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A
dvances in genomics and proteom-
ics have provided a wide range of
new pharmacological targets for

the drug discovery process.1�5 However,
these new targets have not yielded a wealth
of new pharmaceuticals. In fact, the drug
discovery process is an investment-
intensive, high-risk endeavor that results in
low yields of effective and safe drugs. In
2005, investment in pharmaceutical re-
search and development was approxi-
mately $40 billion, which led to 20 new
drugs approved by the FDA. Similarly, in
the biopharmaceutical industry, approxi-
mately $20 billion was spent on research
and development in 2005, with seven new
drugs approved by the FDA.6�9 One prob-
lem in early stage drug discovery is that tra-
ditional two-dimensional (2D) monolayer
cellular assays often used cannot accurately
predict the preclinical and clinical responses
in later stage drug development.10,11 The
low predictability of 2D cellular assays has
been partially attributed to poor similarity
between the responses of cells present in
the in vivo milieu and the responses of cells
cultured on tissue-culture plastic,10,11 due
to phenotypic differences between cultured
cells and those in their native environment
that in turn, affect the cellular responses to
drugs.12�14

To more closely mimic the in vivo cell mi-
lieu and improve the success rate of drug
candidate screening, three-dimensional
(3D) cell-based assays have been devel-
oped for early stages of the drug discovery
process with a goal of more accurately pre-
dicting the late-stage clinical responses.
These 3D assays will serve to bridge the
considerable gap between traditional 2D
cellular assays, animal studies, and clinical
trials.15 Recently, a 3D cellular microarray
was successfully applied for the screening

of small organic molecules, thus demon-
strating the ability of 3D human cell cul-
tures to predict accurately the toxicity of
both parental compounds and their me-
tabolites.16

RNA interference (RNAi) therapeutics
are a potential new class of pharmaceutical
drugs against a wide range of human dis-
eases, such as cancer, infection, and respira-
tory disease.17,18 By silencing the expres-
sion of pathological proteins, RNAi is
applicable to all classes of molecular tar-
gets, including “non-druggable” targets
that are difficult to modulate with tradi-
tional small-molecule pharmaceutical ap-
proaches.17 Although RNAi screening has
been successfully applied in 2D cellular as-
say platforms,19�21 it is difficult to apply in
3D cellular assay platforms because RNAi
molecules (small interfering (si) RNA or
short hairpin (sh)RNA) cannot penetrate
the tight gel matrix and enter the 3D cell
cultures even with the help of transfection
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ABSTRACT Three-dimensional (3D) cellular assays closely mimic the in vivo milieu, providing a rapid,

inexpensive system for screening drug candidates for toxicity or efficacy in the early stages of drug discovery.

However, 3D culture systems may suffer from mass transfer limitations, particularly in delivery of large polypeptide

or nucleic acid compounds. Nucleic acids (e.g., genes, silencing RNA) are of particular interest both as potential

therapeutics and due to a desire to modulate the gene-expression patterns of cells exposed to small-molecule

pharmacological agents. In the present study, polyethylenimine (PEI)-coated superparamagnetic nanoparticles

(SPMNs) were designed to deliver interfering RNA and green fluorescent protein (GFP) plasmids through a

collagen�gel matrix into 3D cell cultures driven by an external magnetic field. The highest transfection efficiency

achieved was 64% for siRNA and 77% for GFP plasmids. Delivery of an shRNA plasmid against GFP by PEI-coated

SPMNs silenced the GFP expression with 82% efficiency. We further demonstrated that this delivery approach could

be used for screening interfering RNA constructs for therapeutic or toxic effects for cells grown in 3D cultures.

Four known toxic shRNA plasmids were delivered by PEI-coated SPMNs into 3D cell cultures, and significant

toxicities (41�51% cell death) were obtained.
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reagents. After evaluating a number of commercially

available transfection reagents and determining that

they were inefficient at delivering siRNA molecules or

shRNA plasmids into 3D cell cultures, we designed and

synthesized low-molecular-weight, branched polyethyl-

enimine (PEI)-coated superparamagnetic iron oxide

nanoparticles (SPMNs). We then employed these SP-

MNs to condense siRNA molecules or shRNA plasmids,

forming magnetic nanoparticles that were then driven

by an external magnetic field to enter a collagen gel

matrix (Scheme 1) and transfect cells in a 3D-culture en-

vironment, suppressing the expression of target genes.

RESULTS AND DISCUSSION
To facilitate RNAi screening in 3D cell cultures, an ef-

ficient carrier is required to deliver nucleic acids

through the cell-culture matrix into the cells. We ex-

plored a number of commercially available transfec-

tion reagents with varying chemistries in an attempt

to deliver siRNA or plasmid DNA into cell cultures im-

mobilized in collagen matrices (Table 1). Reagents ex-

plored include FuGene HD (Roche), Lipofectamine 2000

(Invitrogen), Effectine (Qiagen), jetPEI (Polyplus trans-

fection), and Deliver X Plus (Panomics), which are com-

posed of cationic lipids, nonliposomal lipids, polymers,

or amphipathic peptides, in an attempt to deliver car-

boxyfluorescein (FAM)-siRNA or green fluorescent pro-

tein (GFP) plasmids into 3D cell cultures. However, their

transfection efficiencies were very poor. As shown in

Figure 1, less than 1% of the cells in the 3D culture

were transfected by FuGene HD complexed with FAM-

siRNA (Figure 1A) or FuGene HD complexed with GFP

plasmid DNA (Figure 1B), despite successful transfec-

tion of standard 2D cell cultures with these reagents

(data not shown). We hypothesized that the reason for

transfection failure was that transfection reagent/nu-

cleic acid complexes were unable to permeate the col-

lagen matrix and access the cells. We then evaluated

commercially available transfection reagents based on

magnetic nanoparticles (PolyMag, OZ Biosciences, Parc

Scientifique Luminy, France), hypothesizing that the ex-

ternal magnetic field could be employed to drive the

nucleic acid/magnetic particle complexes into the col-

lagen matrix. While the magnetic nanoparticles showed

increased transfection efficiency (Figures 1C,D), the

transfection efficiencies for both FAM-siRNA and GFP

plasmid were still below 5% (Table 1). Given the large

magnetic core size of PolyMag (250 nm), we attributed

the low transfection efficiency to the PolyMag/nucleic

acid complexes being inhibited by the tight collagen

matrix, even under the external magnetic field. We then

hypothesized that magnetic nanoparticles with smaller

particle size would be more efficient at transfecting cells

in 3D cell cultures. Herein, low-molecule-weight,

branched polyethylenimine (PEI)-coated superparamag-

netic iron oxide nanoparticles (SPMNs) were prepared to

condense siRNA or plasmid DNA, forming small particle-

size magnetic complexes, and these complexes were em-

ployed to transfect cells in 3D cell cultures.

Production and Characterization of PEI-Coated SPMNs and

Formation of SPMN-Nucleic Acid Complexes. PEI-coated SPMNs

were prepared from oleic acid-coated SPMNs based on

a ligand-exchange reaction.22 PEI, a hydrophilic and

multivalent polymeric ligand with abundant amine

groups, has a strong affinity for iron oxide nanoparti-

cles due to amine coordination of iron, and is able to di-

Scheme 1. Delivery of magnetic nanoscale transfection complexes
into collagen-based 3D cell cultures

TABLE 1. Transfection Efficiencies of Commercially
Available Transfection Reagents in 2D and 3D Cell
Cultures

transfection efficiency (%)

reagent manufacturer
2D monolayer

culture
3D collagen

system

FuGene HD Roche 90�95 0
Lipofectamine LTX Invitrogen 90�95 0
HiPerFect Qiagen 70�80 0
SiIMPORTER Upstate 65�70 0
Effectene Qiagen 85�90 0
Dreamfect Gold OZ Biosciences 70�75 0
Deliver X Plus Panomics 30�40 0
Arrest In Open Biosystems 80�85 �1
jetPEI Polyplus-transfection 80�85 �1
PolyMag OZ Biosciences 75�80 �5

Figure 1. Gene delivery by commercially available FuGene
HD and PolyMag into 3D cell cultures. Fluorescent images of
3D cells transfected with (A) FuGene HD/FAM-siRNA; (B) Fu-
Gene HD/GFP plasmid; (C) PolyMag/FAM-siRNA, and (D)
PolyMag/GFP plasmid. Magnification: 100�.
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rectly exchange the hydrophobic oleic-acid ligands

from the surface of iron oxide nanoparticles, leading to

water-soluble PEI-coated SPMNs (Figure 2). The particle

sizes of PEI-coated SPMNs can be controlled by chang-

ing the reaction ratios (w/w) of PEI to oleic acid-coated

SPMNs (Table 2). Considering the particle size as the po-

tential limiting factor for penetrating the collagen ma-

trix, our objective was to minimize the size of the nano-

particles obtained. Hence, the PEI-coated SPMNs

formed at the reaction ratio of 2:1 were adopted in sub-

sequent experiments. The particle size of the PEI-coated

SPMNs was determined by transmission electron mi-

croscopy (TEM) and dynamic light scattering (DLS),

which showed that the core size of the PEI-coated SP-

MNs was approximately 25�30 nm (Figure 3A) and the

corresponding average hydrodynamic size was 36 � 3

nm (Figure 3B). The zeta potential of the PEI-coated SP-

MNs was determined to be 46 � 1.7 mV (Table 2). Com-

pared with the oleic-acid-coated SPMNs that precipi-

tated in water (Figure 3C, left vial), PEI-coated SPMNs

had excellent water solubility and could be evenly dis-

pensed in water (Figure 3C, center vial) while still drawn

by an external magnetic field (Figure 3C, right vial).

The iron and nitrogen contents in PEI-coated SPMNs

were determined to be 60.1% and 5.4%, respectively.

PEI-coated SPMNs were used to form transfection

complexes with siRNA molecules or GFP plasmids at

various N/P (nitrogen from PEI/phosphorus from siRNA

or plasmid) ratios. The ability of PEI-coated SPMNs to

bind siRNA or plasmid DNA was evaluated by an agar-

ose electrophoresis retardation assay, in which posi-

tively charged amino groups in PEI-coated SPMNs will

neutralize the negatively charged phosphate groups of

siRNA or plasmid DNA, resulting in the loss of electro-

phoretic mobility of the siRNA or plasmid DNA. Figure

4 shows the result of gel electrophoresis retardation as-

say in which siRNA at an N/P ratio �27 (Figure 4A) or

GFP plasmid at an N/P ratio �18 (Figure 4B) was readily

released from transfection complexes. With increasing
N/P ratios, the electrophoretic mobility of the siRNA or
GFP plasmid was gradually retarded, indicating the in-
creased binding of the PEI-coated SPMNs to siRNA or
GFP plasmid DNA. When the N/P ratio of the PEI-coated
SPMNs/siRNA reached 27 and that of PEI-coated SP-
MNs/GFP plasmid reached 18, no free siRNA or GFP
plasmid bands were observed on the gel, indicating
the siRNA molecules or GFP plasmids were completely
complexed by the PEI-coated SPMNs. Generally, PEI has
abundant amine groups and can completely bind oligo-
nucleotides or plasmid DNA at N/P ratios of 9�13.23

Here the higher N/P ratios required by the PEI-coated
SPMN-nucleic acid complexes are due to some of the
amine groups of PEI being used to coordinate the iron
in the superparamagnetic nanoparticles. This observa-
tion is reinforced by analysis of the zeta potentials and
particle size for the complexed particles (Supporting In-
formation, Table S1) in which the zeta potential
changes from negative to positive at an N/P ratio of 27
for siRNA and 18 for GFP plasmid DNA. The minimum
particle size occurred at an N/P ratio of 33 for siRNA (41
� 2 nm) and an N/P ratio of 24 for GFP plasmid DNA
(44 � 2 nm).

Transfection Efficiencies for Delivery of siRNA and Plasmid DNA
to Cells Cultured in Collagen Matrices. On the basis of the re-
sults of the gel electrophoresis retardation assay, trans-
fection complexes of PEI-coated SPMNs/siRNA were
prepared at high N/P ratios (27, 30, 33, 36, and 39) to
form more stable complexes. Similarly, transfection
complexes of PEI-coated SPMNs/GFP plasmid were pre-
pared at high N/P ratios (18, 21, 24, 27, and 30). The
transfection complexes with varying N/P ratios were ap-
plied to 3D cultures of NIH 3T3 cells immobilized in a
collagen gel. An external magnetic field was applied to
drive the magnetic complexes through the gel matrix to
allow the nucleic acids to enter the cells in the 3D-
culture system (Scheme 1). The exposure time of exter-
nal magnetic field was varied from 1 to 4 h. The trans-
fection efficiency was evaluated by both fluorescence
microscopy and flow cytometric analysis.

For siRNA delivery, FAM-labeled siRNA (FAM-siRNA)
was used to allow evaluation of the transfection effi-
ciency. With increasing exposure times to the external
magnetic field, the transfection efficiencies of the vari-
ous magnetic transfection complexes gradually in-
creased, reaching a maximum at 3 h; further increases
in exposure time (4 h) led to a decrease in transfection

Figure 2. Synthesis of PEI-coated SPMNs.

TABLE 2. Hydrodynamic Particle Sizes and Zeta Potentials
of PEI-Coated SPMNs Formed at Varying Reaction Ratios

reaction ratio
(PEI/SPMNs, w/w)

hydrodynamic particle size
(nm)

zeta potential
(mV)

2:1 36 � 3 46 � 1.7
5:1 44 � 2 54 � 1.6
10:1 56 � 3 71 � 2.1
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efficiency (Figure 5A,B) while transfection without expo-
sure to the external magnetic field resulted in virtually
no transfection (data not shown). This result indicates
the external magnetic field can significantly affect trans-
fection efficiencies of siRNA into 3D cell cultures.
Among the stable transfection complexes formed at
varying N/P ratios, the complex formed at an N/P ratio
of 33 showed the highest transfection efficiency (64 �
5% by fluorescence microscopy (Figure 5A,C); 62 � 6%
by flow cytometric analysis (Figure 5B,D)). The corre-
sponding hydrodynamic particle size and zeta poten-
tial of this complex were 41 � 2 nm and 37 � 1.6 mV
(Supporting Information, Table S1), respectively. For
GFP plasmid delivery, transfection complexes were
transfected in a similar manner as for FAM-siRNA, ex-
cept 24 h of additional incubation was employed after
removal of the magnetic plate to allow GFP to be ad-

equately expressed in 3D cell cultures. Fluorescence mi-
croscopy images indicated that the transfection effi-
ciencies of the plasmid DNA transfection complexes
also gradually increased with increasing exposure time
to the magnetic field reaching a maximum at 3 h (Fig-
ure 6A,B), similar to the result obtained for siRNA deliv-
ery. Further increasing the exposure time (4 h) similarly
led to a decrease in transfection efficiency. Among the
transfection complexes formed at various N/P ratios,
the complex formed at an N/P ratio of 24 showed the
highest transfection efficiency (77 � 6% by fluores-
cence microscopy (Figure 6A,C); 76 � 8% by flow cyto-
metric analysis (Figure 6B,D)), and its corresponding hy-
drodynamic particle size and zeta potential were 44 �
2 nm and 26 � 0.8 mV (Supporting Information, Table
S1), respectively. Here again, the application of the ex-
ternal magnetic field significantly enhanced the trans-

Figure 3. Characterization of PEI-coated SPMN: (A) transmission electron micrograph (TEM) of PEI-coated SPMNs; (B) hydro-
dynamic size distribution of PEI-coated SPMNs measured by dynamic light scattering (DLS); (C) solubility of oleic acid-coated
SPMNs and PEI-coated SPMNs in aqueous solution. The insoluble oleic acid-coated SPMNs precipitate and settle on the bot-
tom (left vial) while the soluble PEI-coated SPMNs yield a brown color (center vial) that can be eliminated by removing the
particles from solution with a magnet (right vial).

Figure 4. Gel electrophoresis retardation assay. (A) siRNA complexed with PEI-coated SPMNs at an N/P ratio of 0 (lane 1), 12
(lane 2), 20 (lane 3), and 27 (lane 4); (B) GFP plasmid complexed with PEI-coated SPMNs at an N/P ratio of 0 (lane 1), 6 (lane 2),
12 (lane 3), and 18 (lane 4).
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fection efficiencies of the magnetic transfection com-
plexes in 3D cell cultures. As with siRNA, extended
exposure time led to a decrease in transfection effi-
ciency, possibly due to some of the magnetic transfec-
tion complexes being driven all the way through the
collagen matrices so that they could not release the nu-
cleic acids inside the 3D cell cultures. Estimates of trans-
fection efficiency from fluorescence microscopy and
flow cytometry were in good agreement for measure-
ments taken after 3 or 4 h of magnetic field exposure.
However, for measurements taken after 1 or 2 h of mag-
netic field exposure, flow cytometric analysis consis-
tently indicated lower transfection efficiencies. We hy-
pothesized that this was due to incomplete penetration
of the complexes into the entire 3D culture (�2 mm
depth) at the earlier times, whereas at later times, com-
plete penetration permitted homogeneous transfec-
tion. Confocal microscopy verified that this was indeed
the case (Supporting Information, Figure S2). To deter-
mine the maximum penetration depth, confocal mi-
croscopy with Z sectioning was performed (Figure 7). Z
stack analysis showed that the maximum transfection
depth into the 3D collagen gel cultures was �2.1�2.3
mm after 3 h of exposure to the external magnetic field;

further exposure did not increase the depth of transfec-
tion (data not shown). Subsequent cultures were lim-
ited to �1.9 mm in depth to ensure homogeneous
transfection in the entire 3D cell culture. The homoge-
neous transfection to a depth of �2 mm at 3 h indicates
that transfection efficiency of SPMN complexes can be
reliably evaluated by fluorescence microscopy image
analysis; thus, by combining transfection with SPMNs
and fluorescence microscopy, a rapid and efficient tool
for screening the transfection efficiency and biological
effects of various nucleic acids in 3D cultures can be
developed.16,24

Application of PEI-Coated SPMNs to Gene Silencing. As we
had demonstrated that PEI-coated SPMNs could be
used to deliver nucleic acids into 3D cell cultures with
high efficiency, we next evaluated whether these com-
plexes could be used for gene silencing by RNAi, a pow-
erful tool that has been extensively applied in 2D cellu-
lar assays. A GFP shRNA plasmid that had been
previously shown to effectively silence GFP in 2D cell
cultures (data not shown) was used to form transfec-
tion complexes with PEI-coated SPMNs at various N/P
ratios (�18). The resulting magnetic transfection com-
plexes were applied to 3D cell cultures that had been

Figure 5. siRNA delivery by PEI-coated SPMNs in 3D cell cultures: (A) transfection efficiency for FAM-siRNA at magnetic in-
cubation time and various N/P ratios determined by fluorescence microscopy; (B) transfection efficiency for FAM-siRNA at
magnetic incubation time and various N/P ratios determined by flow cytometric analysis; (C) fluorescent microscopy image
of 3D cell cultures transfected by PEI-coated SPMNs/FAM-siRNA at N/P ratio of 33 for 3 h; magnification, 100�; (D) flow cy-
tometric analysis of 3D cell cultures transfected by PEI-coated SPMNs/FAM-siRNA at N/P ratio of 33 for 3 h. Error bars repre-
sent the standard deviation of triplicate biological measurements. The asterisks (�) denote a statistical significance at P �
0.005 relative to transfection efficiency at the corresponding N/P ratio at 1 h.
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previously transfected by GFP using PEI-coated SPMNs.
The complexes were again driven by the external mag-
netic field for 1, 2, 3, or 4 h. After 24 h incubation at 37
°C, the gene silencing efficiency was evaluated by fluo-

rescence microscopy and flow cytometric analysis. As
shown in Figure 8A,B, these transfection complexes
showed excellent silencing efficiency for the GFP gene
and led to a significant reduction in the population of
GFP-expressing cells, with a maximum silencing effi-
ciency (82 � 4% by fluorescence microscopy image
analysis (Figure 8A,C); 80 � 7% by flow cytometric
analysis (Figure 8B,D)) at an N/P ratio of 27 and at 3 h ex-
posure to external magnetic field. Western blotting
analysis confirmed the significantly reduced GFP ex-
pression after GFP silencing (Figure 8E). This result
clearly demonstrates that PEI-coated SPMNs have the
potential to be used as an shRNA-plasmid delivery car-
rier to achieve gene silencing in 3D cell cultures. Similar
results were obtained with 3D cultures of other cell
types such as CHO K1 cell and HEK 293 cell (Support-
ing Information, Figure S3), showing the general appli-
cability of the SPMNs for nucleic acid delivery to a vari-
ety of cultured mammalian cells. Gene silencing with
RNAi has been applied in drug discovery to find and
demonstrate gene function and target validation by in-
hibiting the expression of specific genes, primarily in
2D cell-culture assays. With the development of PEI-

Figure 6. GFP plasmid delivery by PEI-coated SPMNs in 3D cell cultures: (A) transfection efficiency at magnetic incubation
time and various N/P ratios determined by fluorescence microscopy; (B) transfection efficiency at magnetic incubation time
and various N/P ratios determined by flow cytometric analysis; (C) fluorescent microscopy image of 3D cells transfected by
PEI-coated SPMNs/GFP plasmid at N/P ratio of 24 for 3 h; magnification, 100�; (D) flow cytometric analysis of 3D cells trans-
fected by PEI-coated SPMNs/GFP plasmid at N/P ratio of 24 for 3 h. Error bars represent the standard deviation of triplicate
biological measurements. The asterisks (�) denote a statistical significance at P � 0.005 relative to transfection efficiency at
the corresponding N/P ratio at 1 h.

Figure 7. Z-stack images of 3D cell cultures transfected by PEI-coated
SPMNs/FAM-siRNA or GFP plasmid complexes: (A) 3D cell cultures
transfected by PEI-coated SPMNs/FAM-siRNA at N/P ratio of 33 for
3 h; (B) 3D cell cultures transfected by PEI-coated SPMNs/GFP plasmid
at N/P ratio of 24 for 3 h. Left hand scale: distance from top of the
culture.
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coated SPMNs carriers, it is now possible to apply RNAi
screening in 3D cellular assays.

Application of Toxic shRNAs with PEI-Coated SPMNs. RNAi
therapeutics are a potential new class of pharmaceuti-
cal drugs. Some RNAi molecules have shown significant
cell toxicities by specifically silencing critical target
genes. To demonstrate the ability of our PEI-coated SP-
MNs to transfect RNAi molecules with significant physi-
ological effects, four known toxic shRNAs, psma 1
shRNA-1, psma 1 shRNA-2, kif 11 shRNA and plk 1
shRNA, were transfected into 2D and 3D cultures of
NIH 3T3 cells, and their toxicity was verified by live/
dead staining. Plasmids containing these four shRNAs
were formed into transfection complexes with PEI-

coated SPMNs. On the basis of previous plasmid deliv-
ery results, the N/P ratio was fixed at 27 and the exter-
nal magnetic field was applied for 3 h. After a 24-h
incubation, the RNAi toxicities were evaluated using cal-
cein AM and ethidium homodimer-1 staining (Live/
Dead Viability/Cytotoxicity Assay Kit), in which live cells
exhibit a green fluorescent signal and dead cells a red
fluorescent signal. Both calcein AM and ethidium
homodimer-1 are low molecular-weight compounds
that can easily diffuse into the collagen gel. Live and
dead fractions were calculated based on fluorescence
microscopy image analysis as described in Materials
and Methods. The 2D cell-culture toxicity assay indi-
cated that all four PEI-coated SPMNs/RNAi complexes

Figure 8. GFP silencing by PEI-coated SPMNs/GFP shRNA in GFP-transfected 3D cell cultures: (A) silencing efficiency at varying
magnetic incubation times and N/P ratios determined by fluorescence microscopy; (B) silencing efficiency at varying magnetic in-
cubation times and N/P ratios determined by flow cytometric analysis; (C) fluorescent microscope image of the silenced 3D cell
cultures treated by PEI-coated SPMNs/GFP shRNA at N/P ratio of 27 for 3 h; magnification, 100�; (D) flow cytometric analysis of
the silenced 3D cell cultures treated by PEI-coated SPMNs/GFP shRNA at N/P ratio of 27 for 3 h; (E) western blotting analysis of GFP
protein level in 3D cultures; left lane, control; center lane, GFP-transfected culture (treated by PEI-coated SPMNs/GFP plasmid
complexes at N/P ratio of 24 for 3 h); right lane, GFP-silenced culture (treated by PEI-coated SPMNs/GFP shRNA at N/P ratio of
27 for 3 h). Error bars represent the standard deviation of triplicate biological measurements. The asterisks (�) denote a statisti-
cal significance at P � 0.005 relative to transfection efficiency at the corresponding N/P ratio at 1 h.
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killed 44�52% of the cells in 2D culture (46% for psma
1 shRNA-1, 44% for psma 1shRNA-2, 47% for kif 11
shRNA, and 52% for plk 1 shRNA) (Figure 9A, left pan-
els; Figure 9B, blue column), but PEI-coated SPMNs
alone caused less than 1% cell death (Figure 9A, bot-
tom left panel; Figure 9B), indicating low toxicity. The
3D cellular toxicity assay indicated that three of the PEI-
coated SPMNs/RNAi complexes caused cell death in
41�51% of the cells (51% for psma 1 shRNA-1, 46% for
psma 1shRNA-2, and 41% for kif 11 shRNA) while PEI-
coated SPMNs alone less caused than 3% cell death
(Figure 9A, right panels; Figure 9B, pink column), in
agreement with the results of the 2D cellular toxicity as-
say. Additionally, plk 1 shRNA delivered by PEI-coated
SPMNs caused about 10% cell death in the 3D cellular
assay, somewhat lower than in the 2D cellular assay.
This difference in toxicity may be attributed to differ-
ences in cell-culture conditions leading to different
physiological responses to silencing of this gene or to
a different level of silencing. The gene silencing in 2D
and 3D cell cultures was further confirmed by Western
blotting analysis which showed reduced protein ex-

pression for each of the respective genes (Figure 9C).
This preliminary RNAi toxicity assay clearly demon-
strates that PEI-coated SPMNs can be used as carriers
for screening RNAi molecules in 3D cellular assays,
which would greatly broaden the application field of
3D cellular assays beyond small organic molecules to in-
clude siRNA molecules and shRNA plasmids.

CONCLUSIONS
PEI-coated SPMNs can stably bind siRNA and plas-

mid DNA, and efficiently deliver them through a col-
lagen gel matrix allowing them to enter cells in 3D-
culture environments. We have successfully applied PEI-
coated SPMNs to transfect transgenes into cells grown
in a collagen matrix and to modulate the expression of
these transgenes with interfering RNA. We have further
demonstrated our ability to modulate intrinsic cell
physiology by transfecting toxic shRNA molecules into
cells grown in a 3D-culture environment. This develop-
ment provides new opportunities for RNAi screening for
therapeutic applications or pathway analysis in 3D cell-
culture assays.

MATERIALS AND METHODS
Reagents. Branched polyethylenimine (PEI, 25 kDa) was pur-

chased from Polysciences (Warrington, PA). Iron oxide super-
paramagnetic nanoparticles (30 nm) coated with oleic acid were
purchased from Ocean Nanotech (Springdale, AR). A NdFeB Mag-
netic plate (1.2 T) was purchased from OZ Biosciences (Parc Sci-

entifique Luminy, France). Carboxyfluorescein (FAM)-labeled
siRNA (FAM-siRNA) was purchased from Ambion (Austin, TX).
Green fluorescent protein (GFP) and GFP shRNA plasmids were
generous gifts from Professor Douglas Conklin (SUNY Albany)
and Professor David Schaefer (UC Berkeley), respectively. psma
1 shRNA-1, psma 1 shRNA-2, plk 1 shRNA and kif 11 shRNA indi-

Figure 9. 2D and 3D cellular toxicity assay of toxic shRNA plasmids delivered by PEI-coated SPMNs. 2D and 3D cell cultures
were treated with four known toxic shRNA plasmids (psma 1 shRNA-1, psma 1 shRNA-2, kif 11 shRNA and plk 1 shRNA) com-
plexed with PEI-coated SPMNs at an N/P ratio of 27 with 3 h magnetic incubation: (A) fluorescent microscopy images of 2D
(left panels) and 3D (right panels) cell cultures; magnification, 100�; (B) percentage of dead cells in 2D and 3D cell culture. Vi-
ability was determined by live/dead staining with live cells exhibiting green fluorescence and dead cells red fluorescence.
As a control, PEI-coated SPMNs alone were used to treat 2D and 3D cell cultures; (C) Western blotting analysis of psma 1, kif
11 and plk 1 proteins in 2D and 3D cell cultures. Error bars represent the standard deviation of triplicate biological measure-
ments. The asterisks (�) denote a statistical significance at P � 0.005 when compared with control.
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vidual clones were purchased from OpenBiosystems (Huntsville,
AL). All plasmids were purified using a Qiagen Plasmid Maxi Kit
(Valencia, CA) as per the manufacturer’s instructions. Molecular
Probes LIVE/DEAD Viability/Cytotoxicity Kit (catalog no. L3224)
based on calcein AM and ethidium homodimer-1 staining was
purchased from Invitrogen. All other chemical reagents were
purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise
indicated. Reagent grade water used in all experimental proce-
dure was obtained from a Milli-Q water purification system (Mil-
lipore, Bedford MA).

Cell Culture. NIH 3T3 cells (generously provided by Professor
George Plopper at RPI) and HEK 293 (ATCC, Manassas, VA) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Hy-
clone, Logan, UT) supplemented with fetal bovine serum (10%),
penicillin (100 U/mL), streptomycin (100 mg/mL), and glutamine
(2 mM) (all from Hyclone, Logan, UT) at 37 °C, 5% CO2. Cells
were grown routinely in T-75 tissue culture flasks and passaged
by trypsinization. CHO-K1 cells (ATCC, Manassas, VA) were cul-
tured in DMEM/F12 medium (Hyclone, Logan, UT) supplemented
with fetal bovine serum (10%), penicillin (100 U/mL), streptomy-
cin (100 mg/mL), and glutamine (2 mM). Cells were grown rou-
tinely in T-75 tissue culture flasks and passaged by trypsinization

Preparation of 3D cell cultures. A cell-suspension solution (6 �
105 cells/mL) in ice-cold collagen was prepared by completely
mixing 250 �L/well (24-well plate (BD Biosciences, San Jose, CA),
surface area, 2 cm2) of a cell suspension consisting of 9 � 105

cells/mL in DMEM complete medium with 125 �L/well of a type
I rat-tail collagen solution (3.9 mg/mL from BD Biosciences). The
resulting cell-suspension solution was transferred into a 24-well
tissue culture plate. The plate was incubated in a 5% CO2 incuba-
tor at 37 °C for 30 min. After gelation, 400 �L/well of DMEM com-
plete medium was added to the top of the collagen gel, fol-
lowed by 24 h incubation in the incubator.

Evaluation of Commercial Transfection Reagents. Commercially avail-
able transfection reagents (Table 1) were used to form transfec-
tion complexes with FAM-siRNA (0.96 �g) or GFP plasmid (1 �g),
respectively, according to the respective manufacturer’s instruc-
tions. The resulting transfection complex was added into one
well of a 24-well plate that had previously been plated with a
3D cell culture, as described above. For PolyMag complexes, a
NdFeB magnet was placed on the bottom of the 24-well plate
in an incubator for 1, 2, 3, or 4 h continuous incubation. Fluores-
cence images of 3D cell cultures were visualized with a Nikon
ECLIPSE TE2000-S fluorescence microscope (Nikon, Melville, NY)
and captured with a SPOT-RT digital camera (Diagnostic Instru-
ments, Sterling Heights, MI). The images of 3D cell cultures incu-
bated with transfection reagent/FAM-siRNA complexes were ac-
quired after 4 h incubation and those incubated with
transfection reagent/GFP plasmid complexes were acquired af-
ter 24 h.

Preparation of PEI-Coated Iron Oxide Superparamagnetic Nanoparticles
(PEI-Coated SPMNs). Iron oxide SPMNs coated with PEI were pre-
pared based on a direct ligand-exchange reaction.22 Branched
PEI (25 kDa) with abundant primary and secondary amine groups
was used as the multivalent ligand. PEI-coated SPMNs were syn-
thesized at varying reaction ratios (PEI(w)/SPMNs(w) � 2:1, 5:1,
and 10:1). Briefly, 10 mL of a solution of iron oxide SPMNs coated
with oleic acid (0.1 mg/mL) in anhydrous chloroform was added
dropwise to 10 mL of a 0.2 mg/mL (ratio � 2:1) or 0.5 mg/mL (ra-
tio � 5:1) or 1.0 mg/mL (ratio � 10:1) solution of PEI in anhy-
drous chloroform under an argon atmosphere. The resulting
mixture was gently refluxed for 2 h and stirred at room temper-
ature for 24 h under argon. The volume was reduced to 5 mL by
evaporation under argon flow, and 15 mL of hexane was added
to this solution. The precipitate was collected by filtration,
washed with diethyl ether, dried under vacuum, and then dis-
solved in water. Free unbound PEI polymers were removed by di-
alysis (MW cutoff � 50 kDa) against deionized water. The dialy-
sis solution was lyophilized and the iron content was determined
using an inductively coupled plasma optical emission spectrom-
eter (Varian 700-ES, Palo Alto, CA) and the nitrogen content
was determined by elemental analysis (Perkin-Elmer 2400, Nor-
walk, CT). The transmission electron microscopy (TEM) images of
PEI-coated SPMNs were obtained on a Philips CM 120 electron
microscope operated at 120 keV. The hydrodynamic particle

sizes and zeta potentials of the PEI-coated SPMNs were deter-
mined in 5% glucose aqueous solution by dynamic lighting scat-
tering (DLS) using a Dynapro Titan (Wyatt technology, Santa Bar-
bara, CA) and Zetasizer Nano Z (Malvern Instruments,
Herrenberg, Germany), respectively.

Preparation of Magnetic PEI-Coated SPMN/Nucleic Acid Complexes. Mag-
netic PEI-coated SPMNs/nucleic acid complexes were formed at
various N/P (nitrogen in PEI-coated SPMN/phosphorus in DNA or
RNA) ratios by mixing various volumes of the aqueous solution
of PEI-coated SPMNs (3.1 mg/mL, formed at a reaction ratio of 2:1
PEI:SPMN) with 1 �L plasmid solution (1 �g/�L) or 12 �L FAM-
labeled siRNA (0.08 �g/�L) in 400 �L transfection buffer (10 mM
HEPES, pH 7.4, 50 mM NaCl, 5% glucose). The resulting solu-
tions were gently pipetted up and down five times and incu-
bated for 20 min at room temperature. The hydrodynamic par-
ticle sizes and zeta potentials of the transfection complexes were
determined as described for the SPMNs above.

Gel Electrophoresis Retardation Assay. The ability of the complexes
to retard DNA migration was measured by agarose electrophore-
sis in a horizontal gel electrophoresis system (Biorad). The mag-
netic PEI-coated SPMN/siRNA or PEI-coated SPMN/GFP plasmid
transfection complexes formed at various N/P ratios were loaded
onto a 3% agarose gel for the siRNA assay or a 0.9% agarose
gel for the GFP assay. The loading amount in each lane was 0.5
�g of nucleic acid for siRNA or 1 �g of nucleic acid for GFP plas-
mid. Gel electrophoresis was carried out at room temperature
in 1� TAE buffer at 5.3 V/cm for 60 min. The RNA or DNA bands
were visualized by UV illumination of ethidium�bromide-
stained gels and captured using a ChemiImager 4400 Gel imag-
ing system (Alpha Innotech, San Leandro, CA).

Delivery of FAM-siRNA, GFP Plasmid and GFP shRNA Plasmid into 3D Cell
Cultures. The medium on the top of the collagen gel was re-
placed with 400 �L/well of a solution of PEI-coated SPMNs com-
plexed with FAM-siRNA or GFP plasmid (described above) and a
NdFeB magnet was placed on the bottom of the 24-well plate in
incubator for 1, 2, 3, or 4 h continuous incubation. Fluorescence
images of 3D cell cultures were visualized with a Nikon ECLIPSE
TE2000-S fluorescence microscope (Nikon, Melville, NY) and cap-
tured with a SPOT-RT digital camera (Diagnostic Instruments,
Sterling Heights, MI). For FAM-siRNA delivery; fluorescence im-
ages were acquired as soon as the magnet was removed. For GFP
plasmid delivery, fluorescence images were acquired after an ad-
ditional 24-h incubation with fresh DMEM complete medium
without the external magnetic field. The GFP-transfected 3D cell
cultures were further silenced after 24 h by subsequently apply-
ing 400 �L of a solution of PEI-coated SPMN/GFP shRNA plasmid
complexes as described above. The green fluorescence inten-
sity was quantified from the microscopic images with Photoshop
(Adobe System, San Jose, CA) using the histogram function.24

Transfection efficiency was evaluated using [(FSam � FMin) � T%]/
(FT � FMin), where FSam is the green fluorescence intensity of the
sample cells gel; FT is the green fluorescence intensity of a popu-
lation of cells with known transfection efficiency (T%) (based on
fluorescence-activated cell sorting) that were subsequently
placed into a collagen gel; FMin is the green fluorescence inten-
sity of untransfected cells. Silencing efficiency was evaluated by
[(FH � FMin) � (FSam � FMin)] � 100%/(FH � FMin), where FSam is the
green fluorescence intensity of the sample cells gel; FH is the
green fluorescence intensity of cells in the gel at the highest
transfection efficiency; FMin is the green fluorescence intensity
of untransfected cells.

Flow Cytometry Analysis. The collagen gel for each 3D cell cul-
ture in 24-well plate was degraded to release the individual
cells by incubating with 400 �L of DMEM medium containing
50 U/mL of collagenase I (Worthington Biochemical Corporation,
Lakewood, NJ) and 5 mM of CaCl2, followed by 1 h incubation
at 37 °C. The cells were harvested by centrifugation at 1000 rpm
for 15 min, washed twice with 500 �L of PBS, and resuspended
in 500 �L of PBS. The resulting cell suspensions were analyzed by
flow cytometry on a Guava Easycyte Mini System (Guava Tech-
nologies, CA); 5000 events were analyzed for fluorescence sig-
nals. The transfection efficiency was calculated as the percent-
age of the fluorescence-emitting cells in the total number of
cells. Transfection efficiency (T) was evaluated by the percent-
age of green fluorescence labeled cells in total cells. Silencing ef-
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ficiency was determined by [(TBef � TAft) � 100%]/TBef, where
TBef is the transfection efficiency before knockdown; TAft is the
transfection efficiency after knockdown.

Z-Stack Confocal Image Analysis. A 200 �L portion of a 3D cell cul-
ture (prepared as described above) was transferred into one
chamber (surface area: 0.8 cm2/well) of a Lab-Tek eight-
chambered coverglass (Fisher Scientific, Pittsburgh, PA), fol-
lowed by 3 h of magnetic transfection using 160 �L of transfec-
tion complexes as described above (samples transfected with
GFP plasmids were then incubated for an additional 24 h be-
fore imaging). The transfected 3D culture was washed twice with
200 �L of PBS, and cell nuclei were stained with 200 �L of 1
�M of Hoechst 33342 in PBS for 30 min. The staining solution
was discarded and the gel surface was washed twice by 200 �L
of PBS solution. Z-stack of 3D cultures were acquired using Leica
confocal multiphoton-FLIM microscope (Leica Laser Technik
GmbH, Heidelberg, Germany) with a long-distance water-
immersion objective (20�) through a section thickness of 2.53
�m.

Delivery and Cytotoxicity Assay of Toxic shRNA Molecules. The me-
dium on the top of the collagen gel was replaced with 400 �L
of a solution of PEI-coated SPMNs complexed with psma 1
shRNA-1, psma 1 shRNA-2, plk 1 shRNA, or kif 11 shRNA plas-
mids. As a control, 400 �L of transfection buffer containing PEI-
coated SPMNs was added to the top of collagen gel. A NdFeB
magnet was placed on the bottom of the 24-well plate in the in-
cubator for 1, 2, 3, or 4 h of continuous incubation. After an ad-
ditional 24-h incubation with fresh DMEM complete medium
without the external magnetic field, the medium was removed
and 5 �L of calcein AM (4 mM) and 10 �L of ethidium ho-
modimer (2 mM) were mixed in 2 mL of phosphate buffered sa-
line (PBS); 400 �L of this mixture was added to the top of the col-
lagen gel, and 3D cell cultures were stained for 30 min at room
temperature. The live cells (green fluorescence) and dead cells
(red fluorescence) were detected by fluorescence microscopy.
For comparison, a 2D cellular assay was also performed. In this
assay, 2.4 � 105 cells were seeded in each well of a 24-well plate
and incubated for 24 h in incubator at 37 °C, 5% CO2. The me-
dium was removed and 400 �L of a solution of PEI-coated SP-
MNs complexed with toxic shRNA plasmids or PEI-coated SPMNs
was added to the top of the cell monolayer, after which the ex-
ternal field was applied for 15 min followed by 4 h of incubation.
The transfection complexes were replaced with 400 �L of fresh
DMEM complete medium, and the cultures were incubated for
24 h. The medium was subsequently removed; 400 �L of the cal-
cein/ethidium homodimer/PBS solution described above was
added to the surface of 2D cell cultures, and the cells were
stained for 30 min at room temperature. The live cells (green
fluorescence) and dead cells (red fluorescence) were detected
by fluorescence microscopy. The toxicities of the RNAi molecules
were evaluated by the percentage of dead cells. The red fluores-
cence intensity is linearly proportional to the total number of
dead cells and was quantified from the microscopic images with
Photoshop using the histogram function.24 Dead cells % � [(FSam

� FMin)/(FMax � FMin)] � 100%, where FSam is the red fluores-
cence intensity of the sample cells, FMax is the red fluorescence in-
tensity of 100% dead cells (after treatment with 70% methanol
for 1 h), and FMin is the red fluorescence intensity of untreated
fully viable cells.

Western Blot Analysis. The collagen was degraded to release
the transfected cells from the 3D cell culture as described above.
The cells were harvested by centrifugation at 1000 rpm for 15
min, washed twice with 500 �L of PBS, and lysed with ice-cold
RIPA buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate)
containing 1 mM phenylmethyl sulfonyl fluoride. The lysate was
incubated on ice for 20 min, followed by sonication for 5 s, and
further incubated for another 20 min on ice. The lysate was then
centrifuged at 10000 rpm in a microcentrifuge tube for 10 min,
and the protein concentration in the supernatant was deter-
mined using the Bio-Rad DC protein assay kit (Bio-Rad, Her-
cules,CA). Equal amounts of protein (50 �g) were separated on
10% sodium dodecyl sulfate�polyacrylamide gels and trans-
ferred onto nitrocellulose membrane. The membrane was
blocked with 5% nonfat dry milk in TBS/T (Tris buffered saline

containing 0.1% v/v Tween-20) buffer for 1 h at room tempera-
ture, and then probed with the following primary antibodies in
TBS/T buffer containing 2% nonfat dry milk for 1 h at room tem-
perature. Mouse anti-kif11 monoclonal antibody (1:1000) and
mouse anti-plk1 monoclonal antibody (1:1000) were purchased
from Biolegend (San Diego, CA). Rabbit anti-psma1 polyclonal
antibody (1:500), mouse anti-GFP monoclonal antibody (1:200),
and mouse anti-	-actin monoclonal antibody (1:1000) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). After be-
ing washed twice at 10-min intervals with TBS/T solution, the
membrane was incubated with goat antirabbit or goat anti-
mouse horseradish peroxidase-conjugated secondary antibody
(1:1000) (Santa Cruz, CA) in TBS/T buffer containing 2% of non-
fat dry milk for 1 h at room temperature. After washing twice at
10-min intervals with TBS/T buffer, the immunoreactivity of pro-
tein on the membrane was visualized by chemoluminescence
using an enhanced Immun-Star HRP chemoluminescence kit
(Bio-Rad, Hercules,CA).

Statistical Analysis. All data were expressed as mean � SD. All
values were obtained from at least three independent experi-
ments. Statistical significance was evaluated using two-tailed
heteroscedastic Student’s t-tests according to the TTEST func-
tion in Microsoft Excel. The difference between groups was con-
sidered statistically significant when the P-value was less than
0.05.
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