
WU ET AL. VOL. 6 ’ NO. 3 ’ 2245–2252 ’ 2012

www.acsnano.org

2245

February 10, 2012

C 2012 American Chemical Society

Static Micromixer�Coaxial Electrospray
Synthesis of Theranostic Lipoplexes
Yun Wu,† Lei Li,† Yicheng Mao,†,‡ and Ly James Lee†,‡,§,*

†Nanoscale Science and Engineering Center for Affordable Nanoengineering of Polymeric Biomedical Devices, The Ohio State University, 174 W 18th Avenue, Columbus,
Ohio 43210, United States, ‡Division of Pharmaceutics, College of Pharmacy, The Ohio State University, 500 W 12th Avenue, Columbus, Ohio 43210, United States, and
§William G. Lowrie Department of Chemical and Biomolecular Engineering, The Ohio State University, 140 W 19th Avenue, Columbus, Ohio 43210, United States

T
heranostic lipoplex-based nanomedi-
cine with combined imaging, diag-
nostic, and therapeutic functions has

attracted a great deal of interest because of
its potential for early cancer detection and
cancer therapy. Although the conventional
bulk mixing preparation method is simple,
the resulting lipoplexes are often non-
uniform in size and composition. Producing
theranostic lipoplexes in a controlled and
affordable process tailored toward the
needs of individuals is a highly valuable but
challenging task.
Among many technologies, the microflui-

dic synthesis method has produced uniform
lipoplexes in a reproducible manner. For ex-
ample, Jahn et al. used hydrodynamic focus-
ing flow to produce liposomes with sizes less
than 200 nm.1�4 Koh et al. developed amulti-
inlet microfluidic hydrodynamic focusing sys-
tem to prepare lipopolyplexes loaded with
Bcl-2 antisense oligodeoxynucleotide (ODN).5

Compared to bulk mixing, they found that
lipoplexes produced by the microfluidic sys-
tem had similar multilamellar structures but
smaller size and narrower size distribution.
These lipoplexes provided a higher level of
Bcl-2 antisense ODN uptake and thus led to
more efficient down-regulation of the Bcl-2
protein expression. Yu et al. also demon-
strated that hydrodynamic focusing-based
microfluidic synthesis is a simple, affordable,
and reproducible method to produce ODN-
containing lipoplexes with low polydispersity
values.6 Recently, Valencia et al. developed a
microfluidic device that combined hydrody-
namic flow focusing with passive mixing
structures to produce monodisperse lipid�
polymer and lipid�quantum dot (QD) nano-
particles in a single step.7

Although hydrodynamic focusing-based
microfluidic systems are simple and easy to
use, the residue of solvents used to dissolve
lipids and lipophilic components, such as
isopropyl alcohol used by Jahn et al. and

tetrahydrofuran used by Valencia et al., may
limit the applications of lipoplexes. Electro-
spray, on the other hand, is a microfluidics-
based aerosol generation method that uses
electrical forces to disperse liquids into fine
particles. The solvents used in the process
can evaporate quickly due to the large sur-
face area of the tiny airborne droplets, and
therefore, this method can minimize the
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ABSTRACT

Theranostic lipoplexes are an integrated nanotherapeutic system with diagnostic imaging

capability and therapeutic functions. They hold great promise to improve current cancer

treatments; however, producing uniform theranostic lipoplexes with multiple components in a

reproducible manner is a highly challenging task. Conventional methods, such as bulk mixing,

are not able to achieve this goal because of their macroscale and random nature. Here we

report a novel technique, called the static micromixer�coaxial electrospray (MCE), to

synthesize theranostic lipoplexes in a single step with high reproducibility. In this work,

quantum dots (QD605) and Cy5-labeled antisense oligodeoxynucleotides (Cy5-G3139) were

chosen as the model imaging reagent and therapeutic drug, respectively. Compared with bulk

mixing, QD605/Cy5-G3139-loaded lipoplexes produced by MCE were highly uniform with

polydispersity of 0.024 ( 0.006 and mean diameter by volume of 194 ( 15 nm. MCE also

showed higher encapsulation efficiency of QD605 and Cy5-G3139. QD605 and Cy5 also formed

the Förster resonance energy transfer pair, and thus the cellular uptake and intracellular fate

of theranostic lipoplexes could be visualized by flow cytometry and confocal microscopy. The

lipoplexes were efficiently delivered to A549 cells (non-small cell lung cancer cell line) and

down-regulated the Bcl-2 gene expression by 48 ( 6%.

KEYWORDS: theranostic nanomedicine . lipoplexes . quantum dots .
oligonucleotides . static micromixer . coaxial electrospray . Förster resonance
energy transfer
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solvent toxicity issue. Electrospray is well-known for its
critical application in the electrospray ionization mass
spectrometry, an analytical technique developed by the
2002 chemistry Nobel Prize winner, Dr. John B. Fenn.8

During thepast twodecades, electrosprayhasbeenwidely
used to produce micro- and nanoparticles.9�11 Further-
more, electrospray is able to produce uniform nanoparti-
cles without changing the biological activity of nucleic
acids,12�14 cells,15 proteins,16,17 and lipids.12,18 Recently,we
developed a coaxial electrospray system that successfully
produced monodisperse ODN-containing lipoplexes.12 In
the coaxial electrospray setup, a concentric needle was
used to bring two solutions together, and an electric field
was applied to disperse the liquid intomonodisperse, fine
droplets. The solvent evaporated quickly, leading to a
unilamellar structure in contrast with the multilamellar
structure of lipoplexes produced by the hydrodynamic
focusing-based microfluidics and conventional bulk mix-
ing methods.
The aforementioned methods focus mostly on nano-

particles with single modality, either therapeutic or
imaging function. In this work, we present a novel
static micromixer�coaxial electrospray (MCE) system,
which combines the advantages of static micromixer
and coaxial electrospray to produce theranostic lipo-
plexes with both imaging and therapeutic functions in
a single step. The static micromixer is used to bring
together the imaging reagent stream and the thera-
peutic reagent stream at the microscale and further
reduce the stream width to the nanoscale (i.e., greatly
increase the interfacial contact area between the two
streams) by the repeated stretching�folding function
of the static mixing units. The multilayered mixture of
imaging reagent and therapeutic reagent then flows
through the inner needle of the coaxial electrospray
system. The lipids are dissolved in ethanol and flow
through the outer needle of the coaxial electrospray
system. A high electric field is applied to disperse the
entire imaging reagent/therapeutic reagent/lipidsmix-
ture into fine droplets. After the quick evaporation of
ethanol, theranostic lipolexes are formed. In this study,
we chose QD605 as the model imaging reagent and
Cy5-labeled antisense ODN, Cy5-G3139, as the model
therapeutic reagent. QD605 and Cy5 form a Förster
resonance energy transfer (FRET) pair, providing a
useful tool to study the cellular uptake and intracellular
fate of theranostic lipoplexes.

RESULTS AND DISCUSSION

Device Design and Fabrication. Figure 1 shows the MCE
device used in this work. The device consists of two
parts, a static micromixer and a coaxial electrospray
system. Microinjection molding was chosen to fabri-
cate this static micromixer.19,20 In order to reduce the
cost and achieve mass production, two identical parts
were designed for the static micromixer, and therefore,
only one mold is needed for the device fabrication. For

microinjection molding, all of the features were de-
signed to be perpendicular to the bottom surface for
simplicity. The mold was machined on a micromilling
machine with a 200 μm diameter flat end mill. The
material of the mold was aluminum 6061, and the
diameter of the mold was 40 mm. The injection mold-
ing process was performed on a 30 ton microinjection
molding machine (Sodick Plustech), and the material
was polymethyl methacrylate (PMMA) for its high
optical clarity. Most microfluidic devices are fabricated
using polydimethylsiloxane (PDMS) and the soft litho-
graphy process. Although PDMS-based devices have
the advantages of simplicity, good biocompatibility,
and easy sealing with glass and silicon, the fabrication
method is slow and costly. We used a widely used
plastic, PMMA, and the microinjection molding meth-
od to substantially reduce the fabrication time (less
than 1 min for one mixer).

A divider, which is parallel to the bottom surface at
the entrance of eachmixing unit, was fabricated from a
100 μm thick PMMA sheet (shinkolite, Mitsubishi
Rayon) using micromilling (Figure 1d). After molding,
the divider sheet was placed between the top and
bottom mixer parts with good alignment (by utilizing
the alignment pins/pin holes), and the three pieces
were assembled by thermal bonding. By using thermal
bonding, micromixers and the divider sheet can be
well sealed and the resulting bonding can stand high
pressure and flow rates.

At the outlet of the static micromixer, a concentric
needle was attached to perform coaxial electrospray to
produce lipoplexes. The concentric needle had a
27 gauge inner needle and a 20 gauge outer needle.
The inner needle was connected to the outlet of the

Figure 1. Schematic diagram (a) and the image (b) of the
static micromixer�coaxial electrospray device used for
theranostic lipoplexes synthesis. Schematic diagrams of
the staticmicromixer (c) and the dividing film (d) (unit: mm).
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static micromixer using the UV curing glue. A 20 gauge
three-way tubing connector was used as the outer
needle. A positive high voltage was applied to the
outer needle to break the liquid into monodisperse
nanoparticles.

Flow Pattern of the MCE Device. In this work, a static
micromixer was used to uniformly mix multiple fluids/
components from the micro- to nanoscale. Figure 2a
shows the multiple lamination flow pattern inside the
micromixer of two liquids labeled with rhodamine (red
fluorescence) and fluorescein (green fluorescence).
The multiple lamination structure was clearly seen at
the outlet of the staticmicromixer. CFD (computer fluid
dynamics) simulation was carried out in the design
process by using a commercial program ANSYS CFX to
optimize the structures of the micromixer. In the
simulation, diffusion was ignored to better demon-
strate the mixing performance caused by multiple
lamination structures. Particle tracking was used in
simulation to show the flow pattern inside the static
micromixer (Figure 2b). The experimental flow pattern
agreed well with the simulated flow pattern.

The formation of multiple laminations inside the
static micromixer can be explained by the classical
split-and-recombination (SAR) theory. The designed
device consists of 16 identical mixing units. Figure 2c
shows the structure of one unit as well as the mixing
principle. The incoming flow consists of two laminar
streams (indicated as the green and red arrows) before
entering the mixing units. At the front end of the
mixing unit, the incoming flow is divided into two
subflows, and each subflow contains the same amount
of the two incoming streams. At the back side of the
mixing unit, the two subflows are recombined into one
flow. As a result, the number of the layers in the flow
is doubled and the width of each layer is halved after
one mixing unit. The repeated stretching-and-folding

function of the mixing units can reduce the width of
the flow stream to as small as several nanometers in
the static micromixer. Theoretically, at the outlet of the
micromixer, the obtained number of striations is Ns =
2 � 2m, where m is the number of mixing units. Since
there are 16 mixing units in our design and the initial
stream width is 500 μm, thus the final width of each
stream could be 7.6 nm at the outlet of themicromixer.
Compared with the hydrodynamic focusing method
which has only one interfacial contact surface, the
multiple lamination structure induced in the static
micromixer can provide much larger contact surface
between the incoming reagent streams and thus
provide better mixing.

The mixture of imaging reagent (QD605) and ther-
apeutic reagent (Cy5-G3139) then flowed through the
inner needle of the coaxial electrospray apparatus. The
lipid mixture (DOTAP/EggPC/DSPE-PEG = 30:69:1 molar
ratio) was dissolved in ethanol and fed though the outer
needle. With a positive voltage applied (∼3 kV) to the
outer needle, a Taylor cone jet (Figure 2d) was formed at
theendof theneedlewhen theelectrical stress overcame
the surface tension of the liquid. The jet was not stable
and easily broke into tiny droplets. With quick evapora-
tion of ethanol due to the huge surface areas of tiny
droplets, QD605/Cy5-G3139-loaded lipoplex aerosol na-
noparticles were formed rapidly.

Size Distribution, Structure, and Zeta-Potential of QD605/Cy5-
G3139-Loaded Lipoplexes. Figure 3 shows the typical size
distributions of QD605/Cy5-G3139-loaded lipoplexes
prepared by MCE (Figure 3a) and bulk mixing
(Figure 3b). For lipoplexes produced by MCE, themean
diameter by volume was 194 ( 15 nm, the polydis-
persity was 0.024 ( 0.006, and the zeta-potential was
20.52 ( 1.28 mV. For lipoplexes produced by bulk
mixing, the mean diameter by volume was 85.2 (
10.6 nm, the polydispersity was 0.16 ( 0.04, and the

Figure 2. Experimental (a) and simulated (b) flow patterns of the static micromixer. (c) Structure of one mixing unit of the
static micromixer. Theoretically, the split-and-recombination structure can double the number of layers of the incoming flow
and at the same time halve the width of each layer. (d) Taylor cone jet mode of coaxial electrospray, in which monodisperse
lipoplexes were produced.

A
RTIC

LE



WU ET AL. VOL. 6 ’ NO. 3 ’ 2245–2252 ’ 2012

www.acsnano.org

2248

zeta-potential was 13.28 ( 0.94 mV. Cryo-TEM images
showed that the QD605/Cy5-G3139-loaded lipoplexes
produced by MCE were monodisperse and had a
unilamellar structure with QD605 successfully encap-
sulated inside the nanoparticles (Figure 3c), while
those prepared by bulk mixing were polydisperse with
most of QD605 left outside of the nanoparticles
(Figure 3d). The physicochemical properties of lipo-
plexes, such as reagent loading efficiency, size, shape,
surface charge, and targeting ligands, are important
factors in determining the successful clinical transla-
tion of theranostic lipoplexes.21 The lipoplexes pro-
duced by MCE and bulk mixing have appropriate size
and surface charge for both in vitro and in vivo

applications,22,23 but as theranostic nanomedicine,
lipoplexes produced via MCE showed higher loading
efficiency of the imaging reagent than bulk mixing.

Fluorospectrum of QD605/Cy5-G3139-Loaded Lipoplexes.
Förster resonance energy transfer (FRET) is a useful
tool in evaluating molecular dynamics at the nano-
meter scale.24,25 As shown in Figure 4a, QD605
(excitation peak at 405 nm, emission peak at 605 nm)
and Cy5-G3139 (excitation peak at 650 nm, emission
peak at 670 nm) formed a FRET pair. The quantum yield
of QD605 used in this work is ∼0.65 (provided by
eBioscience Inc.), and the Förster distance for the
donor�acceptor pair was 72.5 Å. When the energy
donor (QD605) is close to the energy acceptor (Cy5),

the fluorescence energy of QD605 will transfer to Cy5
and thus the emission of Cy5 fluorescence is observed
upon excitation at 405 nm. When the distance be-
tween QD605 and Cy5 is larger than the Förster
distance, the Cy5 fluorescence will not be observed
upon excitation at 405 nm. The QD-mediated FRET

Figure 3. Typical size distributions and structures of QD605/Cy5-G3139-loaded lipoplexes produced by MCE (a,c) and bulk
mixing (b,d). QD605/Cy5-G3139-loaded lipoplexes produced by MCE were monodisperse and had a unilamellar structure
with QD605 successfully encapsulated inside the nanoparticle, while those prepared by bulk mixing were polydisperse with
most QD605 left outside of nanoparticles.

Figure 4. (a) QD-mediated Föster resonance energy trans-
fer (QD-FRET) of QD605/Cy5-G3139-loaded lipoplexes and
(b) typical fluorospectra of lipoplexes produced byMCE and
bulk mixing upon excitation at 405 nm.
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provides a tool to study the intracellular fate of the
theranostic lipoplexes. Figures 4b shows typical fluor-
ospectra of QD605/Cy5-G3139-loaded lipoplexes pro-
duced by MCE and bulk mixing upon excitation at
405 nm. At the same QD605 concentration of 6 nM and
Cy5-G3139 concentration of 7.2 μg/μL, the estimated
FRET efficiency for lipoplexes prepared by MCE was
0.55 and those prepared by bulk mixing was 0.41.
Higher FRET efficiency of lipoplexes produced by
MCE suggested that MCE had better encapsulation
efficiency of QD605 and Cy5-G3139 than bulk mixing.

Cellular Uptake and Intracellular Fate of QD605/Cy5-G3139-
Loaded Lipoplexes. The cellular uptake of QD605/Cy5-
G3139-loaded lipoplexes in A549 cells was first eval-
uated by flow cytometry (Figure 5). Compared with
untreated cells and cells transfected with the mixture
of free QD605 and Cy5-G3139, much higher FRET-
mediated Cy5 fluorescence was observed with the
cells transfected by QD605/Cy5-G3139-loaded lipo-
plexes at 4, 24, and 48 h post-transfection, indicating
that lipoplexes are a good nanocarrier system.

The intracellular fate of QD605/Cy5-G3139-loaded
lipoplexes in A549 cells was then investigated by laser
scanning confocalmicroscopy (Figure 6). Results showed
that lipoplexes accumulated around the edgeof the cells
and strong FRET-mediated Cy5 signal was observed
at 4 h post-transfection. The colocalization of QD605
(pseudocolored in green) and Cy5 (pseudocolored in
red) suggested that the nanoparticles were still intact
and were not disassembled. Twenty-four hours post-
transfection, the lipoplexes moved toward the center of
the cells and the FRET-mediated Cy5 signal decreased,
indicating the breakup of lipoplexes and the dissociation
of QD605 and Cy5-G3139. Forty-eight hours post-trans-
fection,most lipoplexesbrokeupandQD605dissociated
from Cy5-G3139, indicating the successful release of
Cy5-G3139 into the cytoplasm.

MATLAB software was used to further analyze the
colocalization of QD605 and Cy5-G3139. As shown in
Figure S1 in the Supporting Information, three repre-
sentative lines were drawn on each image and the

corresponding fluorescence intensity of QD605 (green
curve) and FRET-mediated Cy5-G3139 (red curve) was
plotted against its position on the image. At 0 h, the red
curve followed the green curve very well, and the
fluorescence intensity of FRET-mediated Cy5-G3139
was also high, which suggested the colocalization of
QD605 and Cy5-G3139. At 24 h post-transfection, the
fluorescence intensity of FRET-mediated Cy5-G3139
decreased. At some locations, only strong fluorescence
of QD605was observedwith limited or no fluorescence
from FRET-mediated Cy5-G3139, suggesting that lipo-
plexes broke up and the QD605 was dissociated from
Cy5-G3139. At 48 h post-transfection, the fluorescence
intensity of QD605 was still strong, but the fluorescence
intensity of FRET-mediated Cy5-G3139 decreased signifi-
cantly, indicating the further dissociation of QD605 from
Cy5-G3139.

Since the decrease of the FRET-mediated Cy5 signal
may also be caused by the degradation of Cy5,26 a
control experiment was carried out to determine the
extent of degradation of the Cy5 dye 48 h post-
transfection. A549 cells were transfected with Cy5-
G3139 without QD605. The fluorescence intensity of
Cy5 decreased ∼26% over 48 h time period (data not
shown). However, the FRET-mediated Cy5 fluorescence
intensity decreased ∼45% over the same time period,
as shown in Figure 5, implying that our FRET measure-
ments reflected both dye degradation and lipoplexes
breakup. The successful down-regulation of Bcl-2 gene
expression shown later in this paper confirms that the
breakup of lipoplexes to release Cy5-G3139 in the
cytoplasm did occur in our study.

Bcl-2 Down-Regulation by QD605/Cy5-G3139-Loaded Lipo-
plexes. The biological activities of QD605/Cy5-G3139-
loaded lipoplex nanoparticles were evaluated in A549
cell line 48 h after transfection. G3139 is specially
designed to bind the first six codons of the human
Bcl-2 mRNA and thus inhibits the Bcl-2 expression,
providing a way to decrease the resistance of cancer
cells to chemotherapy.12 As shown in Figure 7, Bcl-2

Figure 5. Flow cytometry analysis. QD605-mediated FRET
Cy5 mean fluorescence intensity 4, 24, and 48 h after A549
cells were transfected by the mixture of free QD605 and
Cy5-G3139, and the QD605/Cy5-G3139-loaded lipoplexes
produced by MCE.

Figure 6. Confocal microscopy analysis at 4, 24, and 48 h
after A549 cells were transfected by QD605/Cy5-G3139-
loaded lipoplexes produced by MCE. DIC: differential inter-
ference contrast.
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expression was successfully down-regulated by 48 (
6% when transfected with QD605/Cy5-G3139-loaded
lipoplexes at G3139 concentration of 1 μM. Compared
with the nonlabeled counterparts, the addition of
QD605 did not affect the biological activities of lipo-
plexes and the Cy5 labeling had little effect on the
biological function of G3139.

Cytotoxicity of QD605/Cy5-G3139-Loaded Lipoplexes. The
cytotoxicity of QD605/Cy5-G3139-loaded lipoplexes
was evaluated in A549 cell line 48 h post-transfection.
As shown in Figure 8, compared with untreated cells,
little cell viability decrease was observed in cells trea-
ted with QD605/Cy5-G3139-loaded lipoplexes and the
nonlabeled counterparts at the G3139 concentration
of 1 μM.

DISCUSSION

Many theranostic nanoparticle systems have been
developed using different imaging modalities, each
with their own advantages and disadvantages. They
include drug conjugates, dendrimers, micelles, core�
shell structures, micro/nanobubbles, carbon nano-
tubes, and complexes.23,27,28 Compared to free drugs,
drug conjugates have improved therapeutic efficacy
by decreasing the toxicity and increasing the circula-
tion time. When imaging modality is incorporated in
the nanocarrier, it is often difficult to achieve both high

drug loading and reliable production. Dendrimers
hold great promise as successful drug and imaging
agent carrier systems in a number of preclinical
studies, but toxicity and off-target effects need to be
overcome. Micelles are easy to produce, can encap-
sulate hydrophobic drugs, and have demonstrated
therapeutic success in clinical and preclinical studies,
but the stability of the micelles is the major limita-
tion. Core�shell structured nanoparticles made with
materials such as quantum dots, magnetic nanopar-
ticles, and gold nanoparticles offer good physiological
stability, controlled drug release, and can even serve
as imaging or therapeutic reagents depending on
their composition, size, and shape. However, intrinsic
limitations such as toxicity, rapid clearance, and poor
biodistribution are the major barriers in the develop-
ment of core�shell structured nanoparticles. Micro/
nanobubbles have been developed as a contrast
agent for ultrasound imaging, but their therapeutic
function requires further evaluation. Carbon nano-
tubes (CNTs) are relatively new carrier systems.
Although many studies have shown that CNTs are
good theranostic systems in vitro, the cytotoxicity and
biodegradation route in vivo are the major concerns.
Complexes, including lipoplexes and polyplexes, are
versatile and tunable carrier systems, which can effi-
ciently load drugs and imaging agents, incorporate
targeting molecules, and provide long circulation
time and good tumor accumulation. However,
production complexity and toxicity are the major
challenges when incorporating new materials in
lipoplexes or adding new chemistry to polyplexes.
During clinical transition, it is critical to have a reliable
production process. In this work, we demonstrated
that our MCE device is able to produce uniform
theranostic lipoplexes in a single step with high
reproducibility. Theranostic lipoplexes also showed
good therapeutic and imaging ability with little
toxicity. The MCE device will benefit the develop-
ment of theranostic complexes and facilitate clinical
transition.

CONCLUSIONS

A MCE device was developed to produce QD605/
Cy5-G3139-loaded theranostic lipoplexes in a well-
controlled manner. Compared with the conventional
bulk mixing method, the lipoplexes produced by MCE
were more monodisperse with a diameter of∼194 nm
and a polydispersity of ∼0.024. Both cryo-TEM images
and fluorospectra showed that MCE provided higher
encapsulation efficiency of QD605 and Cy5-G3139.
The theranostic lipoplexes successfully delivered the
imaging reagent (QD605) and therapeutic reagent
(Cy5-G3139) to A549 cells. The cellular uptake and
intracellular fate of lipoplexes were visualized by flow
cytometry and confocal microscopy. Successful dis-
sociation of lipoplex nanoparticles inside the cytoplasm

Figure 7. Bcl-2 down-regulation by lipoplexes produced by
MCE. QD605 and Cy5 labeling did not affect the biological
activity of lipoplexes.

Figure 8. Cytotoxicity of lipoplexes in A549 cells. Compard
with untreated cells, QD605/Cy5-G3139-loaded lipoplexes
and nonlabeled counterparts showed little cytotoxicity.
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led to ∼48% down-regulation of the target gene, Bcl-2.
Since electrospray is an aerosol generation technique,
the MCE device may have great potential to produce

theranostic nanoparticles for pulmonary delivery of
nucleic acid drugs in lung disease and cancer treat-
ment in the future.

MATERIALS AND METHODS
Materials. QD605-amine was purchased from eBioscience,

Inc. (93-6366-33). The Cy5-labeled ODN (Cy5-G3139, 50-Cy5-TCT
CCC AGC GTG CGC CAT-30) was custom synthesized by Alpha
DNA, Inc. (Montreal, Canada). 2,3-Dioleoyloxypropyltrimethy-
lammonium chloride (DOTAP) was purchased from Genzyme
Inc. (LP-04-117). Egg phosphatidylcholine (EggPC) and methox-
ypolyethylene glycol (MW ≈ 2000 Da) distearoyl phosphatidy-
lethanolamine (PEG-DSPE) were obtained from Lipoid (Newark,
NJ). Two-hundred proof ethanol was purchased from Pharmco-
Aaper (E200GP), and 1� PBS was purchased from Fisher Scien-
tific (BP3994).

Preparation of QD605/Cy5-G3139-Loaded Lipoplexes via MCE. As
shown in Figure 1a, 0.2 μM QD605-amine and 0.24 μg/μL Cy5-
G3139 were brought together through two inlets of the static
micromixer at same flow rate of 10 μL/min, where QD605 and
Cy5-G3139 were well mixed at the outlet. Themixture of QD605
and Cy5-G3139 was then fed through the inner needle of the
coaxial electrospray apparatus. A lipid mixture (DOTAP/EggPC/
DSPE-PEG = 30:69:1 molar ratio) was dissolved in ethanol at
concentration of 1.5 μg/μL and fed though the outer needle at
the flow rate of 20 μL/min. A positive voltage (∼3 kV) was
applied to the outer needle to break the liquid into tiny droplets.
The ethanol evaporated quickly, and QD605/Cy5-G3139-loaded
lipoplexes were formed at the lipid/Cy5-G3139 mass ratio of
12.5. Lipoplexes were captured in 1� PBS solution and sterilized
by filtering through 0.2 μm PVDF filter before use.

QD605/Cy5-G3139-loaded lipoplexes were also prepared
by bulk mixing. Briefly, 0.2 μM QD605 was first mixed with
0.24 μg/μL Cy5-G3139. Then the 1.5 μg/μL lipid mixture was
added to achieve 50% ethanol and 50% aqueous in the final
mixture with the lipid/Cy5-G3139 mass ratio of 12.5. The mixture
was dialyzed against 1� PBS overnight to remove ethanol and
form QD605/Cy5-G3139-loaded lipoplexes.

Size Distribution and Zeta-Potential Measurement. The size distri-
bution of QD605/Cy5-G3139-loaded lipoplexes was measured
using dynamic light scattering (DLS) (Brookhaven Instruments
Corporation, Holtsville, NY, BI 200SM). The wavelength of the
laser was 632.8 nm, and the detection angle was 90�. All
measurements were carried out at 20 �C with 1� PBS as the
dilution buffer. The size distributions of three batches of QD605/
Cy5-G3139-loaded lipoplexes prepared independently were
measured at 20 �C. The mean diameter by volume ( standard
deviation was reported.

The zeta-potential of QD605/Cy5-G3139-loaded lipoplexes
was measured by a ZetaPALS zeta-potential analyzer
(Brookhaven Instruments Corporation, Holtsville, NY). Three
batches of independently prepared lipoplexes were diluted in
1� PBS buffer. Three measurements, each consisting of 5 runs,
were performed at 20 �C. The Smoluchowski model was used to
calculate the zeta-potential, and themean( standard deviation
was reported.

Cryo-Transmission Electron Microscopy (Cryo-TEM). One drop of
QD605/Cy5-G3139-loaded lipoplexes solution was placed on a
lacey Formvar/carbon film coated Cu TEM grid using a micro-
pipet. The excess fluid on the grid surface was removed by
blotting the surface with a filter paper. The grid was then
plunged into a small vessel of liquid ethane that was located
in a larger liquid nitrogen vessel to vitrify the water film on the
grid and to avoid water crystallization.

The quenched sample grid was transferred into the grid box
that was also stored in liquid nitrogen. The grid was transferred
into a Gatan cryo-transfer system filled with liquid nitrogen and
loaded onto a cryo-TEM stage. The cryo stage was loaded into
the TEM (FEI Tecnai G2 Spirit BioTWIN), and the images were
taken at temperatures below �170 �C. The digital images were
recorded using a Gatan CCD camera.

Fluorospectrophotometry. QD605/Cy5-G3139-loaded lipoplexes
preparedbyMCE andbulkmixingwerediluted in 1� PBSbuffer to
achieve QD605 concentration of 6 nM. The samples were then
added into plastic methacrylate cuvettes (Fisher Scientific, Pitts-
burgh, PA). Fluorescence emission spectra (550�750 nm) of
lipoplexes upon excitation at 405 nm were scanned by a spectro-
fluorometer (PTI Inc.).

A549 Cell Culture. A549 cells (non-small cell lung cancer cell
line), obtained from the American Type Culture Collection
(ATCC) (Manassas, VA), were routinely cultured in a 75 cm2 T
flask containing 15 mL of RPMI 1640 media supplemented with
10% fetal bovine serum (FBS, Gibco 160000). The cells were
seeded into 75 cm2 T flasks at a concentration of 1� 105 viable
cells/mL and incubated at 37 �C in a humidified atmosphere
containing 5% CO2. The cells were subcultured every 3 days.

Transfection Studies of QD605/Cy5-G3139 Lipoplexes. A549 cells
were seeded at 2 � 105 viable cells/well in 6-well plates con-
taining 2mL of culturemedium supplementedwith 10% FBS, or
at 4 � 104 viable cells/well on cover glasses (Fisher Scientific,
12-545-82) in 24-well plates containing 0.4 mL of culture
medium supplemented with 10% FBS. The cells were incubated
at 37 �C in a humidified atmosphere containing 5% CO2 over-
night. Then the culture medium was replaced with the medium
containing no FBS. QD605/Cy5-G3139-loaded lipoplexes, the
nonlabeled counterparts, and empty lipoplexes were then
added into the medium at the Cy5-G3139 concentration of
1 μM and QD605 concentration of 5 nM. The cells were incubated
at 37 �C for 4 h, and the transfection process was stopped by
transferring cells into fresh culture medium supplemented with
10% FBS (2 mL for 6-well plates and 0.4 mL for 24-well plates). All
transfection experiments were performed in triplicate.

Cellular Uptake and Intracellular Fate of the QD605/Cy5-G3139-Loaded
Lipoplexes. The cellular uptake and intracellular fate of the
QD605/Cy5-G3139-loaded lipoplexes were examined by flow
cytometry (BD LSR II) and laser scanning confocal microscopy
(Olympus FV1000). In flow cytometry experiments, A549 cells
were cultured in 6-well plates and transfected with QD605/Cy5-
G3139-loaded lipoplexes following the aforementioned trans-
fection procedure. The cells were harvested 4, 24, and 48 h after
the addition of lipoplexes. When preparing the samples, the
cells were first detached from culture plates using 0.25% trypsin,
washed with PBS twice, and fixed using 4% paraformaldehyde.
The fluorescence signals of QD605 and FRET-mediated Cy5
were observed in the QD605 and PE-Cy5 channels, respectively.
Ten thousand events were collected for each sample, and the
average results of three replicates were reported.

In confocal microscopy experiments, A549 cells were cul-
tured on cover glasses in 24-well plates and treated with
QD605/Cy5-G3139-loaded lipoplexes following the aforemen-
tioned transfection procedure. Cells were harvested 4, 24, and
48 h after the addition of nanoparticles. To prepare the samples,
cells were washed with 1� PBS twice and fixed with 4%
paraformaldehyde at room temperature for 1 h. The cells were
then washed with PBS twice and mounted on glass slides for
confocal microscopy analysis. The excitation wavelength was
set at 405 nm, and the fluorescence signals of QD605 and FRET
Cy5 were observed in the QD605 (dichroic mirror 560�620 nm)
and Cy5 (dichroic mirror 655�755 nm) channels, respectively.

Quantification of Bcl-2 mRNA Expression in A549 Cells by Quantitative
Real-Time PCR (qRT-PCR). Forty-eight hours post-transfection, the
cells werewashedwith cold 1� PBS twice and then treatedwith
1 mL of TRIzol (Invitrogen). Total RNA was extracted by adding
chloroform. The total RNA was further purified by isopropyl
alcohol precipitation andwashed by 70%ethanol. The total RNA
was transcribed into cDNA using the first-strand cDNA synthesis
kit (Invitrogen 18080051). The resulting cDNA was amplified by
qRT-PCR (Invitrogen, Taqman Assay Hs00608023_m1). Relative
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gene expression values were determined by theΔΔCTmethod.
Bcl-2 expressionwas normalized toGAPDH (Invitrogen, Taqman
Assay Hs02758991_g1), which was the endogenous reference
in the corresponding samples, and relative to the untreated
control cells.

Cytotoxicity of QD605/Cy5-G3139-Loaded Lipoplexes in A549 Cells. The
cytotoxicity of QD605/Cy5-G3139-loaded lipoplexes, the non-
labeled counterparts, and empty lipoplexes was evaluated
using alamarBlue assay (Invitrogen, A13262). Forty-eight hours
post-transfection, the cells were incubated with fresh culture
medium containing 10% alamarBlue for 2 h at 37 �C in a
humidified, 5% CO2 atmosphere, protected from light. The
fluorescence intensity was read at an emission wavelength of
590 nm under the excitation wavelength of 570 nm using a
microplate reader (GENios Pro, Tecan, USA).
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