemotherapy drugs have been most effective when given in combination (combina-

tion chemotherapy).3,4 The rationale for combination chemotherapy is to use drugs 

that work by different mechanisms, thereby decreasing the likelihood that resistant 

cancer cells will develop. When drugs with different effects are combined, each drug 

can be used at its optimal dose, without intolerable side effects. Thus, anticancer drugs 

such as carboplatin (Carbo), paclitaxel (Tax), and doxorubicin (Dox) have often been 

used in combination in cancer research or therapy.5–7 Meanwhile, the combination of 

traditional anticancer drugs with newly emerging RNA interference (RNAi)-based 

therapy has attracted more and more attention. For example, Chen et al reported that 

correspondence: Zongwan Mao
MOeKey laboratory of Bioinorganic and 
synthetic chemistry, school of chemistry 
and chemical engineering, Xingangxi 
road 135, sun Yat-sen University, 
guangzhou 510275, People’s republic 
of china
Tel +86 20 8411 3788
Fax +86 20 8411 2245
email cesmzw@mail.sysu.edu.cn 

Journal name: International Journal of Nanomedicine
Article Designation: Original Research
Year: 2016
Volume: 11
Running head verso: Li et al
Running head recto: Effective combination treatment of lung cancer cells
DOI: http://dx.doi.org/10.2147/IJN.S107345

 
In

te
rn

at
io

na
l J

ou
rn

al
 o

f N
an

om
ed

ic
in

e 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/ b
y 

13
7.

10
8.

70
.1

4 
on

 1
6-

Ja
n-

20
20

F
or

 p
er

so
na

l u
se

 o
nl

y.

Powered by TCPDF (www.tcpdf.org)

                               1 / 1

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S107345
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:cesmzw@mail.sysu.edu.cn


International Journal of Nanomedicine 2016:11submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4610

li et al

co-delivery of Dox and Bcl-2 small interfering RNA (siRNA) 

by mesoporous silica nanoparticles could enhance chemo-

therapy in MDR cancer cells,8 because the main mechanism 

of MDR is the activation of the cellular antiapoptotic defense, 

mainly by the Bcl-2 protein.9 Therefore, to efficiently sup-

press MDR in chemotherapy, it is essential to simultaneously 

inhibit the mechanism of cellular resistance by targeting 

intracellular molecular targets, such as Bcl-2.

In addition, the nanoparticle-based drug delivery system 

(NDDS) has emerged as a promising approach, improving 

the efficacy of existing drugs and enabling the develop-

ment of new therapies.10–14 In particular, there is growing 

interest in developing multi-agent co-delivery NDDSs 

that can encapsulate various payloads (nucleic acids and 

small molecule drugs) and simultaneously deliver them 

to disease target sites in a specific and controlled manner 

for the combination treatment of cancer.15–19 These multi-

agent NDDSs take advantage of the synergetic effect of 

different treatment mechanisms to dramatically improve 

the overall treatment effect. For example, it has been 

demonstrated that combining a chemotherapeutic agent 

with siRNA in a co-delivery nanocarrier can significantly 

enhance therapeutic efficacy.20–23

In the past few decades, many efforts have been made 

to improve the solubility, stability, and pharmacokinetics of 

small molecule organic drugs with the aid of cyclodextrins 

(CDs) and their derivatives. The hydrophobic internal cavity 

of CDs endows them with the capability to form inclusion 

complexes with organic drugs, and their hydrophilic exterior 

(due to the presence of hydroxyl radicals) guarantees good 

water solubility of the complexes. Thus, a CD-based drug 

delivery system is attractive for simultaneous delivery of 

siRNA and anticancer drugs because it offers good biocom-

patibility and efficient drug delivery.24–27

However, current reports still focus on co-delivery of 

siRNA and one kind of anticancer drug (eg, Carbo, Tax, or 

Dox). The simultaneous delivery of multiple anticancer drugs 

and siRNA by a single vehicle to improve therapeutic effi-

cacy by targeting different mechanisms for the combination 

treatment of cancer is still lacking. Moreover, clinical trials 

on nanocarriers for cancer therapy also require a thorough 

understanding of how the properties of the nanoparticles 

influence their fate in biological systems in vitro and in vivo. 

In this context, quantum dots (QDs) offer great potential due 

to their small size and versatile surface chemistry, which 

allow their incorporation with almost any nanocarrier with 

minimal effects on overall characteristics. They also offer 

superb optical properties for real-time (RT) monitoring of 

nanocarrier transport and drug release at both the cellular 

and systemic levels.28–32

In our earlier work, we synthesized a series of CD/amino-

acid-modified QDs and used them to deliver siRNA for 

cancer therapy.33–35 However, a systemic study of the delivery 

capability of such QD nanocarriers is still necessary for 

studying the combination treatment of gene drugs and differ-

ent anticancer drugs with different pharmacological mecha-

nisms. For this purpose, a series of hydroxypropyl (HP)-CD/ 

l-arginine ligands (HP-α-CD-(l-Arg)
2
, HP-β-CD-(l-Arg)

2
, 

and HP-γ-CD-(l-Arg)
2
) were synthesized to conjugate 

with CdSe/ZnSe QDs on the surface to form nanocarriers. 

These QD nanocarriers (HP-α-CD-(l-Arg)
2
-QDs (α-QDs), 

HP-β-CD-(l-Arg)
2
-QDs (β-QDs), HP-γ-CD-(l-Arg)

2
-QDs 

(γ-QDs), HP-α/β-CD-(l-Arg)
2
-QDs (α/β-QDs), HP-α/γ-

CD-(l-Arg)
2
-QDs (α/γ-QDs), and HP-β/γ-CD-(l-Arg)

2
-QDs 

(β/γ-QDs)) could simultaneously and efficiently deliver 

siRNA (target Bcl-2), through the l-Arg modification, and 

two kinds of anticancer drugs by different HP-CD conjuga-

tion mechanisms (Figure 1). They were used for studying 

the combination therapeutic efficacy of drugs with different 

mechanisms in A549 lung cancer cells. These QD nanocar-

riers showed good fluorescent properties, biocompatibility, 

and low cytotoxicity. The cell viability experiments demon-

strated that the apoptosis rate of A549 cells was increased 

threefold when using the QD nanocarriers to deliver siRNA 

and different anticancer drugs simultaneously, compared 

to treatment with free drugs. Furthermore, the fluorescence 

of the QD nanocarriers would be favorable in an in-depth 

study of NDDS interactions with biological systems, since 

it offers the possibility of monitoring, in real time, the fate 

of the nanoparticles, including their biodistribution, intracel-

lular uptake, and drug release. It is expected that these QD 

nanocarriers can significantly enhance therapeutic efficacy 

by combining chemotherapy with siRNA-mediated gene 

silencing in the combination treatment of lung cancer.

Results and discussion
Preparation of hP-cD-(l-arg)2 ligands
In this study, l-Arg was successfully coupled to HP-α-CD, 

HP-β-CD, and HP-γ-CD to form ligands via the facile 

synthetic route as shown in Figure 1A.36 We chose the 

HP-CDs to form part of the ligand, because they offered the 

advantages of excellent water solubility, biocompatibility, 

and low cytotoxicity. The chemical structure of the obtained 

products was characterized by mass spectrometry, 1H nuclear 

magnetic resonance (NMR), and Fourier transform infrared 

(FT-IR) spectroscopy. As shown in Supplementary Materials; 
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Figure S1B, the peaks of the mass spectrum of the ligand 

synthesized from HP-α-CD were assigned to the m/z [M–H] 

of HP-α-CD-(l-Arg)
2
. As a comparison, the mass spectrum 

of HP-α-CD at the same m/z region is shown in Figure S1A. 

The widespread molecular weight distribution in Figure S1B 

was attributed to the different degrees of hydroxypropylation 

and various numbers of (l-Arg)
2
 coupled to the HP-α-CD. 

Similarly, the m/z [M–H] of HP-β-CD-(l-Arg)
2
 and HP-γ-

CD-(l-Arg)
2
 is shown in Figure S1D and F, respectively, and 

for comparison, the m/z [M–H] of HP-β-CD and HP-γ-CD is 

shown in Figure S1C and E, respectively. Theoretical values 

of molecular weights of HP-α-CD and HP-α-CD-(l-Arg)
2
 

were calculated and are shown in Table S1. Table S1 shows 

that the molecular weight of the product detected by mass 

spectrometry was in good agreement with the calculated theo-

retical value of two l-Arg residues coupled to one HP-CD. 

Similar results were obtained for HP-β-CD-(l-Arg)
2
 and 

HP-γ-CD-(l-Arg)
2
 from data analysis (Tables S2 and S3).

The chemical structure of HP-CD-(l-Arg)
2
 was 

confirmed by 1H NMR. Figure S2 shows the 1H NMR 

spectra in D
2
O of l-Arg (Figure S2A), HP-α-CD 

(Figure S2B), HP-α-CD- (l-Arg)
2
 (Figure S2C), HP-β-CD 

(Figure S2D), HP-β-CD-(l-Arg)
2
 (Figure S2E), HP-γ-CD 

(Figure S2F), and HP-γ-CD-(l-Arg)
2
 (Figure S2G). In com-

parison with that of HP-α-CD, new chemical shift peaks  

appeared in the spectrum of HP-α-CD-(l-Arg)
2
 at δ=1.55 ppm, 

δ=1.76 ppm, δ=2.61 ppm, and δ=3.11 ppm after the reaction 

of l-Arg with HP-α-CD. Among those peaks, δ1.55 ppm 

and δ1.76 ppm could be respectively assigned to –HCCH
2-

CH
2
CH

2
NH– and –HCCH

2
CH

2
CH

2
NH– groups of the Arg 

residues. δ2.61 ppm was attributed to the –CONHCH– group 

of HP-α-CD-(l-Arg)
2
 and protons next to the amine group 

contributed to the chemical shift at 3.11 ppm. Such explana-

tions were also applicable to HP-β-CD-(l-Arg)
2
 and HP-γ-

CD-(l-Arg)
2
, which indicated that l-Arg coupled to HP-CD 

instead of forming a physical mixture.

Figure 1 (A) synthetic route for hP-α-cD-(l-arg)2, hP-β-cD-(l-arg)2, and hP-γ-cD-(l-arg)2. (B) schematic illustration of the ligand exchange reaction of hP-cDs with 
QDs and the subsequent drug-loading and sirNa-binding processes. (C) QD nanocarriers: α-QDs, β-QDs, γ-QDs, α/β-QDs, α/γ-QDs, and β/γ-QDs.
Abbreviations: carbo, carboplatin; cD, cyclodextrin; DMsO, dimethyl sulfoxide; Dox, doxorubicin; hP, hydroxypropyl; l-arg, l-arginine; QD, quantum dot; PBs, 
phosphate-buffered saline; sirNa, small interfering rNa; Tax, paclitaxel.
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Figure S3 shows the FT-IR spectra of l-Arg, HP-CD, 

and HP-CD-(l-Arg)
2
 ligands. For HP-α-CD, the wide peak 

at 3,403.0 cm-1 was assigned to the –OH group. Compared 

to this spectrum of HP-α-CD, new absorption peaks for 

HP-α-CD-(l-Arg)
2
 appeared at 1,643.2 cm-1, 1,593.6 cm-1, 

and 1,293.1 cm-1, indicating the formation of –CONH–, 

which resulted from the cross-linking of l-Arg to HP-α-CD 

(Figure S3A). The same alterations in the IR spectra 

were observed in Figure S3B and C, which were strongly 

indicative of the formation of HP-β-CD-(l-Arg)
2
 and 

HP-γ-CD-(l-Arg)
2
.

Preparation of QD nanocarriers
After the synthesis of HP-CD-(l-Arg)

2
 ligands, the QD 

nanocarriers with water solubility and biocompatibility were 

prepared through ligand exchange reactions (Figure 1B). 

Phase transfer of QDs from the hexane layer to the aqueous 

layer triggered by sonic agitation could be visually observed 

(Figure 2A). To explore the extent of the reaction of the 

QDs with two kinds of HP-CD-coupled l-Arg ligands in 

the preparation of multiple CD-derivative-coated QDs, an 

ultracentrifuge tube was used to filter the aqueous mixture 

after sonication. Then, the filter liquid was collected for 

mass spectrometry. As shown in Figure S4, after the ligand 

exchange reaction, only triethanolamine was detected by 

mass spectrometry in the liquor (Figure S4A: α/β-QDs; 

Figure S4B: α/γ-QDs; and Figure S4C: β/γ-QDs). This 

result demonstrated that mixtures of two kinds of HP-CD-

(l-Arg)
2
 ligands had been linked to QDs in a 1:1 ratio. 

Furthermore, in the FT-IR spectrum in trioctylphosphine 

oxide (Figure 2E), the stretching vibration peaks of –CH
2
 

and –CH
3
 groups at ~2,900 cm-1 and ~2,800 cm-1, respec-

tively, for QD nanocarriers were significantly weakened 

in comparison to those for the original unmodified QDs, 

verifying the occurrence of the ligand exchange reaction. 

It was demonstrated by transmission electron microscopy 

(TEM) that the size of the QD nanocarriers was ~5 nm and 

that they were monodispersed spheres (Figure 2B). We then 

tested the zeta potential of the QD nanocarriers. As shown 

in Table S4, only the zeta potentials of β/γ-QDs and γ-QDs 

were below 20 mV. The steric effect of the CD residues of 

larger size might block the hydrolysis of guanidine to cause 

the decrease in zeta potential. Next, we tested the ultraviolet 

(UV) absorption and fluorescence of the QD nanocarriers. 

As shown in Figure 2C and D (black line: α-QDs; red line: 

β-QDs; blue line: γ-QDs; green line: α/β-QDs; purple line: 

α/γ-QDs; clay line: β/γ-QDs), the positions and widths of the 

maximum absorbance peaks and the maximum fluorescence 

emission peaks (585 nm) of the QD nanocarriers were similar 

in the modified QDs compared to those in the original QDs. 

This result indicated that the HP-CD-(l-Arg)
2
 modification 

did not alter the optical properties of the QDs. Furthermore, 

to quantify the cytotoxicity of the QD nanocarriers, an 

MTT assay was performed. As shown in Figure 2F, the 

MTT result indicated that the cytotoxicity of the modified 

QD nanocarriers is remarkably low in A549 cells; the cell 

viability is .80% when the concentration of the QDs is 

2 µM. This low cytotoxicity of the modified QD nanocar-

riers might be attributed to the strong interaction of the 

multiple –COOH groups of l-Args on the single CD ring 

with the QDs, which could result in decreased release of 

free Cd2+ from the QDs.

QD nanocarrier: cell uptake study
Because QDs have strong fluorescence, they are considered 

to be an important probe for cell and tissue imaging. As 

shown in Figure 3A, the QD nanocarriers could be observed 

by confocal laser scanning microscopy after incubation 

with A549 cells for 3 hours, and they were located in the 

cytoplasm. The confocal imaging result showed that the 

QD nanocarriers could enter A549 cells and display strong 

red fluorescence. These advantages make QD nanocarriers 

an effective probe for RT imaging and monitoring of cell 

transfection and drug release. Furthermore, we used bio-TEM 

to observe the process of entry of the QD nanocarriers into 

A549 cells. As shown in Figure 3B, we observed that the 

QD nanocarriers were in the lysosomes of A549 cells after 

1-hour incubation and were aggregated at the edge of the 

lysosomal vesicles. When the incubation time was increased 

to 3 hours, the QD nanocarriers escaped from the lysosomes 

and were distributed to the cytoplasm under the acidic pH 

in the lysosomes, which was possibly due to the positive 

l-Arg modification.

sirNa binding with QD nanocarriers
To bind siRNA, the QD nanocarriers were mixed with siRNA 

at different molar ratios (200, 100, 50, 25, 10, 5, 2 siRNA:QDs) 

and loaded on 2% agarose gels for electrophoresis. As shown 

in Figure 4, with the increase in the amount of QD nano-

carriers (ie, the decrease in the siRNA:QD ratio), siRNA 

completely combined with the QD nanocarriers, resulting in 

a zeta potential rise and the detainment of the siRNA in the 

sampling holes. The molar ratio at which negatively charged 

siRNA did not move in the direction of the positive electrode 

indicated the loading capacity of the QD nanocarriers. The 

gel results show that the ability of α-QDs to bind siRNA 

was better than that of the other QD nanocarriers (compare 

Figure 4A with Figure B–F), due to its higher zeta potential 
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Figure 2 (A) Images of phase transfer reaction for the synthesis of α-QDs triggered by ultrasound treatment; the reaction phenomenon for the other QD nanocarriers was 
similar. (B) TeM images of (a) α-QDs, (b) β-QDs, (c) γ-QDs, (d) α/β-QDs, (e) α/γ-QDs, and (f) β/γ-QDs. (C) The UV–visible spectra of QD nanocarriers. (D) Fluorescence 
emission spectra of QD nanocarriers; ex: 488 nm. (E) FT-Ir spectra of QD nanocarriers. (F) cytotoxicity of QD nanocarriers in a549 cells after 72 hours, as determined 
by MTT.
Abbreviations: arg, arginine; ex, excitation; FT-Ir, Fourier transform infrared; abs, absorbance; QD, quantum dot; TeM, transmission electron microscopy; TOPO, triocty-
lphosphine oxide; UV, ultraviolet.

α β γ α β α γ β γ
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Figure 3 cell uptake of QD nanocarrier.
Notes: (A) Intracellular fluorescence images of QD nanocarriers (α-QDs, β-QDs, γ-QDs, α/β-QDs, α/γ-QDs, and β/γ-QDs) by laser confocal scanning microscopy after 
incubation with a549 cells for 3 hours. scale bar: 40 µm. Nuclei: stained blue with Hoechst 33342 (Ex: 405 nm, Em: 435 nm); red florescence: QD nanocarriers (Ex: 488 nm, 
em: 585 nm). (B) cell uptake study of QD nanocarriers by bio-TeM in a549 cells. Transfection times: 1 hour and 3 hours. concentration of hP-cD-l-arg-QDs: 20 nM. 
The QD nanocarriers were efficiently transported into the cells and adsorbed on the edge of the lysosomal vesicles during 1-hour incubation and released from the lysosomes 
during 3-hour incubation.
Abbreviations: cD, cyclodextrin; ex, excitation; em, emission; hP, hydroxypropyl; l-arg, l-arginine; QD, quantum dot; TeM, transmission electron microscopy.

α α β α γ β γβ γ

α α β β γα γβ γ

Figure 4 evaluation of the loading capacity of (A) α-QDs, (B) β-QDs, (C) γ-QDs, (D) α/β-QDs, (E) α/γ-QDs, and (F) β/γ-QDs for sirNa. sirNa (10 nM) was mixed with 
QDs at various molar ratios (200, 100, 50, 25, 10, 5, 2 sirNa:QDs).
Note: The 2% agarose gels were stained by nucleic acid dye (UltraPowerTM; BioTeke) and viewed under a UV lamp.
Abbreviations: QD, quantum dot; sirNa, small interfering rNa; UV, ultraviolet.
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(26.9 mV; Table S4) and smaller steric hindrance, which are 

both favorable for siRNA binding. To ensure the complete 

binding of siRNA to the QD nanocarriers and unify the molar 

ratio of siRNA:QDs, we proceeded with an siRNA:QD ratio 

of 1:1 for the following experiments.

Delivery of sirNa by QD nanocarriers
After the formation of QD/siRNA complexes with the opti-

mized ratio, we used the QD nanocarriers to deliver siRNA 

into A549 cells. It is difficult for naked siRNA to enter the 

cells directly because of its negative charge. This weakness 

limits the application of siRNA in the treatment of disease, 

and therefore it is necessary to develop an siRNA delivery 

system for RNAi therapy. In Figure 5A, the confocal imaging 

shows that QD nanocarriers could efficiently deliver siRNA 

into A549 cells after 3-hour incubation. The observation of 

intracellular fluorescence for siRNAFAM (FAM-conjugated 

siRNA, green fluorescence) in the confocal images was 

attributed to transportation by the positively charged QD 

nanocarriers (red); the green siRNA and the red QD nano-

carriers were colocalized and uniformly distributed in the 

cytoplasm of A549 cells.

Furthermore, to quantitatively characterize the ability of 

the modified QDs to deliver siRNA, flow cytometric analy-

sis was performed after incubation of the QD nanocarrier/

siRNAFAM complexes with A549 cells for 3 hours. In 

Figure 5B, we can observe that without QD nanocarriers, 

the naked siRNA could not enter A549 cells, showing no 

fluorescence in the flow cytometry result (Figure 5B[a]). 

The intracellular fluorescence intensity of siRNA, when 

transfected by siPort NeoFX (siRNA transfection agent), 

was stronger than that of naked siRNA (Figure 5B[b]), 

but still weak because of the low transfection efficiency of 

siRNA. In comparison, siRNA transported by the QD nano-

carriers showed strong intracellular fluorescence intensity 

(Figure 5B[c–h]). Those QDs modified with one kind of 

HP-CD-coupled l-Arg (α-QDs, β-QDs, and γ-QDs) had 

stronger intracellular fluorescence intensity than the QDs 

modified with two kinds of HP-CD-coupled l-Args (α/β-

QDs, α/γ-QDs, and β/γ-QDs), indicating that they offered 

the better siRNA transfection in A549 cells (Figure 5B[i]). 

For example, the siRNA delivery efficacy of γ-QDs was 

better than that of β/γ-QDs, even though the zeta potential 

of the former QDs was lower and the steric hindrance was 

more significant than that of the latter. This result goes 

against the theory that a high zeta potential and small steric 

hindrance of carriers are favorable for transfecting siRNA. 

Such results might be ascribed to the inhomogeneous exterior 

surface of the modified QDs, which would probably result 

in a decrease in the stability of QD/siRNA complexes under 

physiological conditions. However, the results were in accor-

dance with those obtained by the agarose gel electrophoresis 

experiment. Therefore, the loading capacity and transfection 

efficiency appeared to be related not only to the zeta potential 

and steric hindrance of the delivery systems but also to their 

surface uniformity.

loading anticancer drugs onto QD 
nanocarriers
We synthesized three HP-CD-coupled l-Args (HP-α-CD-

(l-Arg)
2
, HP-β-CD-(l-Arg)

2
, and HP-γ-CD-(l-Arg)

2
) to 

fabricate multifunctional QD delivery systems for the three 

commonly used anticancer agents: Carbo, Tax, and Dox. 

However, the optimal HP-CD-(l-Arg)
2
 for each drug was 

uncertain. Hence, UV spectroscopic titration was used 

to evaluate the stability of the nine inclusion complexes 

created by using each of the three drugs separately with 

each of the three kinds of HP-CD-(l-Arg)
2
. The curves 

showing the change in absorbance with concentration of 

HP-CD-(l-Arg)
2
 at a fixed amount of each drug are shown 

in Figure S5. The existence of a linear relationship between 

the two parameters indicates the formation of 1:1 inclu-

sion complexes of the drugs with HP-CD-(l-Arg)
2
, and the 

stability constants calculated from these curves are listed in 

Table S5. The results show that 1) Carbo can form 1:1 inclu-

sion complexes with HP-α-CD-(l-Arg)
2
, HP-β-CD-(l-Arg)

2
, 

and HP-γ-CD-(l-Arg)
2
 (Figure S5A–C) and that Carbo/

HP-α-CD-(l-Arg)
2
 showed the greatest stability constant 

of the three (K
a
=1.05×103 M-1); 2) as a result of the bigger 

molecular size of Tax, it was only encapsulated by HP-β-

CD-(l-Arg)
2
 and HP-γ-CD-(l-Arg)

2
, forming the more stable 

complexes with HP-β-CD-(l-Arg)
2
 (Figure S5D–F); and 3) 

Dox formed its most stable 1:1 complex (K
a
=0.76×103 M-1) 

with HP-γ-CD-(l-Arg)
2
 which has the largest hydrophobic 

cavity (Figure S5G–I). Dox’s hydrophobic anthracene ring 

may facilitate its entry into this CD cavity.

After determination of the optimum HP-CD-(l-Arg)
2
 

complex for each drug using UV, FT-IR spectroscopy of 

the free drugs and their most stable inclusion complexes was 

carried out, as shown in Figure S6. This study further veri-

fied the formation of inclusion complexes. The characteristic 

absorption peaks for Carbo, such as the asymmetric stretching 

vibration of –NH
2
 at 3,100–3,300 cm-1, which were marked 

in the spectrum of the free drug (Figure S6A[a]), were sig-

nificantly weakened and many peaks were slightly shifted in 

the spectrum of Carbo/HP-α-CD-(l-Arg)
2
 (Figure S6A[b]). 
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The alterations of the spectra of Tax and Dox after forming 

inclusion complexes with HP-β-CD-(l-Arg)
2
 and HP-γ-CD- 

(l-Arg)
2
, respectively, were similar (Figure S6B and C), 

which strongly indicated the formation of inclusion com-

plexes. In addition, after the preparation of the drug-loaded 

QD nanocarriers, namely Carbo/α-QDs, Tax/β-QDs, 

Dox/γ-QDs, Carbo/Tax/α/β-QDs, Carbo/Dox/α/γ-QDs, 

and Tax/Dox/β/γ-QDs, we measured the changes of charac-

teristic absorption peaks in the IR spectra of the drugs and 

observed a similar phenomenon (Figure S7). This provided  

further definite proof of the formation of the drug/QD 

complexes.

studies in a549 cells of Bcl-2 gene 
silencing by rT-polymerase chain reaction, 
and Bcl-2 protein suppression by 
Western blot
Next, we used QD nanocarriers to deliver siBcl-2 into 

A549 cells to silence Bcl-2. Because this gene is one of the 

highly expressed genes in cancer cells and damage to the 

Bcl-2 gene has been identified as a cause of a number of can-

cers, anti-Bcl-2 has been considered as a new candidate for 

cancer therapy.37 A549 cells were transfected with siBcl-2/

QD nanocarriers, with or without anticancer drugs, and 

investigated by quantitative RT polymerase chain reaction 

(qRT-PCR; Figure 6A) and Western blot (Figure 6B). QD 

nanocarriers delivering siBcl-2 with or without anticancer 

drugs showed higher gene silencing efficacy than the siPort 

NeoFX siRNA-positive control. mRNA expression levels 

of the Bcl-2 gene after the transfection of siBcl-2 with the 

modified QD nanocarriers alone were 36%±1.7%, 37%±1.6%, 

40%±2.7%, 34%±1.3%, 33%±2.2%, 36%±0.7% for α-QDs, 

β-QDs, γ-QDs, α/β-QDs, α/γ-QDs, and β/γ-QDs, respec-

tively (Figure 6A[a–f]). The negative control (naked siRNA) 

was set as the 100% expression level and the siPort NeoFX 

(positive control) gave 48%±2.1% expression. Interestingly, 

the gene silencing efficacy was similar when using one kind 

of HP-CD-coupled l-Arg-modified QDs (α-QDs, β-QDs, 

or γ-QDs) or two kinds of HP-CD-coupled l-Arg-modified 

QDs (α/β-QDs, α/γ-QDs, or β/γ-QDs) to deliver siBcl-2 for 

Bcl-2 silencing in A549 cells. Furthermore, we used the QD 

nanocarriers to deliver siBcl-2 into A549 cells after loading 

the QDs with anticancer drugs first, and we achieved better 

Bcl-2 gene suppression, as shown in Figure 6A(g–l). When 

we used one kind of HP-CD-coupled l-Arg-modified QD 

to load one kind of anticancer drug or two kinds of HP-CD-

coupled l-Arg-modified QDs to load two kinds of anticancer 

drugs for siBcl-2 delivery, we achieved .80% Bcl-2 gene 

suppression: mRNA levels were 25%±1.1%, 31%±1.3%, 

27%±1.2%, 15%±0.9%, 17%±1.1%, and 29%±2.2% for 

Carbo/α-QDs, Tax/β-QDs, Dox/γ-QDs, Carbo/Tax/α/β-QDs, 

Carbo/Dox/α/γ-QDs, and Tax/Dox/β/γ-QDs, respectively. 

Thus, instead of decreasing the silencing efficiency through 

hindering siRNA binding, we believe that the loading of 

the anticancer drugs on the QD nanocarriers contributed to 

quicker siRNA release from the QD nanocarriers and led to 

higher gene silencing because the anticancer drugs could 

also be released from the CDs due to the low pH in the 

lysosomes of A549 cells. At the same time, the anticancer 

drugs, which have an effect on cancer cells, may improve the 

Figure 6 gene silencing by QD nanocarriers.
Notes: (A) Bcl-2 gene silencing by qrT-Pcr and (B) Bcl-2 protein suppression by Western blot in a549 cells. (a) α-QDs, (b) β-QDs, (c) γ-QDs, (d) α/β-QDs, (e) α/γ-
QDs, (f) β/γ-QDs, (g) carbo/α-QDs, (h) Tax/β-QDs, (i) Dox/γ-QDs, (j) carbo/Tax/α/β-QDs, (k) carbo/Dox/α/γ-QDs, and (l) Tax/Dox/β/γ-QDs. Naked sirNa was used 
as a negative control (c), and siPort NeoFX/sirNa was used as a positive control. Bcl-2 sirNa: 50 nM. Treatment time: 72 hours. Data are reported as mean ± sD (n=3). 
*P,0.05.
Abbreviations: carbo, carboplatin; Dox, doxorubicin; QD, quantum dot; qrT-Pcr, quantitative real-time polymerase chain reaction; sirNa, small interfering rNa; 
Tax, paclitaxel.
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silence efficacy of RNAi when they are released from the QD 

nanocarriers and induce early apoptosis. We obtained similar 

results in Western blot experiments (Figure 6B).

Variation of cell cycle arrest induced by 
sirNa/anticancer drug delivery
The impact of drugs on the distribution of A549 cell cycle 

populations after being delivered by QD nanocarriers in the 

presence and absence of siBcl-2 was studied (Figure 7).  

In contrast to untreated cells, those cells incubated with 

free drugs (Carbo: 500 nM; Tax: 0.03 nM; Dox: 32 nM) for 

24 hours displayed arrest in the G2/M phase (Figure 7A–D). 

Drug delivery with QD nanocarriers slightly enhanced G2/M 

phase cell cycle arrest (Figure 7E–G). Furthermore, the load-

ing of two anticancer drugs onto the QD nanocarriers (Carbo/

Tax/α/β-QDs, Carbo/Dox/α/γ-QDs, and Tax/Dox/β/γ-QDs; 

Figure 7K–M) showed an obvious elevation of the cell cycle 

population arrested in the G2/M phase in A549 cells, indicat-

ing that the delivery of two anticancer drugs with a single 

vehicle improves the treatment of A549 cells by combination 

chemotherapy. More importantly, co-delivery of siBcl-2 and 

anticancer drugs with QD nanocarriers induced the arrest of 

still larger cell populations in the G2/M phase, indicating 

that Bcl-2 siRNA can function in coordination with chemo-

therapeutics to enhance the cell cycle arrest (Figure 7H–J 

and N–P). A549 cells treated by simultaneously delivering 

Bcl-2 siRNA and anticancer drugs with QD nanocarriers 

almost totally arrested in the G2/M phase. Figure 7Q shows 

the statistical data for all of the treatment groups to enable 

comparison of the proportion of A549 cells arrested in the 

G2/M phase. Such a notable enhancement in cell cycle arrest 

enabled by our multifunctional delivery systems shows their 

potential in combination therapies.

In vitro cell viability assays by flow 
cytometry
After exposure for 72 hours to drug-loaded QD nanocarrier 

complexes (Carbo: 500 nM; Tax: 0.03 nM; Dox: 32 nM) 

with or without siRNA binding, A549 cells were stained with 

Annexin-V-Alexa Fluor® 488 and propidium iodide (PI) for 

cytotoxicity analysis by flow cytometry. As shown in Figure 8, 

the apoptosis of A549 cells was not obvious after the treat-

ment with free drugs, either alone (Figure 8A–C) or in combi-

nation with naked Bcl-2 siRNA (Figure 8D–F). The apoptosis 

of A549 cells was enhanced when using the QD nanocarriers 

to load and deliver the anticancer drugs (Figure 8G–I) and 

was more pronounced when we co-delivered anticancer drugs 

and Bcl-2 siRNA by the QD nanocarriers (Figure 8J–L). 

Interestingly, using mixtures of different QD nanocarriers 

to deliver different anticancer drugs further enhanced the 

apoptosis of A549 cells (Figure 8M–O), particularly in the 

presence of Bcl-2 siRNA (Figure 8P–R), indicating that che-

motherapy of anticancer drugs can be more effective when 

given in combination and that the Bcl-2 gene can improve 

the drug sensitivity of cancer cells. Delivery of two kinds 

of anticancer drugs by one type of QD nanocarrier (Carbo/

Tax/α/β-QDs, Carbo/Dox/α/γ-QDs, or Tax/Dox/β/γ-QDs) 

showed the highest levels of cell apoptosis (Figure 8S–X). 

Notably, a combination of different chemotherapeutics with 

the gene therapy agent Bcl-2 siRNA by a single QD nanocar-

rier achieved nearly 80% cell apoptosis, indicating that the 

combination chemotherapy of different anticancer drugs and 

siRNA can provide the maximum increase in the pharmaco-

logical function of the drugs for the treatment of cancer cells 

(Figure 8V–X). Figure 8Z summarizes the statistical data of 

cell viability from the flow cytometry results; we achieved 

similar results by MTT assay (Figure S8).

Conclusion
In this study, we developed several kinds of QD nanocarriers 

for use as multifunctional delivery systems for the simulta-

neous delivery of siRNA and chemotherapy agents to A549 

cells. The QD nanocarriers showed good biocompatibility 

and low cytotoxicity due to their modification with HP-CD-

(l-Arg)
2
 ligands. Furthermore, the ligand modifications 

allowed not only the QD nanocarriers to transfect A549 cells 

efficiently and act as fluorescent probes but also the modified 

nanocarriers to bind siRNA through their l-Arg residues 

and to load different kinds of anticancer drugs through the 

different kinds of HP-CDs. With the simultaneous delivery 

of siRNA and different kinds of anticancer drugs by QD 

nanocarriers, we achieved high Bcl-2 gene silencing and 

induced obvious apoptosis of A549 cells. This showed the 

high cytotoxicity resulting from the combination treatment 

of gene therapy and chemotherapy. This finding illustrates 

the tremendous potential of the QD nanocarriers as mul-

tifunctional delivery systems; they have the potential for 

effective simultaneous delivery of multiple therapy agents 

to realize combination therapy and further enhance the syn-

ergistic effect of those combination therapy regimens for 

lung cancer therapy.

Materials and methods
All reagents were purchased from Sigma-Aldrich Co. (St Louis, 

MO, USA) unless otherwise stated. The 1,1-carbonyldiimida-

zole (CDI) was obtained from Merck & Co., Inc. (Whitehouse 

Station, NJ, USA). Dulbecco’s Modified Eagle’s Medium 

(DMEM), fetal bovine serum (FBS), and penicillin–streptomycin 

 
In

te
rn

at
io

na
l J

ou
rn

al
 o

f N
an

om
ed

ic
in

e 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/ b
y 

13
7.

10
8.

70
.1

4 
on

 1
6-

Ja
n-

20
20

F
or

 p
er

so
na

l u
se

 o
nl

y.

Powered by TCPDF (www.tcpdf.org)

                               1 / 1

www.dovepress.com
www.dovepress.com
www.dovepress.com
https://www.dovepress.com/get_supplementary_file.php?f=107345.pdf


International Journal of Nanomedicine 2016:11 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4619

effective combination treatment of lung cancer cells

Fi
gu

re
 7

 T
he

 im
pa

ct
 o

f d
ru

gs
 o

n 
th

e 
di

st
ri

bu
tio

n 
of

 a
54

9 
ce

ll 
cy

cl
e 

po
pu

la
tio

ns
 a

fte
r 

de
liv

er
y 

by
 Q

D
 n

an
oc

ar
ri

er
s 

in
 t

he
 p

re
se

nc
e 

an
d 

ab
se

nc
e 

of
 B

cl
-2

 s
ir

N
a

.
N

ot
es

: (
A

) U
nt

re
at

ed
 c

el
ls

 (c
on

tr
ol

). 
c

el
ls

 t
re

at
ed

 w
ith

 fr
ee

 (B
) c

ar
bo

 (5
00

 n
M

), 
(C

) T
ax

 (0
.0

3 
nM

), 
an

d 
(D

) D
ox

 (3
2 

nM
). 

T
he

se
 w

er
e 

co
m

pa
ri

so
n 

gr
ou

ps
 u

se
d 

to
 il

lu
st

ra
te

 t
he

 e
ffe

ct
 o

f f
re

e 
dr

ug
s 

on
 c

el
l c

yc
le

 d
is

tr
ib

ut
io

n.
 c

el
ls

 in
cu

ba
te

d 
w

ith
 (E

) c
ar

bo
/α

-Q
D

s,
 (F

) T
ax

/β
-Q

D
s,

 (G
) D

ox
/γ

-Q
D

s,
 (H

) c
ar

bo
/α

-Q
D

s-
si

Bc
l-2

, (
I)

 T
ax

/β
-Q

D
s-

si
Bc

l-2
, (

J)
 D

ox
/γ

-Q
D

s-
si

Bc
l-2

, (
K

) c
ar

bo
/T

ax
/α

/β
-Q

D
s,

 (L
) c

ar
bo

/D
ox

/α
/γ

-Q
D

s,
 (M

) T
ax

/D
ox

/β
/γ

-Q
D

s,
 (N

) c
ar

bo
/T

ax
/α

/β
-Q

D
s-

si
Bc

l-2
, 

(O
) 

c
ar

bo
/D

ox
/α

/γ
-Q

D
s-

si
Bc

l-2
, a

nd
 (

P
) 

T
ax

/D
ox

/β
/γ

-Q
D

s-
si

Bc
l-2

. c
on

ce
nt

ra
tio

ns
 w

er
e:

 c
ar

bo
: 5

00
 n

M
; T

ax
: 0

.0
3 

nM
; D

ox
: 3

2 
nM

; B
cl

-2
 s

ir
N

a
: 5

0 
nM

. I
nc

ub
at

io
n 

tim
e:

 2
4 

ho
ur

s.
 Q

D
:s

ir
N

a
 =

1:
1.

 P
ar

t 
(Q

) 
su

m
m

ar
iz

es
 t

he
 c

el
l c

yc
le

 
di

st
ri

bu
tio

n 
of

 t
he

 d
iff

er
en

t 
sa

m
pl

es
 b

et
w

ee
n 

th
e 

g
0/

g
1 

ph
as

e 
(b

la
ck

 b
ar

), 
s 

ph
as

e 
(h

at
ch

ed
 b

ar
), 

an
d 

g
2/

M
 p

ha
se

 (
re

d 
ba

r)
. D

at
a 

ar
e 

re
po

rt
ed

 a
s 

m
ea

n 
± 

sD
 (

n=
3)

. *
*P

,
0.

00
1.

A
bb

re
vi

at
io

ns
: c

ar
bo

, c
ar

bo
pl

at
in

; D
ox

, d
ox

or
ub

ic
in

; Q
D

, q
ua

nt
um

 d
ot

; s
ir

N
a

, s
m

al
l i

nt
er

fe
ri

ng
 r

N
a

; T
ax

, p
ac

lit
ax

el
.

 
In

te
rn

at
io

na
l J

ou
rn

al
 o

f N
an

om
ed

ic
in

e 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/ b
y 

13
7.

10
8.

70
.1

4 
on

 1
6-

Ja
n-

20
20

F
or

 p
er

so
na

l u
se

 o
nl

y.

Powered by TCPDF (www.tcpdf.org)

                               1 / 1

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2016:11submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4620

li et al

Fi
gu

re
 8

 C
el

l a
po

pt
os

is
 o

f A
54

9 
ce

lls
 d

et
ec

te
d 

by
 fl

ow
 c

yt
om

et
ri

c 
an

al
ys

is
.

N
ot

es
: c

el
ls

 w
er

e 
tr

ea
te

d 
w

ith
 fr

ee
 d

ru
gs

 (
A

–C
), 

fr
ee

 d
ru

gs
/s

ir
N

a
 (

D
–F

), 
dr

ug
-lo

ad
ed

 Q
D

 n
an

oc
ar

ri
er

s 
(G

–I
), 

dr
ug

-lo
ad

ed
 Q

D
 n

an
oc

ar
ri

er
s/

si
r

N
a

 (
J–

L)
, m

ix
tu

re
s 

of
 t

w
o 

di
ffe

re
nt

 d
ru

g/
Q

D
 c

om
pl

ex
es

 (
M

–O
), 

m
ix

tu
re

s 
of

 t
w

o 
di

ffe
re

nt
 

dr
ug

/Q
D

 c
om

pl
ex

es
 w

ith
 s

iB
cl

-2
 (

P
–R

), 
on

e 
ty

pe
 o

f Q
D

 n
an

oc
ar

ri
er

 lo
ad

ed
 w

ith
 t

w
o 

dr
ug

s 
(S

–U
), 

or
 o

ne
 t

yp
e 

of
 Q

D
 n

an
oc

ar
ri

er
 lo

ad
ed

 w
ith

 t
w

o 
dr

ug
s 

an
d 

si
r

N
a

 (
V

–X
). 

(Y
) 

U
nt

re
at

ed
 c

el
ls

. c
on

ce
nt

ra
tio

ns
 w

er
e:

 c
ar

bo
: 5

00
 n

M
; 

T
ax

: 0
.0

3 
nM

; D
ox

: 3
2 

nM
; s

ir
N

a
: 5

0 
nM

. I
nc

ub
at

io
n 

tim
e:

 7
2 

ho
ur

s.
 Q

D
:s

ir
N

a
 =

1:
1.

 P
ar

t 
(Z

) 
su

m
m

ar
iz

es
 t

he
 d

at
a,

 s
ho

w
in

g 
th

at
 a

 c
om

bi
na

tio
n 

of
 d

iff
er

en
t 

ch
em

ot
he

ra
pe

ut
ic

s 
w

ith
 g

en
e 

th
er

ap
y 

ca
us

ed
 n

ea
rl

y 
80

%
 c

el
l l

et
ha

lit
y.

 D
at

a 
ar

e 
re

po
rt

ed
 a

s 
m

ea
n 

± 
sD

 (
n=

3)
. *

P,
0.

05
.

A
bb

re
vi

at
io

ns
: c

ar
bo

, c
ar

bo
pl

at
in

; D
ox

, d
ox

or
ub

ic
in

; Q
D

, q
ua

nt
um

 d
ot

; P
I, 

pr
op

id
iu

m
 io

di
de

; s
ir

N
a

, s
m

al
l i

nt
er

fe
ri

ng
 r

N
a

; T
ax

, p
ac

lit
ax

el
.

α
β γ

α
β

α
γ

β
γ

 
In

te
rn

at
io

na
l J

ou
rn

al
 o

f N
an

om
ed

ic
in

e 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/ b
y 

13
7.

10
8.

70
.1

4 
on

 1
6-

Ja
n-

20
20

F
or

 p
er

so
na

l u
se

 o
nl

y.

Powered by TCPDF (www.tcpdf.org)

                               1 / 1

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2016:11 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4621

effective combination treatment of lung cancer cells

were obtained from HyClone Inc. (South Logan, UT, USA). 

SiRNA-FAM and siRNA against the Bcl-2 gene (siBcl-2, 

sense 5′-GGGAGAUAGUGAUGAAGUATT-3′, antisense 

5′-UACUUCAUCACUAUCUCCCTT-3′) was ordered from 

Gene Pharma (Shanghai, People’s Republic of China).

cell culture
The A549 lung cancer cell line was obtained from the Experi-

mental Animal Center at Sun Yat-sen University, and the 

cells were routinely maintained at 37°C in a 90% humidified 

atmosphere with 5% CO
2
. Culture medium (DMEM) was 

supplemented with 10% heat-inactivated FBS and penicillin 

(100 U/mL)/streptomycin (100 mg/mL).

synthesis of hP-cD-coupled l-args
HP-CD-coupled l-Arg ligands (HP-CD-(l-Arg)

2
) were 

synthesized by reference to the earlier method with some 

modifications.36 HP-α-CD (0.4 mmol), HP-β-CD (0.4 mmol), 

and HP-γ-CD (0.4 mmol) each dissolved in 6 mL anhydrous 

dimethyl sulfoxide (DMSO) were mixed with 6 mL DMSO 

containing 2.4 mmol, 2.8 mmol, and 3.2 mmol CDI and 

0.1 mL triethylamine (Et
3
N). Each mixture was stirred at 50°C 

for 3 hours under nitrogen and protected from light. Then, 

2.4 mmol, 2.8 mmol, and 3.2 mmol l-Arg dissolved in water 

were added dropwise over 1 hour, with additional stirring 

over 6 hours. The reaction mixtures were dialyzed in dialysis 

bags (M
W

=1,500) in running water for 2 days. Afterward, the 

aqueous products inside the dialysis bags were lyophilized for 

3 days to obtain the solid products. The white, water-soluble 

solids were named HP-α-CD-(l-Arg)
2
, HP-β-CD-(l-Arg)

2
, 

and HP-γ-CD-(l-Arg)
2
. Mass spectra were used to detect the 

molecular weight distribution of the raw materials and the 

products, and the theoretical values of molecular weight for 

reactants and products were calculated for comparison to the 

experimental values (Table S1). 1H NMR spectra of HP-CDs 

and HP-CD-(l-Arg)
2
 (15 mg dissolved in 0.7 mL D

2
O) were 

measured using a 300 MHz spectrometer (Varian, Palo Alto, 

CA, USA) with 64 scans at room temperature to ascertain the 

chemical structures. FT-IR spectroscopy was conducted to con-

firm the structures of the obtained products after dispersing the 

samples in KBr and compressing the mixtures to form disks.

synthesis of hP-cD-(l-arg)2-QD 
nanocarriers
The synthesis of CdSe/ZnSe core/shell QDs was con-

ducted on the basis of our earlier work.35 The HP-CD-

(l-Arg)
2
-QD nanocarriers were prepared by ultrasound. 

In brief, a mixture of 20 nmol QDs diluted in hexane 

and 4 µmol HP-α-CD-(l-Arg)
2
, HP-β-CD-(l-Arg)

2
, or 

HP-γ-CD-(l-Arg)
2
 diluted in water was sonicated for 1 hour 

at pH 9–10 with the addition of triethanolamine. At the end 

of the sonication, the colorless hexane layer was discarded 

and the aqueous phase containing HP-CD-(l-Arg)
2
-coated 

QDs, unreacted HP-CD-(l-Arg)
2
, and triethanolamine was 

ultrafiltrated using an ultracentrifuge tube (M
W

=10,000) at 

5,000 rpm for 30 minutes to purify the modified QDs and 

obtain α-QDs, β-QDs, and γ-QDs.

To deliver multiple drugs with one delivery system, we 

also synthesized QDs coated with different kinds of HP-CD-

coupled l-Arg ligands, namely α/β-QDs, α/γ-QDs, and 

β/γ-QDs, as illustrated in Figure 1. The molar ratio of QDs 

to each HP-CD-l-Args in the surface exchange reaction was 

1:100. Mass spectra of the filter liquors after the ultracentri-

fuge process were measured to confirm the ratio of two HP-

CD-(l-Arg)
2
 coupled to each QD. The characteristics of the 

QD nanocarriers were verified by UV–visible, fluorescence, 

and FT-IR spectroscopy. The particle sizes and zeta poten-

tials were determined by TEM and a zeta potential analyzer 

(Beckman Coulter Inc., Brea, CA, USA), respectively. The 

cytotoxicity of the coated QDs was estimated using the MTT 

assay, and the localization of the six modified QDs was 

viewed using confocal laser scanning microscopy.

Preparation of drug/hP-cD-(l-arg)2 
inclusion complexes
The most commonly used tumor therapy agents, Carbo, 

Tax and Dox, were selected as the target molecules for drug 

delivery. Various HP-CDs and their derivatives have been 

reported to form inclusion complexes with such antitumor 

agents.38–40 The three drugs, respectively, formed inclusion 

complexes with three HP-CD-(l-Arg)
2
 ligands in phosphate-

buffered saline (PBS) solution under ultrasonic agitation 

for 4 hours. UV–visible spectroscopy was carried out to 

confirm whether such HP-CD-(l-Arg)
2
 ligands were able 

to encapsulate the abovementioned drugs to determine the 

stability constants of the inclusion complexes and to select the 

most suitable HP-CD-(l-Arg)
2
 for each drug. The change in 

absorption of Carbo, Tax, and Dox with increasing HP-CD-

(l-Arg)
2
 concentration was calculated at 230 nm, 229 nm, 

and 479 nm, respectively, to subtract the effect of the HP-CD 

derivatives. FT-IR was used to characterize the most stable 

inclusion complex for each drug at a molar ratio of 1:1 to 

confirm the formation of drug inclusion complexes.

Preparation of drug/QD inclusion 
complexes
Drug/QD inclusion complexes were prepared as follows: 

Carbo and α-QDs were dissolved in PBS (n Carbo: n 
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α-QDs =100:1) and subjected to ultrasonic agitation for 

4 hours. Ultrafiltration was then performed to remove free 

drug, and the product was named Carbo/α-QDs. Tax/β-QDs 

and Dox/γ-QDs complexes were formed in the same manner 

and at the same ratio. For the process of loading α/β-QDs, 

α/γ-QDs, or β/γ-QDs with the two corresponding drugs, the 

drug that was to be encapsulated by the HP-CD-(l-Arg)
2
 with 

the larger sized cavity was added first and reacted for 4 hours, 

and then the second drug was added to the reaction for another 

4 hours (drug 1: drug 2: QDs =100:100:1). The relevant 

products obtained were Carbo/Tax/α/β-QDs, Carbo/Dox/α/ 

γ-QDs, and Tax/Dox/β/γ-QDs. FT-IR analysis was conducted 

to verify the formation of the drug/QD complexes.

Interaction of sirNa with QD 
nanocarriers
To confirm the ability of the QD nanocarriers to deliver 

siRNA, the same concentration of siRNA was permitted to 

interact with QD nanocarriers at different molar ratios (2, 5, 

10, 25, 50, 100, 200 siRNA:QD). Samples were then loaded 

on 2% agarose gels for electrophoresis. Naked siRNA was 

set as the negative control. In addition, qualitative and quan-

titative in vitro experiments were conducted to authenticate 

the ability of such modified QDs to act as siRNA carriers. 

After incubation of naked siRNAFAM with modified QDs 

in PBS for 1 hour, the complexes were added to culture 

medium and incubated with A549 cells for 3 hours. Confo-

cal laser scanning microscopy was used to directly view 

the localization of the siRNAFAM and QDs. Cells were har-

vested at the indicated time point to conduct flow cytometric 

analysis for quantitative detection of siRNA transferred into 

A549 cells by QDs. The transfection agent siPort NeoFX 

(Thermo Fisher Scientific, Waltham, MA, USA) served as 

the positive control.

Formulation of drug-loaded QD 
nanocarrier-sirNa complexes, and 
cellular uptake analysis by TeM
Drug-loaded and siRNA-bound QDs were prepared as follows: 

the six types of drug/QD inclusion complexes were individu-

ally incubated with siBcl-2 for 1 hour at room temperature 

to form drug-loaded QD nanocarrier-siBcl-2 complexes. 

They were: Carbo/α-QDs-siBcl-2, Tax/β-QDs-siBcl-2, 

Dox/γ-QDs-siBcl-2, Carbo/Tax/α/β-QDs-siBcl-2, Carbo/

Dox/α/γ-QDs-siBcl-2, and Tax/Dox/β/γ-QDs-siBcl-2.

For the cellular uptake and release study, A549 cells were 

first incubated with the aforementioned QD complexes for 

1 hour or 3 hours. They were then washed three times with 

PBS to thoroughly eliminate complexes that had not internal-

ized after incubation. Cell processing was carried out in situ 

without displacement from the Petri dish. Cells were fixed in 

a 0.1 M PBS solution containing 2.5% glutaraldehyde and 4% 

paraformaldehyde for 1 hour, and then rinsed in 0.1 M PBS. 

The cells were postfixed in 1% osmium tetroxide solution for 

1 hour, rinsed with distilled water, stained with 0.5% uranyl 

acetate for 1 hour, dehydrated in a graded series of ethanol 

washes (30%, 60%, 70%, 90%, and 100%), and embed-

ded in epoxy resin. The resins were polymerized at 60°C 

for 48 hours. Ultrathin sections (50–75 nm) sliced with an 

ultramicrotome (LKB Bromma Ultrotome III - 8801A Ultra-

microtome w/8802A) were stained with 2% aqueous uranyl 

acetate and 2% aqueous lead citrate for TEM observation.

gene expression analysis by qrT-Pcr and 
Western blot
The gene expression in A549 cells after treatment with QD-

siBcl-2 complexes with or without drug encapsulation was 

evaluated by qRT-PCR and Western blot, at mRNA and at 

protein levels, respectively. A549 cells were seeded in six-

well cell culture plates and allowed to attach overnight at 

37°C in a 5% CO
2 
incubator. The cell culture medium was 

changed on the next day and 50 nM QD-siBcl-2 complexes 

with or without drug loading were added and incubated with 

A549 cells for 72 hours (Carbo: 500 nM; Tax: 0.03 nM; 

Dox: 32 nM). The siPort NeoFX commercial siRNA delivery 

system was used as the positive control. The cells were 

finally harvested and lysed to extract total RNA and protein 

separately for qRT-PCR and Western blot.

In the qRT-PCR analysis, reverse transcription was per-

formed with 1 µg total RNA using a PrimeScript First Strand 

cDNA Synthesis Kit (Takara, Osaka, Japan) to synthesize 

cDNA. Then, 2 µL cDNA was used to conduct the PCR 

experiment using a One-Step SYBR PrimeScript RT-PCR 

Kit (Takara), according to the manufacturer’s protocol, and 

a Light Cycler 2.0 System (Hoffman-La Roche Ltd., Basel, 

Switzerland). The primers used in qRT-PCR were: Bcl-2 

forward 5′-AACATCGCCCTGTGGATGAC-3′, Bcl-2 

reverse 5′-AGAGTCTTCAGAGACAGCCAGGAG-3′. The 

amplification curves for all samples were obtained, and the 

relative amounts of Bcl-2 mRNA were normalized to β-actin 

mRNA. The specificity in the amplifications was confirmed 

by the melting curves.

In the Western blot analysis, the concentration of isolated 

total protein was detected using a BCA Protein Assay Kit 

(Thermo Fisher Scientific). Total protein (50 µg) was elec-

trophoresed on a 12% polyacrylamide gel and transferred 
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to a polyvinylidene difluoride membrane (EMD Millipore, 

Billerica, MA, USA). The membranes were blocked in 

Tris-buffered saline containing Tween 20 and 5% skimmed 

milk at room temperature. Afterward, the membranes were 

incubated with 5% milk-blocking buffer containing a 1:1,000 

dilution of either anti-Bcl-2 monoclonal antibody or anti-β-

actin monoclonal antibody (Santa Cruz Biotechnology Inc., 

Dallas, TX, USA) on a horizontal shaker at 4°C overnight. 

After incubation with goat anti-mouse IgG conjugated to 

horseradish peroxidase (1:2,000) for 1 hour and treatment 

with an enhanced chemiluminescence detection kit, bands 

were imaged using a FluorChem Q system (Hoffman-La 

Roche Ltd.). The intensity of the bands was quantified by 

Image J software.

Cell cycle analysis by flow cytometry
Flow cytometric analysis was performed to study the effect 

of various formulations of drug/QD complexes in the pres-

ence and absence of siBcl-2 (50 nM) on the cell cycle of 

A549 cancer cells. Free drugs at the same concentrations 

as the encapsulated drugs were used as controls to illustrate 

the effect of the delivery systems (Carbo: 500 nM; Tax: 

0.03 nM; Dox: 32 nM). After treatment with drug/QD 

complexes for 24 hours, cells were washed with PBS, resus-

pended at 50 µg/mL in PBS solution containing 0.1 mg/mL 

RNase A and 0.05% Triton X-100, and incubated at 37°C 

for 30 minutes. Afterward, the samples were analyzed 

on a FACSCalibur Cell Analyzer (BD Biosciences, San 

Jose, CA, USA). Data analysis was conducted by ModFit 

LT 3.2 software.

Apoptosis assay by MTT and flow 
cytometry
The apoptosis of A549 lung cancer cells induced by free 

drugs and drug/QD complexes with or without siBcl-2 

(50 nM) was assessed by both MTT assay and an Alexa 

Fluo® 488 Annexin V/PI Apoptosis Kit (Thermo Fisher 

Scientific). Untreated A549 cells served as the negative 

control, and cells treated with free drugs served as the posi-

tive control. After exposure to various drug formulations at 

equivalent concentrations (Carbo: 500 nM; Tax: 0.03 nM; 

Dox: 32 nM) for 72 hours, MTT solution was added to each 

well to detect cell viability based on the absorption of the 

formazan product dissolved in DMSO. Viability was calcu-

lated by comparison to the blank control using the formula, 

(test/control) ×100%. In addition, after 72-hour incubation 

with such QD complexes, cells were thoroughly washed with 

cold PBS and collected for treatment using Annexin V/PI  

Apoptosis Kits according to the manufacturer’s protocol. 

The fluorescence of stained cells was measured at 530 nm 

and 585 nm with 488 nm excitation, and FlowJo software 

was used to process the data.

statistical analysis
All experiments were performed at least three times and 

results are given as mean ± standard deviation (n=3). The 

statistical analysis was conducted using a two-sided Student’s 

t-test or one-way ANOVA. The differences were considered 

statistically significant for P,0.05 and for P,0.01.
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