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Silica nanoparticle supported cationic lipids can effectively bind plasmid DNAs and transfect mammalian
cells with an efficiency that depends on both the particle size and lipid composition; here the gene
delivery and expression process has been confirmed by confocal fluorescence microscopy.

Gene delivery to mammalian cells has gained significant attention due to its importance in gene
therapy.1–3  Genes embedded in plasmid DNAs provide a stable source for therapeutic proteins and RNAs.
Naked DNAs by themselves cannot cross the cell membrane barrier and are easily degraded by nucleases
in biological fluids.4 As a result, delivery vehicles are needed for efficient transfection.5 Due to the
intrinsic toxicity and immunogenicity of viral vectors, current research focus has shifted to the
development of nonviral carriers.6–12  Cationic lipids and liposomes are quite effective in gene delivery.13,14

However, highly negatively charged DNAs can induce fusion of such liposomes to generate large particles,
which may reduce the transfection efficiency and increase toxicity.15 To minimize this problem,
crosslinked or PEGylated liposomes have been tested.15,16 Crosslinked liposomes, however, may have
biodegradation problems in vivo. We have recently explored the use of silica nanoparticle (NP) supported
lipid bilayers for drug delivery applications.17,18 Such supported bilayers have higher stability compared to
empty liposomes and the lipid layers are unlikely to fuse with each other due to the presence of a solid
core. On the other hand, the lipids are not covalently linked and can still exchange and fuse with cellular
lipids and be metabolized. Herein we report the use of supported lipid bilayers for gene delivery to
Chinese hamster ovary cells (CHO). One of the advantages of the supported bilayer system is that both
the silica core size and lipid composition of the shell can be systematically varied, which provides us a
useful system to tune and understand the gene delivery process.

Pure silica is negatively charged at pH 7 and thus requires charge reversal to bind DNA. We employed
silica NPs with sizes ranging from 8 to 130 nm, and tested their interactions with cationic liposomes and
DNA. Silica NPs with a diameter of 8 nm appear transparent in solution. Addition of a small amount of
cationic DOTAP liposomes resulted in a white suspension, suggesting the formation of larger NP
assemblies that scattered light strongly (Fig. 1A). These larger NPs showed a negative surface charge by
zeta-potential measurement (Fig. 2A). This is consistent with the formation of liposome-supported, sub-
20 nm diameter NPs as reported by Zhang and Granick.19 Further addition of DOTAP led to the formation
of gel-like large aggregates, suggesting the crosslinking of supported particles by liposomes (Fig. 1A).
Since these very small particles gave either a negative surface charge or very large aggregates when
mixed with cationic lipids, they are not suitable for binding negatively charged DNA and are therefore
abandoned for further studies.
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Fig. 1 (A) Small silica NPs are adsorbed onto
positively charged DOTAP liposomes, resulting a
negatively charged surface. With excess DOTAP,
the system crosslinks to form large aggregates. (B)
Larger silica NPs first formed aggregates by a small
amount of DOTAP. Excess DOTAP leads to liposome
fusion and formation of supported bilayers with a
positively charged surface useful for DNA
association and delivery.

Fig. 2 (A) Zeta-potential of complexes formed by
silica NPs of different sizes and DOTAP liposomes.
For the 8 nm silica NPs, excess silica was used;
while for the other particles, excess liposomes were
used (both purified by centrifugation). (B)
Association of supported bilayers with the plasmid
DNA studied by agarose gel electrophoresis. The
retained DNAs are on the top and free DNAs
migrated to the bottom. The numbers on the top of
each lane indicate the mass of silica NPs relative to
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DNA.

Next, larger silica NPs (diameters 30, 50, 80, 130 nm) were tested. For all these particles, large gel-
like aggregates were observed in the presence of a low concentration of DOTAP liposomes, which
disappeared with increasing amount of lipids, suggesting the formation of NP supported bilayers.17 A
schematic of this process is shown in Fig. 1B. Zeta-potential measurements showed that the supported
bilayers all had positively charged surfaces (Fig. 2A) and, therefore, should bind DNA. Indeed, after
mixing these NP-supported bilayers with a plasmid DNA encoding for the DsRed fluorescent protein,
particle size-dependent DNA association was observed from agarose gel electrophoresis studies (Fig. 2B).
For each lane in the gel, 0.25 g of plasmid DNA was used and the mass of silica NPs in supported
bilayers was varied from 2× to 40× that of the DNA (lanes labeled 2–40). The lower bands are the free
plasmid DNA and the upper bands are DNA trapped in the gel loading wells due to the complex formation
with supported lipid bilayers. For NPs of 30 to 80 nm, complete DNA binding was observed for silica
contents corresponding to 4× or 16× the DNA mass; while for the 130 nm NPs, a silica content of 40×
the DNA mass was needed, possibly due to decreased surface area with increase of particle size when
the mass is fixed.

We next studied the effect of silica particle size on the transfection efficiency. In all the experiments,
the silica to DNA mass ratio was maintained at the intermediate level of 10 (1 g DNA and 10 g silica-
NPs). The lipid contained an equal mass mixture of DOTAP and cholesterol. The supported bilayers and
DNA were first suspended in a serum free F-12K media and then incubated with CHO cells. After 4 h
incubation at 37 °C, the old media containing the transfection agent was removed and replaced with
fresh serum containing media. The transfection efficiency was determined by flow cytometry after 24 h.
As shown in Fig. 3A, the transfection efficiency decreased dramatically with increasing particle size. With
a 130 nm silica core, the efficiency is close to zero. Increasing the mass of 130 nm silica NPs from 10 to
20 or 40 g did not improve transfection (data not shown), suggesting that low transfection was not due
to insufficient NPs. This size-dependent trend is quite different from that observed by Luo and Saltzman,
who first mixed plasmid DNAs with commercial transfection agents (cationic dendrimers or lipids) and
then added silica NPs before transfection. In that case, transfection efficiency increased significantly with
increasing silica NP size, which Saltzman attributed to a simple increase of physical settling of transfection
agents due to gravity.20 The difference in the size-dependent transfection efficiency we observe suggests
a different mechanism of DNA condensation/delivery. In our case, silica is part of the transfection agent
and its size directly affects the condensation of DNA. Interestingly, compared to the empty liposomes of
the same composition, NP-supported bilayers showed about 3-fold higher transfection efficiency. Further,
the silica core may also help to settle the delivery system and thus facilitate endocytosis of the plasmid
DNA.20 Finally, for smaller particles, the release of DNA from the supported bilayers inside cells may be
facilitated, therefore resulting in higher transfection efficiency.

Fig. 3 Transfection efficiency as a function of silica
NP core size (A) and lipid shell composition (B).

To study the effect of lipid composition, we have tested lipid mixtures made of DOTAP, cholesterol,
and DOPE. DOPE is known to facilitate liposome fusion and transfection. It has been recently
demonstrated that cholesterol can enhance transfection efficiency in liposome-based formulations when
mixed with cationic lipids.21–23  As presented in Fig. 3B, the 1 : 1 DOTAP–cholesterol lipid has the highest
transfection efficiency, which is similar to the commercially available lipofectamine. Decreasing cholesterol
amount or introducing DOPE resulted in decreased efficiency. Under all conditions, cell viability was
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greater than 90% based on staining cells with ethidium homodimer and calcein-AM.
To test if the supported bilayers can protect DNA from enzymatic degradation, DNase I was added to

the plasmid DNA before mixing with supported bilayers and essentially no transfected cells can be found;
while if the DNA and supported bilayers were mixed first before adding the DNase, high transfection can
still be obtained (see ESI ). Therefore, the supported bilayers can effectively protect DNA from nuclease
degradation. Similar protection effects were also reported with cationic silica NPs or dendrimer-
functionalized mesoporous silica NPs.24,25

Finally, we studied the DNA uptake and transfection process by confocal fluorescence microscopy.
Silica NPs (50 nm diameter) with green emission fluorophore labels were mixed with Texas Red-DHPE-
labeled DOTAP–cholesterol liposomes to form supported bilayers. The plasmid DNA was covalently
labeled with Cy-5. After incubating with CHO cells for 2 h and 12 h at 37 °C, the cells were washed by
PBS, stained with Hoechst 33342, fixed with formaldehyde, and mounted with an anti-fade agent for
microscopy. After 2 h of mixing, the colocalization of green, red, and far red emissions was observed
(Fig. 4A), suggesting the silica NPs, lipids, and DNA entered the cell together. The cell surface also
appeared to be covered with red dyes, suggesting some lipid on supported bilayers exchanged/fused with
the cell membrane. After 12 h, some cells were transfected and the red fluorescence in Fig. 4B is due to
the expressed DsRed protein (lipid unlabeled). Cy-5 labeled plasmid DNA can be observed inside cell
nuclei, while most green fluorescence (silica NPs) stayed outside cell nuclei, suggesting that DNA needs
to be released from the NPs to induce transfection. For larger NPs (200 nm diameter, Fig. 4C), although
there is a significant uptake of the NP–DNA complex, the complex appeared to be trapped in the
endosomal compartment and no labeled plasmid DNA was found in cell nuclei, which may explain the
inhibited transfection with large silica NPs.

Fig. 4 DNA delivery studied by confocal fluorescence microscopy. Cell nuclei were
stained with Hoechst 33342 (blue), silica NPs were labeled with a green emission
fluorophore and the plasmid DNA was labeled with Cy-5 (emission colored white). (A)
50 nm silica NP-supported bilayer (lipid labeled with Texas Red) incubated with CHO
for 2 h. (B) 50 nm NP supported bilayer (lipid unlabeled) incubated with CHO for 12 h
and some cells expressed the DsRed protein (red). (C) 200 nm NP supported bilayers
(lipid labeled with Texas Red) incubated with CHO for 12 h.

In summary, we have demonstrated that supported bilayers are useful transfection agents, and the
transfection efficiency depends on particle size and lipid composition. Compared to lipofectamine, the
supported bilayer complex we describe is more cost-effective with similar performance. If instead of a
solid core, a mesoporous silica core is used, additional drugs, siRNA, or imaging agents can be loaded
into the pores as we recently described and co-delivered with plasmid DNAs.17,18,25,26 Therefore, our
system can potentially be engineered as a multi-functional drug delivery platform.
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