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Chemical Methods for DNA Delivery
An Overview

Dexi Liu, Evelyn F. Chiao, and Hui Tian

1. Introduction
Introduction of DNA into mammalian cells is a powerful tool for studying the

function of various DNA sequences, and for gene therapy. The process of intro-
ducing DNA into cells for the purpose of gene expression is called transfection
or gene delivery. Synthetic compounds used to facilitate DNA transfer are often
named synthetic vectors or transfection reagents. Compared with biological
(viral vectors) and physical methods that are covered elsewhere in this volume
and in the next volume, the major advantages of synthetic vectors (or chemical
methods) are their simplicity, ease of production, and relatively low toxicity.
Many synthetic compounds have been developed since DEAE-dextran was first
used in transfection experiments more than 35 years ago. Rapid progress in de-
veloping more efficient synthetic vectors has led to successful DNA delivery
into a variety of cell types in vitro and in vivo. More importantly, in the last few
years, we have witnessed significant efforts and progress in elucidating the
mechanisms underlying synthetic vector-mediated DNA delivery. With the con-
tinuous effort to meet the need for safe and efficient gene-delivery methods for
human gene therapy, it is foreseeable that significant advances will be made in
the future. This article concentrates on four major types of chemical reagents that
are available to most investigators: calcium phosphate, DEAE-dextran, cationic
lipid, and cationic polymer. Each of these types of reagents has its advantages
and disadvantages, some of which we briefly outline in this overview chapter.
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One type of compound that is not covered in this section is biopolymers.
These compounds, including polylysine (1–7), histone (8,9), chitosan (10,11),
and peptides (12–17), have shown relatively low transfection efficiency when
used alone. Although they might become relatively more important in the fu-
ture, we feel their utility has not, at present, been demonstrated to be broad
enough to recommend their routine use for transfection. For those who are in-
terested in obtaining more information about the properties and activity of this
group of polymers in DNA delivery, relevant information can be found in the
references cited at the end of this chapter or in relevant chapters in this volume.

2. For What Purpose Are Synthetic Vectors Needed?
Cell membranes are sheetlike assemblies of amphipathic molecules that sep-

arate cells from their environment and form the boundaries of different or-
ganelles inside the cells. However, these physical structures, allow only the con-
trolled exchange of materials among the different parts of a cell and with its
immediate surroundings. DNA, on the other hand, is an anionic polymer, large
in molecular weight, hydrophilic, and sensitive to nucleases in biological ma-
trices. Unless special means are used, DNA molecules are not able to cross the
physical barrier of membrane and enter the cells. In theory, for a successful in-
troduction of DNA into cells and expression of the encoded gene, one needs to
overcome three major hurdles. These include: (1) transfer of DNA from the site
of DNA administration to the surface of target cells; (2) transfer of DNA across
the plasma membrane into the cytoplasm; and (3) transfer of the DNA across
the nuclear membrane into the nucleus to initiate gene expression. Thus, the
corresponding properties for an ideal synthetic vector should include protecting
DNA against nuclease degradation; transporting DNA to the target cells; facil-
itating transport of DNA across the plasma membrane; and finally promoting
the import of DNA into the nucleus.

3. Properties of the Synthetic Compounds Most Commonly Used 
for DNA Delivery
3.1. Calcium Phosphate

Transfection with calcium phosphate was developed by Graham and Van der
Eb in 1973 (18) and has been one of the most commonly used methods for DNA
delivery into mammalian cells. This method takes advantage of the formation
of small, insoluble, calcium-phosphate-DNA precipitates that can be adsorbed
onto the cell surface and be taken up by cells through endocytosis. The proce-
dure requires mixing of DNA with calcium ions, subsequent addition of phos-
phate to the mixture, and presentation of the final solution to cells in culture.
Various types of cells have been transfected using this procedure. Transfection
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efficiency can be as high as 50%, depending on the cell type and the size and
quality of the precipitate. The variation in the composition and particle size of
the calcium-phosphate-DNA precipitates results in poor reproducibility. This
method does not seem to work on cells in primary culture or in animals.

3.2. DEAE-Dextran

DEAE-dextran was the very first chemical reagent used for DNA delivery. It
was initially reported by Vaheri and Pagano in 1965 (19) for enhancing the viral
infectivity of cells. Similar to cationic polymers (see Subheading 3.4), DNAand
DEAE-dextran form aggregates through electrostatic interaction. A slight excess
of DEAE-dextran in the mixture results in net positive charge in the DEAE-dex-
tran/DNA complexes formed. These complexes, when added to cells, bind to the
negatively charged plasma membrane and then are internalized through endocy-
tosis. Compared to calcium phosphate, the transfection efficiency of DEAE-dex-
tran is much higher, although it varies with the type of cells and other experi-
mental conditions. Transfection efficiency as high as 80% has been reported
with DEAE-dextran/DNA complexes. The method is relatively simple and re-
producible, but requires low or no serum during transfection. DEAE-dextran is
toxic to cells at high concentration.

3.3. Cationic Lipids

The use of cationic lipids for DNAdelivery was pioneered by Felgner and col-
leagues (20). The first cationic lipid synthesized for the purpose of DNA delivery
was N-(2,3-dioleyloxypropyl) N, N, N-trimethylamonium chloride (DOTMA).
When hydrated, DOTMA forms liposomes with or without additional lipid com-
ponents. When mixed with DNA, the positive charges at the liposome surface
electrostatically interact with the negative charges on the phosphate backbone of
the DNA to form DNA/liposome complexes (lipoplexes). Addition of lipoplexes
to cells in culture normally results in significant levels of gene expression, with an
efficiency ranging from 5% to more than 90% depending on the type of cell line
used. A broad spectrum of transfection activity among many cell types, low toxi-
city, and high efficiency are the major advantages of cationic lipids.

Major efforts have been made over the past decade to optimize the transfec-
tion activity of cationic lipids. Results from in vitro and in vivo studies have re-
vealed that, among the many physicochemical properties that affect transfection
activity of cationic liposomes, the most important one is the cationic lipid struc-
ture. The common features shared by all transfection-active cationic lipids de-
veloped so far include three structural domains: (1) a positively charged head
group, (2) a hydrophobic anchor, and (3) a linker connecting the head group and
the hydrophobic anchor. The structure of the head group varies from one to four
ammonium groups, which can be primary, secondary, tertiary, or quaternary for
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multivalent cationic lipids (21,22). The most common structure for the hy-
drophobic anchor consists of either two hydrocarbon chains or cholesterol. With
a few exceptions, glycerol is the linker in cationic lipids with a double-chain an-
chor, whereas a variety of linkers have been used in cationic lipids with a cho-
lesterol anchor (21,22). Our studies on structure–function relationships for in-
travenous transfection revealed that the optimal lipid structure should include
the following: (1) a cationic head group and its neighboring hydrocarbon chain
being in a 1,2-relationship on the backbone, (2) an ether bond to link the hy-
drocarbon chain to the backbone, and (3) paired oleyl chains as the hydropho-
bic anchor (25). Cationic lipids without these structural features had lower in-
travenous transfection activity in mice.

For in vitro transfection, structure-based rules that allow for prediction of
transfection activity of cationic lipids have yet to be established. The transfection
activity of cationic lipids varies significantly with the type of cells used. Inclusion
of specific lipids (helper lipids) such as dioleoylphosphatidylethanolamine
(DOPE) into cationic liposomes enhances transfection activity in some cell types
but not others (23). For transfection of epithelial cells by airway administration,
Lee et al. have shown that cholesterol-based cationic lipids (lipid-67) exhibit
much higher activity than their noncholesterol-based counterparts (24). The
mechanism of lipid-67-based gene transfer into lung epithelial cells is not known.

Although many complex structures between DNA and cationic liposomes
have been identified (26–29), the most important parameters affecting the trans-
fection activity of cationic liposomes appear to be the particle size of the com-
plexes (30) and the charge ratio (amines to DNA phosphates ratio, �/�)
(20–25). Complexes with larger particle size (�200 nm) and with charge ratio
of slightly greater than 1 appear to be optimal for in vitro transfection. For in-
travenous transfection, however, a charge ratio (�/�) of greater than 12 is re-
quired for an optimal transfection activity (31,32). Cholesterol generally func-
tions as a better helper lipid than DOPE for systemic transfection (31,33,34).

3.4. Cationic Polymers

Different from the hydrophobic cationic lipids, cationic polymers are a group
of highly water-soluble molecules. Three general types of cationic polymers have
been used for transfection: linear (polylysine, spermine, and histone), branched,
and spherical. The most extensively studied cationic polymers for DNA delivery
are polyethyleneimine (PEI) (35,36) and dendrimers (37–39). PEIs are highly
branched organic polymers produced by polymerizing aziridine (40). In princi-
ple, PEI, with every third atom in the polymer being amino nitrogen, is a type of
organic compound that contains the highest density of potential positive charges.
It has been estimated that about 25, 50, and 25% of nitrogens in branched PEIs are
primary, secondary, and tertiary amines, respectively. The enriched nitrogen
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atoms and the diversified nitrogen forms provide considerable buffer capacity for
the PEIs over a wide pH range (41,42). Both branched and linear types of PEIs
have been used for transfection. The in vitro transfection efficiency of PEI 800
KDa on a large variety of cell lines and primary culture is comparable to that of
cationic lipids.

Dendrimers are a new class of branched, spherical, and starburst molecules.
Dendrimers differ in their initiator structure and in the number of layers of the
building blocks in each molecule. (The number of layers is also called the num-
ber of generations.) The common initiators include ammonia (NH3) as trivalent
initiator and ethylenediamine as a tetravalent initiator. Polymerization takes
place in a geometrically outward fashion, resulting in branched polymer with
spherical geometry and containing interior tertiary and exterior primary amines.
The defined structure and large number of surface amino groups of dendrimers
have led to these polymers being employed as a carrier for DNA delivery. Dif-
ferent forms of dendrimers have been shown to be active in transfection (37–39).
Their precisely controlled size and shape provide them with the potential advan-
tage of forming more homogeneous and highly reproducible DNA complexes.

When mixed with DNA, cationic polymers readily self-assemble with DNA
and generate small tortoidal or spherical structures of approx 40–100 nm (42),
depending on polymer size, structure, DNA to polymer ratio, and the type and
concentration of ions in the buffer. The complexes formed between DNA and
cationic polymers are called polyplexes. When added to cells in culture, poly-
plexes are taken up by the cells. Similar to that of cationic lipids, transfection
activity of cationic polymers varies with cell type, structure, and size of the
polymer, and polymer to DNA ratio. Compared to cationic lipids, the major
drawback of cationic polymers is their relatively high toxicity.

3.5. Combined Systems

Transfection activity of combined synthetic compounds has been explored.
Depending on the transfection reagents selected, a significant enhancement in
transfection activity can be achieved. In fact, much higher transfection activity
of cationic liposomes was reported when mixed with polylysine (43), protamine
sulfate (44), peptides (45,46), or PNA (Chapter 6 in this volume). The mecha-
nisms for such synergistic effect between cationic liposomes and polymers are
not known, but it is believed that the structure of DNA complexes in the com-
bined system may be more effective in escaping the endosomal degradation
and/or more efficient in facilitating DNA transfer into the nucleus.

4. Mechanisms of DNA Delivery by Synthetic Vectors
A central tenet of DNA delivery by synthetic compounds is that DNA mole-

cules can only be delivered into a cell when they are converted into a particu-
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late form. This appears to be true for all of the synthetic compounds that have
been developed for transfection thus far. Obviously, synthetic compounds such
as calcium phosphate, DEAE-dextran, cationic lipids, and cationic polymers are
all capable of forming particles with DNA. With the exception of the calcium
phosphate method that forms calcium-phosphate-DNA precipitates, other syn-
thetic compounds form complexes with DNA through electrostatic interaction
between DNA and the synthetic vectors. Once complexed with a synthetic vec-
tor, DNA molecules are protected against nuclease-mediated degradation. To
accomplish DNA delivery, these complexes need to (1) bind to the cell surface,
(2) cross the plasma membrane, (3) release DNA into the cytoplasm, and finally,
(4) transport the DNA into the nucleus. The following is a brief summary of the
current understanding on these events as they are involved in synthetic com-
pound-mediated DNA delivery.

4.1. Binding to the Cell Surface

Without exception, binding of DNA complexes to the cell surface with the
most commonly used synthetic compounds is accomplished by electrostatic in-
teraction between the positively charged complexes and the negatively charged
cell surface. It has been shown that cell surface binding of DNA complexes can
be significantly enhanced by centrifugation of the transfection reagents onto cell
surface (47). Another approach to enhance complex binding to the cell surface
is to use DNA complexes of larger size (30). Enhanced binding usually corre-
lates with higher transfection efficiency.

4.2. Crossing the Plasma Membrane and Entering the Cytoplasm

The fact that particle structure of DNA complexes is required for DNA deliv-
ery into cells stimulates the strong notion that endocytosis is the major pathway,
through which DNA molecules are internalized (48–51). Because the endocy-
totic process ends at the lysosome where DNA is degraded, escape of DNA from
the endosome at an early stage of endocytosis is believed to be critical for cy-
tosolic DNA delivery and is considered to be one of the most important rate-lim-
iting steps that determine overall transfection efficiency. The mechanism of how
DNA molecules leave the endosome and enter the cytoplasm is unknown. How-
ever, a number of strategies have been explored to enhance endosomal release.
The first of these involves the use of DOPE as a helper lipid for liposome-based
DNA delivery. It is believed that DOPE is capable of inducing membrane fusion
between the endosome and the liposome through the formation of an inverted
hexagonal structure, which, in turn, results in membrane destabilization and re-
lease of DNA into the cytoplasm (52). The second strategy is inclusion of mem-
brane fusion proteins or peptides into DNA complexes (53). The mechanism of
action of these compounds is similar to that of DOPE: low pH in the early endo-
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some induces the proteins or peptides to fuse with membrane, releasing the DNA
into the cytoplasm (53). Finally, buffering capacity of charged groups such as the
primary, secondary, and tertiary amines in PEIs and polyamidoamine in den-
drimers may play an important role in endosomal DNA release in polyplex-me-
diated DNA delivery. Protonation of these groups in the endosome may create
sufficient osmotic pressure to induce endosomal lysis (35,36).

4.3. DNA Release from Complexes

Although formation of complexes between DNA and synthetic compounds is
essential for cell entry, dissociation of DNA from the complexes after the com-
plex has entered the cell appears to be essential for successful transfection. The
necessity for DNA release from the complexes was demonstrated by Zanber et
al. (54). In their experiments, lipoplexes or free DNA was injected directly into
the nucleus of oocytes and the level of gene expression in these injected oocytes
was analyzed at a later time. No gene expression was detected in oocytes injected
with lipoplexes as compared to a significant level of gene expression in those in-
jected with free DNA. With respect to cationic liposome-based transfection,
work by Xu and Szoka (55) suggested that DNA release from the complexes re-
sult from fusion of liposomes and cell membranes. Neutralization of positive
charges of synthetic vector in DNA complexes by negatively charged cellular
lipids and other components has been proposed as the mechanism of cytosolic
DNA release from the complexes (55).

4.4. Nuclear Transport of DNA

Once DNAmolecules are in the cytosol, they must still enter the nucleus. How
this occurs is largely unknown, but the transport of DNA from the cytosol into
the nucleus does seem to occur because transgene expression is achieved. Mi-
croinjection of plasmid DNA directly into cytoplasm revealed that transport of
DNA from the cytoplasm into the nucleus was of extremely low efficiency
(54,56). An additional factor affecting the transfer of DNA into the nucleus is nu-
clease activity (56). Cytoplasmic nuclease activity can reduce the amount of in-
tact DNA molecules available for nuclear import and gene expression, support-
ing the notion that movement of DNAfrom cytoplasm to the nucleus is one of the
most important limitations to a successful gene transfer. Interestingly, studies by
Pollard et al. (57) demonstrated that PEI of 25KDa is able to promote gene de-
livery from the cytoplasm into the nucleus. Such activity, however, is cell type
dependent. Different from cationic liposomes, dissociation of PEI/DNA com-
plexes to allow transcription does not seem to be a problem because injection of
these complexes into the nucleus produces a level of gene product comparable to
injection of plasmid DNA alone (57).
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Dean et al. (58) showed that the efficiency of nuclear transport of DNA is de-
pendent on the DNA sequence. Cytosolic injection of DNA containing replica-
tion origin and SV40 promoter sequences resulted in a significantly higher level
of DNA importation into the nucleus than that observed with plasmids without
these specific sequences (58). Inclusion of a nuclear localization signal, nor-
mally a short lysine- and arginine-rich peptide, as part of synthetic vector has
been considered as one of the promising strategies to enhance DNA import into
the nucleus (59).

5. Optimizing Transfection
In general, expression of the genetically coded information in DNA in a par-

ticular type of cell presents its own particular set of problems that must be over-
come to achieve a high level of expression. Unfortunately, selection of synthetic
compounds for a given type of cell is still largely empirical. There is not a set
of hard-and-fast rules to follow. In fact, a particular synthetic compound is al-
most as likely to be the exception as it is to follow any set of rules. Keeping this
caveat in mind, we will make some general comments that we hope will aid
readers in selecting an initial transfection reagent.

Selecting an appropriate synthetic vector for DNA delivery may require some
homework on the researcher’s part. The first piece of advice is to consult with
the technical service department of commercial resources (Table 1) for an es-
tablished protocol, because many companies have already optimized the ex-
perimental condition for their products in selected cell types. Researchers could
adopt these conditions if the types of cells to be used in their experiments are
the same or similar. This may significantly reduce the effort required to opti-
mize the experimental conditions.

In cases where there is not enough information available to make a selection,
researchers may wish to obtain transfection reagents from a number of com-
mercial sources to identify the one that gives the best results. Many companies
sell kits that contain multiple reagents. Alternatively, if researchers are new to
this type of study or are dealing with new types of cells, they will have to opti-
mize the experimental conditions themselves following the protocols and sug-
gestions described in the following chapters of this section.

As a standard procedure, the most convenient way to do optimization work
is to use a reporter system. The most commonly used reporter genes for this pur-
pose include those that code for luciferase (Luc), green fluorescence protein
(GFP), b-galactosidase (b-gal), chloramphenicol acetyltransferase (CAT), or se-
creted alkaline phosphatase (SEAP). Most reporter gene-containing plasmids
and related reagents for gene-expression analysis are commercially available
from many resources (Table 2). The following is a brief description of the ad-
vantages and disadvantages of the most commonly used reporter assay systems.
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Table 1
Commercial Sources for Transfection Reagentsa

Company Product Composition

Amersham-Biosciences CellPhect Transfection Kit CaPO4 or DEAE-Dextran
800-526-3593
www.amershambiosciences.com
Bio-Rad Labs CytoFectene Transfection Reagent Cationic lipid
800-424-6723
www.bio-rad.com
BD Biosciences–CLONTECH CLONfectinΤΜ Cationic lipid
800-662-2566 CalPhosΤΜ Calcium phosphate
www.clontech.com
CPG Inc. GeneLimoΤΜ Transfection Reagent Plus Polycationic lipids � lipid compound
800-362-2740 GeneLimoΤΜ Transfection Reagent Super Polycationic lipids � lipid compound
www.cpg-biotech.com
Gene Therapy Systems GenePORTERΤΜ DOPE � Proprietary compounds
888-428-0558 GenePORTERΤΜ 2 Proprietary material
www.genetherapysystems.com BoosterExpressΤΜ Reagent Kit Proprietary material

PGene GripΤΜ Vector/Transfection Systems GenePORTER � plasmid vector
Glen Research Cytofectin GS Cationic lipid
703-437-6191
www.glenres.com
Invitrogen LipofectAMINE 2000TM Reagent Polycationic lipid
800-955-6288 LipofectAMINE PLUSΤΜ Reagent Polycationic lipid (DOSPA:DOPE)
www.invitrogen.com Lipofectin® Reagent Cationic lipid (DOTMA:DOPE)

Transfection Reagent Optimization System LipofectAMINE PLUSΤΜ � Lipofectin®

� CellFectin® �DMRIE
CellFectin® Reagent Cationic lipopolyamine
OligofectAMINEΤΜ Reagent Proprietary
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Table 1
Continued

Company Product Composition

InvivoGen LipoVecΤΜ Cationic phosphonolipids
888-457-5873 LipoGenΤΜ Non-liposomal lipid
www.invivogen.com
MBI Fermentas ExGen 500 Cationic polymer
800-340-9026 ExGen 500 in vivo delivery agent Cationic polymer
www.fermentas.com
Novagen GeneJuiceΤΜ Transfection Reagent Proprietary polyamine
800-526-7319
www.novagen.com
PanVera Corporation TransIT®-TKO Reagents Polyamine®

800-791-1400 TransIT®-LT-1 and LT-2 Polyamine®

www.panvera.com TransIT® Express Transfection Reagent Polyamine®

TransIT® PanPack Polyamine � cationic lipid®

TransIT®-Insecta Cationic lipid®

TransIT®-293 Polyamine®

TransIT®-Keratinocyte Polyamine
Promega TransFASTΤΜ Transfection Reagent Cationic lipid
800-356-9526 TfxΤΜ-10, -20, and -50 Reagents Cationic lipid
www.promega.com TfxΤΜ Reagents Transfection Trio Cationic lipid

Transfectam® Reagents Cationic lipid
ProFection® Mammalian Transfection system DEAE-Dextran or calcium phosphate

Qbiogene GeneSHUTTLEΤΜ-20 and -40 Reagents Polycationic lipids
800-424-6101 In vivo GeneSHUTTLEΤΜ Reagent Liposome-mediated DOTAP:Chol.
www.qbiogene.com DuoFectΤΜ Reagent System Receptor-mediated endocytosis

Calcium Phosphate transfection kit Calcium phosphate
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Qiagen TransMessengerΤΜ Transfection Reagent Proprietary lipid
800-426-8157 SuperFect® Transfection Reagent Activated dendrimer
www.qiagen.com EffecteneΤΜ Transfection Reagent Nonliposomal lipid

Transfection Reagent Selector Kit Dendrimer � nonliposomal lipid
PolyFect® Transfection Reagent Activated dendrimer

Roche Applied Science FuGENE 6 Transfection Reagent Nonliposomal proprietary lipid
800-262-1640 X-tremeGENE Ro-1539 Transfection Reagent Proprietary lipid
www.biochem.roche.com X-tremeGENE Q2 Transfection Reagent Proprietary lipid

DOSPAR Polycationic lipid
DOTAP Cationic lipid

Sigma-Aldrich Corporation DEAE-Dextran Transfection Reagent DEAE-Dextran
800-325-3010 Calcium Phosphate Transfection Kit Calcium phosphate
www.sigma-aldrich.com EscortΤΜ , -II, -III, and -V Cationic lipid

In vivo Liposome Transfection Reagents Cationic lipid
Cell & Molecular Technologies Mammalian Cell Transfection Kit Calcium phosphate
800-543-6029 Transient Expression Kit DEAE-Dextran
www.specialtymedia.com
Stratagene LipoTaxi® Cationic lipid
800-424-5444 Mammalian Transfection Kit Calcium phosphate � DEAE-Dextran
www.stratagene.com MBS Mammalian Transfection Kit Modified calcium phosphate

Primary EnhancerΤΜ Reagent Lipid � calcium phophate
GeneJammerΤΜ Proprietary polyamine

Wako USA Genetransfer® Cationic liposomes
800-992-9256
www.wakousa.com

aThis table is assembled in part by the information provided in ref. 67.
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Table 2
Commercial Resources for Reporter Systemsa

Company Product Reporter system

Applied Biosystems Galacto-LightΤΜ b-galactosidase
800-345-5224 Galacto-LightΤΜ Plus b-galactosidase
www.appliedbiosystems.com Luc-Screen® luciferase

Phospho-LightΤΜ SEAP
BioVision Inc. Luciferase Reporter Assay Kit Luciferase
800-891-9699
www.biovisionlabs.com
BD Biosciences—CLONTECH Great EscAPeΤΜ SEAP
800-662-2566 pSEAP2 Reporter Vector SEAP
www.clontech.com pCMVb b-galactosidase

Luminsescent b-gal Reporter System3 b-galactosidase
pbgal Reporter Vectors b-galactosidase
Luciferase Reporter Assay Kit Luciferase
pCMS-EGFP Vector GFP
pGFP Variant Vectors GFP
pIRES2-EGFP Vector GFP
EGFP Cotransfection Marker Vector GFP
pd2EGFP Vector GFP
Living ColorsΤΜ Fluorescent Timer DsRed
Living ColorsΤΜ DsRed2 Vectors DsRed
pDsRed Vector DsRed
Promoterless Enhanced Fluorescent Protein Vectors ECFP, EGFP, or EYFP
N-terminal Enhanced Fluorescent Protein Vectors ECFP, EGFP, or EYFP
C-terminal Enhanced Fluorescent Protein Vectors ECFP, EGFP, or EYFP
Promoterless Destabilized Vectors D2ECFP, d2EGFP, or d2EYFP
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Gene Therapy Systems b-galactosidase assay kits b-galactosidase
888-428-0558 X-galactosidase assay kit b-galactosidase
www.genetherapysystems.com
ICN Biomedicals CAT Assay CAT
800-854-0530 Aurora GAL-XE b-galactosidase
www.icnbiomed.com Aurora AP SEAP b-glucuronidase

Aurora GUS
Intergen CATalyseΤΜ Assay CAT
800-431-4505 ONGP lac Z Reporter Gene Assay b-galactosidase
www.intergen.com
Invitrogen pTracerΤΜ-CMV2 GFP
800-955-6288 pTracerΤΜ-EF Super GFP
www.invitrogen.com pTracerΤΜ-SV40 GFP
InvivoGen LacZ Reporter Assay Kit b-galactosidase
888-457-5873 PLAP Reporter Assay Kit plap gene
www.invivogen.com
Marker Gene Tech Inc. Luciferase Assay Kit Luciferase
541-342-3760 FACS lacZ b-galactosidase Detector Kit b-galactosidase
www.markergene.com In vivo lacZ b-galactosidase Intracellular b-galactosidase

Detector Kit
Fluorescent di-b-galactopyranoside b-galactosidase

Molecular Devices CLIPRΤΜ Luciferase Assay Kit Luciferase
800-635-5577
www.moleculardevices.com
Novagen BetaBlueΤΜ Staining Kit b-galactosidase
800-526-7319 BetaRedΤΜ Staining Kit b-galactosidase
www.novagen.com BetaRedΤΜ-b-galactosidase assay kit b-galactosidase

BetaFluorΤΜ-b-galactosidase assay kit b-galactosidase
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Table 2
Continued

Company Product Reporter system

PerkinElmer Life Sciences LucLite® Luciferase
800-323-1891 LucLite® Plus Luciferase
www.perkinelmer.com GeneLux Enhanced Luciferase Assay Kit Phosphotinus-luciferase
Promega Bright-GloΤΜ Luciferase Assay System Luciferase
800-356-9526 Dual-Luciferase® Reporter Assay System Luciferase
www.promega.com Steady-Glo® Luciferase Assay System Luciferase
Pierce Intergen D-Luciferin Luciferase
800-874-3723
www.piercenet.com
Roche Molecular Biochemicals b-Gal Reporter Gene Assay b-galactosidase
800-262-1640 Luciferase Reporter Gene Assay Luciferase
www.biochem.roche.com SEAP Reporter Gene Assay SEAP
Stratagene b-Galactosidase Assay Kit b-galactosidase
800-424-5444 In situ b-Galactosidase Assay Kit b-galactosidase
www.stratagene.com
Thermo Labsystems GenGlow100 Kit Luciferase
800-522-7763 GenGlow 1000 Kit Luciferase
www.therm.com Luciferase Substrate D-luciferin

aThis table is assembled in part by the information provided in ref. 60.



For more information about the reporter assay systems, readers are referred to
an excellent product report by Hillary Sussman (60).

The luciferase gene is cloned from the North American firefly (Photinus
pyralis) (61). Its product, luciferase, catalyzes the oxidative carboxylation of lu-
ciferin in the presence of ATP and acetyl-CoA, resulting in the release of photons
that can be measured in a luminometer or scintillation counter. The major ad-
vantage of the luciferase assay is that it is rapid, convenient, and has a broad lin-
ear range covering seven or eight orders of magnitude. The detection limit can be
as low as 10�20 mol of luciferase. In addition, luciferase activity detected is
closely coupled to protein synthesis because this enzyme is not posttranslation-
ally modified.

Use of GFP as reporter has gained significant popularity in recent years (62).
The GFP gene is derived from the sea jellyfish (Aequorea victoria). There are no
substrates or cofactors needed for GFP detection because it fluoresces upon ul-
traviolet irradiation. The main advantage of using GFP as a reporter is that gene
expression can be directly observed under a fluorescence microscope in individ-
ual living cells. Stability of GFP in presence of heat, denaturants, detergents, and
most proteases is another major advantage. Because there is no amplification in-
volved in GFP measurement, the sensitivity of GFP assay is significantly lower
than that of the luciferase assay. Combination of GFP and fluorescence-activated
cell sorting (FACS) provides a useful tool for separation of transfected from un-
transfected cells.

b-gal, encoded by the LacZ gene, hydrolyzes sugar molecules. Although a
background level exists in mammalian cells and animal tissues, b-gal is still
frequently used in transfection experiments. Depending on the substrates used,
detection of b-gal activity can be colorimetric, fluorescent, or chemilumines-
cent. Hydrolysis of O-nitrophenyl-b-D-galactose or chlorophenol red b-galac-
toside yields colored products that can be quantified spectrophotometrically. b-
gal expression can also be visualized histochemically through hydrolysis of
5-bromo-4-chloro-3-indoyl-b-D-galactopyranoside (X-Gal), which produces a
blue precipitate. Several companies have developed products for the quantifi-
cation of b-gal by employing fluorogenic substrate or chemiluminescent diox-
etane chemistry that increase detection sensitivity over the colorimetric assay
(Table 2).

The bacterial CAT enzyme catalyzes transfer of an acetyl group from acetyl-
CoA to the antibiotic chloramphenicol. The quantitative analysis of CAT ac-
tivity is carried out using radio-labeled substrates such as 3H-acetyl-CoA or
14C-chloramphenicol. The need to use radioactive materials and a narrow range
for detection has made the CAT assay much less popular than other reporter
systems.

Another reporter system for transfection optimization is SEAP. SEAP is a
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mutated form of human placental alkaline phosphatase. SEAP offers the great
advantage of being secreted by the cell. Its activity can thus be measured re-
peatedly over time in a nondestructive fashion. Because there is no need to pre-
pare cell extracts, the assay is rapid and allows the cells to be further studied.
With the development of sensitive dioxetane substrate for alkaline phosphatase,
the detection limit of SEAP is less than 10�18 mole of the enzyme.

6. Summary and Outlook
The use of synthetic vectors for DNA delivery into mammalian cells in vitro

is now a well-established technique. There is also a rapid increase in use of syn-
thetic vectors for in vivo DNA delivery. Cationic liposomes have already been
used in clinical trials (63–66). However, most of the in vivo applications are
conducted through local regional administration. In addition, the level of gene
expression reported from these in vivo attempts has not seemed to be sufficient
to bring about a medical benefit. Therefore, significant efforts are needed to im-
prove in vivo DNA-delivery efficiency of the synthetic vectors.

In the development of chemical reagents for DNA delivery, research and
early activities have typically been driven by the need for better efficiency. In
focusing their efforts in this way, researchers have sought to create efficiency
by building on the knowledge of the biology underlying DNA delivery and by
synthesis of many new compounds sharing certain chemical and physical prop-
erties. Although there is no doubt that this strategy has produced some syner-
gies in developing various transfection reagents, future development will focus
around further improvement in gene-delivery efficiency for human gene ther-
apy.

In attempting to predict what surprises the next 5–10 years might hold for
chemical methods for DNA delivery, we believe that there will be continuous
improvements made in in vivo DNA delivery for those synthetic compounds
that have already been developed. Perhaps new compounds will be developed
that will be able to deliver DNA to all types of cells with equally high efficiency.
It is even conceivable that new compounds or new formulations will be devel-
oped for gene delivery in a target-specific manner. Practically speaking, the
driving force for future development is firmly rooted in public interest in gene
therapy. The rapid progress of the past few years makes it intriguing to specu-
late that it is possible that synthetic compounds might become an important
component in the repertoire for human gene therapy.
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Calcium Phosphate and DEAE-Dextran

Gregory S. Pari and Yiyang Xu

1. Introduction
Simplicity and cost are just two of the factors that have sustained the popu-

larity of calcium phosphate and, to a lesser extent, DEAE-dextran transfection
methods. However, notwithstanding these factors, the calcium phosphate
method, especially use of N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid
(the BES variation), has proven to be the only method sufficient for the co-
transfection of multiple plasmids into a wide variety of cell types. Although not
as widely used today, DEAE-dextran-mediated transfection is a highly repro-
ducible method for transient expression of a foreign gene.

The DEAE-dextran-mediated transfection method was widely used in the
early to mid-1980s because of the simplicity, efficiency, and reproducibility of
the procedure (1–5). One major drawback of this method is the poor efficiency
in forming stable cell lines. In addition, cellular toxicity is high because it is
necessary to expose the cells to dimethyl sulfoxide (DMSO). Consequently,
DEAE-dextran-mediated transfection has fallen out of favor with many inves-
tigators, giving way mostly to lipid-mediated transfection. However, because
lipid-mediated transfection can be costly and inefficient in some cell types,
many laboratories may want to consider the DEAE-dextran method. Some in-
vestigators have found DEAE-dextran-mediated transfection to be highly ef-
fective in certain cell lines. Several reports demonstrated that this is the method
of choice for delivering DNA to primary cultured human macrophages (6,7). In
addition, it appears that DEAE-dextran enhances the transfection efficiency of
mammalian cells when using electroporation (8).



In contrast to DEAE-dextran, the calcium phosphate co-precipitation proce-
dure has remained a popular method to efficiently deliver DNA to a wide vari-
ety of cell types. The main advantage of calcium phosphate DNA transfection
is the high efficiency for the generation of constitutively expressing cell lines.
Calcium phosphate is the method of choice for the simultaneous transfection of
multiple plasmids. In our laboratory, we routinely co-transfect as many as 12
different plasmid constructs at the same time into mammalian cells. Plasmid
DNA to be transfected must be of the highest purity, usually only double-banded
CsCl DNA is used for transfection.

The original calcium phosphate method used a HEPES-based buffer sys-
tem (9). This method is simple to use, but is limited in the range of cell lines
that can be efficiently transfected. Many variations of the HEPES-based system
exist, and some have optimized this method for a particular cell type (10). A
variation of the original calcium phosphate transfection method, one that uses
BES buffer, has emerged as a very versatile and highly efficient transfection
method (11). The BES method uses a different buffer system in which the pH
is lower than the HEPES-based procedure. A lower pH, coupled with incuba-
tion in a reduced CO2 atmosphere for 15 h, allows the DNA-calcium phosphate
precipitate to form slowly on the cells. This results in a significant increase in
the efficiency of transfection and a higher percentage of stably expressing cell
lines than the HEPES-based procedure. Co-transfection efficiencies are also
much higher using the BES method versus the original HEPES-based buffer
transfection method. This feature is of particular importance to establish a co-
transfection replication assay (12,13). Because of these advantages, we present
only the BES method in this chapter.

The following are representative protocols for DEAE-dextran transfection of
adherent and suspension cells, as well as a protocol for the BES method for cal-
cium phosphate-mediated transfection.

2. Materials
2.1. DEAE-Dextran Transfection

1. Tris-buffered saline (TBS): Prepare the following sterile solutions: Solution
A: 80 g/L NaCl, 3.8 g/L KCl, 2 g/L Na2HPO4, 30 g/L Tris base. Adjust pH to
7.5. Solution B: 15 g/L CaCl2, 10 g/L MgCl2. Filter-sterilize both solutions
and store at �20°C. To make 100 mL of working solution, add 10 mL of So-
lution A to 89 mL of water and then add 1 mL of Solution B, filter-sterilize
and store at 4°C.

2. Suspension Tris-buffered saline (STBS): 25 mM Tris-HCl, pH 7.4, 137 mM
NaCl, 5 mM KCl, 0.6 mM Na2HPO4, 0.7 mM CaCl2, 0.5 mM MgCl2. Dis-
solve in distilled H2O and filter-sterilize.

26 Pari and Xu



3. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na2HPO4, 1.4 mM KH2PO4, pH 7.3.

4. Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS).

5. DEAE-dextran: 10 mg/mL in TBS.
6. 10% DMSO.
7. For suspension cultures, cells are grown in RPMI 1640 medium supple-

mented with 10–20% FBS.

2.2. Calcium Phosphate Co-Precipitation

1. DMEM supplemented with 10% FBS.
2. CsCl-purified double-banded DNA.
3. 2.5 M CaCl2 filter sterilized through a 0.45-lm filter.
4. 2X BES-buffered saline (BBS): 50 mM N,N-bis(2-hydroxyethyl)-2-

aminoethanesulfonic acid, 1.5 mM Na2HPO4, 280 mM NaCl. Adjust pH to
6.95 with 1 N NaOH (see Note 1).

5. 35°C 3% CO2 humidified incubator.

3. Methods
3.1. DEAE-Dextran Methods

Two DEAE-dextran methods are commonly used. The first is the basic pro-
tocol, which can be used on all anchorage-dependent cells. The second can be
used on cells that normally grow in suspension or with anchorage-dependent
cells that have been trypsinized and are in suspension. This procedure may in-
crease transfection efficiency in some cells. For adherent cells, it is advisable to
try the basic protocol first, then if transfection efficiency is low, try the suspen-
sion procedure.

3.1.1. Anchorage-Dependent Cells

1. Plate 5 � 105 cells in a 10 cm tissue culture dish (see Note 2). Cells should
be plated at least 24 h before transfection and should be no more than
40–60% confluent.

2. For each plate of cells to be transfected, ethanol precipitate 5 lg of DNA
in a 1.5-mL microcentrifuge tube and resuspend the pellet in 40 lL of TBS.
If the same DNA is used for multiple plates, precipitate all the DNA in one
tube. Ethanol precipitation sterilizes DNA.

3. Remove media from the cells and wash cells with 10 mL of PBS. After wash-
ing, add 4 mL (for a 10-cm dish) of DMEM supplemented with 10% FBS.

4. Aliquot 80 lL of DEAE-dextran into 1.5-mL microfuge tubes and warm to
37°C in a water bath. Add the resuspended DNA (5 lg of DNA per 80 lL
of DEAE-dextran) slowly to the tube while vortexing gently.
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5. Add 120 lL of the DNA/DEAE-dextran mixture to the plate in a dropwise
fashion using a 200 lL pipet tip. Swirl the plate after each drop is applied
to ensure that the mixture is distributed evenly (see Note 3).

6. Incubate the plates for 4 h in a 37°C incubator with a 5% CO2 atmosphere.
This incubation time can be shortened for some cell types.

7. Remove the medium. At this point, the cells may look a little sick but this
is normal.

8. Add 5 mL of 10% DMSO in PBS. Incubate for 1 min at room temperature.
Remove the DMSO and wash the cells with 5 mL of PBS. Replace the PBS
with 10 mL of DMEM supplemented with 10% FBS.

3.1.2. Cells in Suspension

1. Ethanol precipitate DNA and resuspend the pellet in 500 lL of STBS (see
Subheading 2). Use 10 lg of DNA per 2 � 107 cells. Cells can be either
normally growing suspension cells, for example B-cells, or trypsinized an-
chorage-dependent cells.

2. Pellet cells in a 50-mL conical centrifuge tube.
3. Resuspend cells in 5 mL of STBS and re-pellet as in step 2.
4. Prepare a 2X solution of DEAE-dextran (200–1000 lg/mL) in STBS and

add 500 lL of this solution to 500 lL of the DNA resuspended in 500 lL of
STBS from step 1. Mix well. Resuspend pelleted cells with this DEAE-dex-
tran/DNA solution. Use a final concentration of 100–500 lg/mL of DEAE-
dextran.

5. Incubate cells in a CO2 incubator for 30–90 min. Tap cells occasionally to
keep them from clumping. Incubation times vary and should be determined
experimentally.

6. Add DMSO to cells dropwise to a final concentration of 10%, mix well
while adding.

7. Incubate cell with DMSO for 2–3 min. Add 15 mL of STBS to cell.
8. Pellet cells, wash with 10 mL of STBS and pellet again. Wash cells in

medium with serum and pellet. After this centrifugation, resuspend cells in
complete medium (RPMI plus 10–20% FBS). If cells are normally anchor-
age-dependent, re-plate on a 10 cm dish or in a 75-cm2 flask. If cells are nor-
mally grown in suspension, incubate cells in normal growth media in 25-cm2

flasks. The onset of expression from transfected plasmids varies depending
on cell type. Usually expression begins between 24–48 h post-transfection.

3.2. Calcium Phosphate Co-Precipitation Method

Like DEAE-dextran transfection, two calcium phosphate transfection meth-
ods are routinely used: a HEPES-based method and a BES buffer method. Both
are good for transient expression, but the BES-buffer procedure is much more
efficient for making established constitutively expressing cell lines, in some
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cells 50% efficiency can be achieved. In addition, this procedure works better
on a wider variety of cell types, is excellent for co-transfection, and is easier to
perform than the traditional HEPES-based method. Because the BES method is
so versatile and offers these advantages, this method is presented here.

1. Plate approx 5 � 105 cells on a 10-cm tissue culture dish 24 h before trans-
fection. The cells should be no more than 50% confluent for making estab-
lished cell lines and about 70% confluent for transient expression. Smaller
plates (e.g., 6 cm) may be used and in some cases this is actually sufficient
and easier.

2. Dilute the 2.5 M CaCl2 solution to 0.25 M with sterile water.
3. Precipitate plasmid DNA in 17 � 100 mm polypropylene tubes as follows:

Add 20–30 lg of plasmid DNA per tube (Falcon # 2058) or 10–20 lg for a
6-cm plate (see Note 4). For transfecting cells in a 100-mm dish or in two
60-mm dishes, add 20–30 lg of DNA to the tube followed, in order, by 500
ll of 0.25 M CaCl2, then 500 lL of 2X BBS. Use one-half of this mixture on
each plate when using 60-mm dishes. For transfecting cells in one 60-mm
dish, add 10–20 lg of DNA followed, in order, by 250 lL of 0.25 M CaCl2,
then 250 ll of 2X BBS. In both cases, mix well and incubate at room tem-
perature for 10–20 min (see Note 5).

4. Add the calcium phosphate/DNA mixture to cells in a dropwise fashion,
swirling the plate after each drop. Incubate the cells overnight in a 35°C 3%
CO2 incubator (see Note 6).

5. Wash cells twice with 5 mL of PBS, then add 10 mL of DMEM with 10%
FBS. Incubation of cells from this point on is done in a 5% CO2 37°C in-
cubator.

6. For transient expression, harvest cells 48 h post-transfection. For selection
of stably integrated expression clones, split cells (1:10) 48 h post-transfec-
tion into selection medium. For co-transfection see Note 7. Many investi-
gators have used the BES method to elucidate genes required for viral DNA
replication. The BES method is well-suited for this purpose because of the
high co-transfection efficiency (see Note 8).

4. Notes
1. BBS pH is critical. Make three solutions ranging in pH from 6.93–6.98.

Usually a visual inspection of cells after an overnight transfection will in-
dicate which BBS mixture and DNA concentration works best. A coarse
and clumpy precipitate will form when DNA concentrations are too low, a
fine, almost invisible precipitate will form when DNA concentration are too
high. An even granular precipitate forms when the concentration is just
right. This usually correlates to the highest level of gene expression or for-
mation of stably integrated cell lines.
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Fig. 1. Cotransfection of 11 plasmids using BES calcium phosphate coprecipitation.
(A) Replication assay. Human foreskin fibroblasts (HFF) were transfected with 10 plas-
mids encoding human cytomegalovirus (HCMV) replication genes along with a plas-
mid encoding the cloned origin of lytic replication (oriLyt). Total cellular DNA was har-
vested 5 d post-transfection and cleaved with EcoRI and DpnI. DpnI, a four base-pair
recognition enzyme, will cleave input DNA (unreplicated DNA) multiple times and
EcoRI will linearize the HCMV oriLyt. Replicated plasmid is DpnI-resistant and is in-
dicated by the arrow. DNA is separated on an agarose gel and hybridized with the par-
ent plasmid vector. Lanes: 1, All required plasmids plus HCMV oriLyt; 2, omission of
one plasmid required for oriLyt replication. (B) HCMV replication compartment for-
mation requires cotransfection of essential replication proteins. Cotransfections in-
cluded a replication protein fused in frame with EGFP. HFF cells were transfected with
10 plasmids encoding HCMV replication proteins along with a plasmid encoding a
replication protein fused in-frame with EGFP. Transfected cells were fixed and visual-
ized using a confocal microscope. Panel 1: cotransfections were performed the same as
in A sample number 1, cells were fixed and visualized using a confocal microscope.



2. Smaller dishes may be used; adjust the number of cells and DNA used pro-
portionally. Higher densities of some cell types may be necessary to
achieve good transfection efficiencies. If cell death is too high owing to the
toxicity of DEAE, then try plating cells at a higher density.

3. It may be necessary to determine the optimal concentration of DEAE-dex-
tran needed for good transfection efficiencies. Vary the volume of TBS used
to resuspend DNA and the amount of DEAE-dextran. For example:

DNA in TBS, lL DEAE-dextran, mg/mL

80 160
40 80
20 40

4. Only high-quality plasmid DNA will work. Use only double-banded CsCl
purified DNA. Carrier DNA is not necessary and actually will decrease ef-
ficiency. Also, linear DNA does not transfect well.

5. At this point no precipitate should be visible. Use three different concen-
trations of DNA to help identify the DNA concentration necessary for op-
timal transfection.

6. CO2 level is critical. Measure the level with a Fyrite gas analyzer. Temper-
ature is somewhat less critical. A 37°C incubator can be used.

7. When performing cotransfections, vary the amount of effector plasmid in
relation to the other plasmids in the mix keeping the total amount of DNA
the same. The ratio of plasmids used in the mixture can be the difference
between success and failure. We routinely find that a higher concentration
of effector plasmid in the mix yields better results. We commonly use this
cotransfection method to assay the level of promoter activity effected by
certain vital transactivators.

8. The co-transfection-replication assay involves the co-transfection of sev-
eral different plasmids (in the case of HCMV 11 different plasmids) each
encoding a gene required for DNA replication. Depending on the number
of plamids in the transfection mixture, vary the amount of transactivators
and effector plasmid. As many as 11 plasmids can be tranfected at one time.
Each plasmid can contain one or many genes required for replication of a
cloned origin of DNA replication (Fig. 1).
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Panel 2: cotransfections were the same as in (A), sample number 2, in which one plas-
mid encoding an essential protein was omitted from the transfection mixture. Inclusion
of all of the essential proteins results in a more organized pattern of fluorescence typi-
cal of DNA replication compartments.
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DNA Delivery to Cells in Culture Using Peptides

Lei Zhang, Nicholas Ambulos, and A. James Mixson

1. Introduction
There are now several cationic peptide carriers that efficiently import plas-

mids and oligonucleotides into cells. As a result, we anticipate that cationic pep-
tides will play an increasingly important role with in vitro and in vivo gene de-
livery systems. Cationic peptides usually bind through ionic interactions to the
negatively charged phosphate backbone of DNA, although additional noncova-
lent bonds may stabilize the interaction between the polymer and DNA (Fig. 1).
Alternatively, cationic peptides may be covalently conjugated to DNA to pro-
mote entry into the cell. Regardless of the type of linkage between the peptide
and DNA, peptide-mediated delivery can be characterized by the pathway of
entry into cells: endosomolytic (1–5) or membrane-penetrating (6–9). Endoso-
molytic peptides enter cells through endocytosis, whereas membrane-penetrat-
ing peptides bypass the endocytotic pathway and may fuse directly with the cel-
lular membranes. Although this chapter will discuss several methods for
preparing peptide/DNA complexes, we will focus on the solid phase synthesis
of peptides and the complexes that these peptides form with DNA.

1.1. Endosomolytic Peptides

Peptide-DNA complexes (polyplexes) enter cells most commonly by the en-
dosomal pathway. Poly-L-lysine was one of the first peptides used for transfec-
tion (10–13), although it and related peptides (e.g., poly-L-ornithine) have low
transfection efficiency (14). Nevertheless, this polymer along with its cargo is
effectively taken up by many cells. The import of DNA by these cationic poly-
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mers into cells may be owing to their enhancement of DNA condensation and
to the net negative charge on the surface of most eukaryotic cells. Nevertheless,
disruption of endosomes by poly-L-lysine is inefficient and several strategies
have been adopted to increase polylysine-mediated transfection. The simplest
approach to augment endosomal disruption is to co-incubate pH-buffering
agents with polylysine-DNA complexes; thus, lysosomotropic agents such as
chloroquine have been found to increase significantly transfection of polyly-
sine-mediated gene transfers (14). Alternatively, gene expression may be en-
hanced by condensing polylysine-DNA complexes with high concentrations of
NaCl (15). Conjugation of transfection-enhancing domains to poly-L-lysine will
be discussed in subsequent sections.

In addition to polylysine, several peptides have been discovered that are
more effective in augmenting the cytosolic and nuclear delivery of DNA com-
pared to polylysine (Tables 1 and 2); this is owing in part to their having com-
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Fig. 1. Comparison of poly-L-lysine with HK polymer. In contrast to polylysine (K),
serum has minimal effect on gene expression with the H-K triplex. Poly-L-lysine (K) or
H-K polymers were first incubated with the PCI-Luc for 30 min followed by incubat-
ing with DOTAP liposomes. After incubating the triplex with MDA-MB-435 cells for
4 h, luciferase expression was measured 48 h later. Although K has nearly twice as many
positive charges per molecule to interact with DNA compared to HK, the transfection
complex containing the K-polymer is very sensitive to the presence of serum. In con-
trast, the transfection complex containing the HK polymer is resistant to serum and con-
sequently transfection remains high. These results are consistent with the occurrence of
noncovalent bonds other than ionic interactions.



In V
itro Transfection of C

ells W
ith Peptides

35

Table 1
Peptide Carriers

Endosomolytic peptides References

Linear and branched cationic polyamino acids Pouton et al. (13), Plank et al. (14), Singh et al. (31)
HA (GLFEAIAGFIENGWEGMIDGGGC Wagner et al. (1), Bailey et al. (16), Waelti et al. (17)
GALA (WEAALAEALAEALAEHLAEALAEALEALA) Parente et al., (19)
KALA (WEAKLAKALAKALAKHLAKALAKALKACEA) Wyman et al. (2)
Amphiphilic a-helical oligopeptides-Ac-(LARL)6-NHCH3 Niidome et al. (3)
HK(KHKHKHKHKGKHKHKHKHK); Imidazole-containing polylysine Chen et al. (5), Midoux et al. (4)

Membrane-penetrating proteins
Tat-derived peptide (YGRKKRRQRRR) Astriab-Fisher et al. (34)
Antennapedia-derived peptide (RQIKIWFQNRRMKWKK) Astriab-Fisher et al. (34)
HIV-1 gp 41 (GALFLGFLGAAGSTMGA) Morris et al. (37), Chaloin et al. (29), Morris et al. (38)
Transportan (GWTLNSAGYLLGKINLKALAALAKKIL) Pooga et al. (30)

Nuclear Localization Peptides
Simian virus 40 (PKKKRKV) Kalderon et al.(39), Kalderon et al.(40)
NLS (PKKKRKVEDPYC) Zanta et al. (46)
Nucleoplasm (KRPAATKKAGQAKKKK) Robbins et al .(41)
Oncoprotein c-Myc (PAAKRVKL) Makkerh et al. (42)
Nuclear ribonucleoprotein A1–(GNQSSNFGMKGGNFGGRSSGPYG- Subramanian et al. (44), Bogerd et al. (45)

GGGQYFAKPRNQGGY)
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Table 2
Polymer–DNA Complexes

Optimal peptide/ Marker/ Entry
Polymer Domains DNA ratio DNA target Mechanism References

Loligomer DNA binding, 3:1a P Luc E Singh et al. (31)
NLS

MPG DNA binding, 10:1b P, AS Luc, Cdc25C F Chaloin et al. (29), Morris et  
NLS Ca channel al. (37), Morris et al. (38)

Galactosylated DNA binding, 1:0/0.6a P Cat E Hashida et al. (28)
lysine galactose

Histidylated DNA binding 2:1 to 65:1b P, AS Luc, ICAM-1 E Midoux et al., (4), Pichon et  
lysine, HK pH-buffering al. (55), Chen et al. (5)

(LARL)6 DNA binding, 2:1b P Luc E Niidome et al. (3)
hydrophobic

Abbreviations:NLS, nuclear localization signal; P, plasmid; AS, antisense oligonucleotide; Luc or Cat; plasmid-encoding luciferase or chlo-
ramphenicol acetyl transferase; E and F represent endocytosis and fusogenic pathways, respectively. The target of the antisense oligonucleotides is
underlined.

aOptimal weight: weight ratio, bOptimal positive:negative charge ratio.



ponents that may facilitate endosomal disruption. Examples of these endoso-
molytic peptides include an N-terminal sequence from hemagglutinin-A2 virus
(GLFEAIAGFIENGWEGMIDGGGC) (1,16–18), KALA (2), GALA (19,20),
(LARL)6 (3), and histidine (or imidazole)-lysine polymers (4,5,21,22). Peptides
such as GALA, KALA, and hemagglutinin-derived virus sequences form a-he-
lices at acidic pH, thereby disrupting endosomes; HK polymers, akin to non-
degradable polymers (polyethylinimine, polyamidomine, etc.), may disrupt en-
dosomes through their buffering properties. These peptides can be further
classified by their ability to bind to DNA. For example, KALA, histidylated
polylysine, and (LARL)6 a-helical peptide can interact directly with DNA; in
contrast, GALA and hemagglutinin A2 virus-derived peptides must be further
modified in order to bind with DNA (e.g., the addition of cationic peptide do-
main) (23). Nevertheless, to achieve optimal transfection, peptides almost al-
ways need to be modified with cell-specific ligands and/or a nuclear localiza-
tion signal (23). We emphasize that endosomolytic peptides may be used alone
or in combination with other carriers such as liposomes or viruses to increase
transfection (5,21,24–28).

1.2. Membrane-Penetrating Peptides

Compared to endosomolytic peptides, membrane-penetrating (fusogenic)
peptides of DNA are relative newcomers in the transport of DNA molecules
(8,29–35). Membrane-penetrating peptides were used initially to transport pro-
teins into cells (36), but more recently some of these peptides have been shown
to carry oligonucleotides directly into cells through their fusogenic properties
(Tables 1 and 3). It has also been suggested, but not proven, that these peptides
may be efficient carriers of plasmids. Delivery of DNA and/or proteins by these
peptides occurs at 4°C, indicating that intracellular delivery of these peptide-
DNA conjugates may be owing to the formation of “inverted micelles.” Evi-
dence that these peptide/DNA conjugates enter by a pathway other than endocy-
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Table 3
Polymer–DNA Conjugates

Entry 
Conjugate Target/marker DNA Mechanism References

Tat-MDR P-glycoprotein, AS F Astriab-Fisher et al. 
conjugate galanin receptor (34), Pooga et al. (43)

ANT-MDR P-glycoprotein, AS F Astriab-Fisher et al. 
conjugate galanin receptor (34), Pooga et al. (43)

Abbreviations:AS, antisense oligonucleotide; F represents that the mechanism of entry of the
conjugate is fusogenic.



tosis is further supported by lack of transfection enhancement with lysosomo-
tropic agents (e.g., chloroquine); lysosomotropic agents usually increase trans-
fection of non buffering transfection carriers mediated by endocytosis. However,
the precise mechanism of entry of these “membrane-penetrating” peptides re-
mains unclear and endocytosis has not definitively been ruled out. One distin-
guishing characteristic of these fusogenic peptides is that they contain several
arginines, in contrast to the lysine-rich cationic peptides associated with endo-
cytosis; hydrogen bonding of the guanidinium side chain of arginine is a feature
not shared by the lysine-containing cationic peptides. These arginine-rich pep-
tides include Tat-derived (YGRKKRRQRRR), Antennapedia-derived peptides
(RQIKIWFQNRRMKWKK), and polyarginine peptides (35), and such peptides
for in vitro experiments have been shown to be efficient carriers of oligonu-
cleotides (Tables 1 and 3) (34).

Recently, phage particles displaying Tat peptide on the surface have shown
efficient gene transfer in vitro (7). As a result, it has been suggested that mem-
brane-penetrating peptides may be effective carriers of large molecular-weight
DNA (8). In one study with plasmids, however, gene expression with branched
polyarginine polymers was low (14). More studies are required to assess the
efficacy of these arginine rich membrane-penetrating polymers on the delivery
of plasmids. Other membrane-penetrating peptides with high hydrophobicity
that do not contain arginine-rich sequences have been shown to be effective car-
riers of therapeutic oligonucleotides and/or luciferase-encoding plasmids (29,
30,37,38).

1.3. Nuclear Localization Signals

In addition to the membrane-penetrating, endosomolytic, or DNA-condens-
ing properties, incorporation of nuclear localization signals (NLS) into peptides
may increase transfection significantly (30,39–46) (Tables 1–3). For example,
a branched peptide chimera containing multiple lysine pentapeptides and NLS
(SV40 large T-antigen) significantly enhanced transfection of DNA compared
to the unmodified branched polylysine (31). In addition, one report has found
that an oligonucleotide containing a lysine tail accumulated significantly in the
nucleus, which the authors suggested might be owing to the NLS qualities of
the lysine tail (47). NLS are usually strongly cationic (30,39–41,43,46), but may
be weakly cationic (42) or neutral (44,45). Obviously, cationic NLS sequences
may interact and compete with other cationic sequences within the polymer. If
this is problematic, a neutral or less cationic NLS can be incorporated into the
peptide. The number of NLS per DNA molecule appears to be critical in opti-
mizing transfection (48).
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1.4. Assembly of Complex

The challenge of peptide delivery systems is to define the precise formula-
tions to increase delivery of DNA. The investigator must determine if self-as-
sembly of several peptides, each of which contains one of these domains (DNA-
condensing, membrane, destabilizing, and NLS), is preferable to a signal
peptide containing all of these domains. The choice of how to proceed with this
assembly will probably be determined by understanding the mechanisms in-
volved rather than constraints on peptide synthesis. For example, the peptide
MPG combines the putative membrane-penetrating domain of HIV GP-41 with
the NLS domain of SV40 to transport oligonucleotides and plasmids efficiently
into cells (Table 2) (29,37,38). Nevertheless, if release of DNA from the poly-
mer within the endosome is critical for disruption of endosomes (49), then the
NLS sequence should not be incorporated within the DNA condensing segment
of the peptide-delivery agent, but rather should be associated directly with the
DNA.

2. Materials
2.1. Sources of Media, Cells, and Chemicals

1. Dulbecco’s Modified Eagle’s medium (DMEM), fetal calf serum (FCS),
Glutamine, Opti-MEM, and DH5a bacteria are available from Invitrogen
(Carlsbad, CA).

2. EBM medium, EGM-2 medium, and bovine brain extracts (BBE) are avail-
able from Clonetics (San Diego, CA).

3. Superbroth is available from Advance Biotechnologies Incorporated (Co-
lumbia, MD).

4. Luciferase Assay System with Reporter Lysis Buffer System is available
from Promega (Madison, WI).

5. Ion-exchange chromatography columns for DNA purification are available
from Qiagen, Inc.(Chatsworth, CA).

6. Coomassie Plus Protein Assay Reagent is available from Pierce (Rock-
ford, IL).

7. 1, 2-dioleoyl-3-trimethylammonium-propane (DOTAP) dissolved in chlo-
roform and cholesterol are available from Avanti, Inc. (Birmingham, AL).

8. Cell lines: MDA-MB-435 was a gift from Dr. Erik Thompson, Lombardi
Cancer Center, Washington, DC), MDA-MB-231, CRL-5800, and Chinese
hamster ovary (CHO) cells are available from American Tissue Culture
Collection (ATCC, Manassas, VA). Bovine aortic endothelial (BAE) cells
are available from Coriell Cell Repositories (Camden, NJ); and normal
human dermal fibroblasts (NHDF), human umbilical vein endothelial cells
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(HUVEC), and human microvascular vein endothelial cells (HMVEC) are
available from Clonetics. MDA-MB-435 and MDA-MB-231 cells are un-
differentiated estrogen-independent breast cancer lines obtained from un-
related human donors, whereas the CRL-5800 cell line was isolated from a
human nonsmall cell lung cancer.

9. The resin, Fmoc PAL-PEG low load (0.1–0.2 g/mmol) resin, is available
from Applied Biosystems (ABI, Foster City, CA).

10. Amino acids and chemicals for peptide synthesis.

a. Piperidine and HATU (N-[(dimethylamino)-1H-1,2,3-triazolo[4,5-b]
pyridin-1-ylmethylene]-N-methylmethanaminium hexafluorophosphate
N-oxide) are available from ABI.

b. N-Hydroxybenzotriazole (HOBt) is available from AnaSpec (San Jose,
CA); all amino acids are available from AnaSpec, and side chains are
protected as follows: Fmoc-lysine (Boc; tert-butyloxycarbonyl), Fmoc-
aspartic acid and Fmoc-glutamic acid (OtBu; tert-butyl ester), Fmoc-
arginine (Pbf; 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl),
Fmoc-serine and Fmoc-threonine (tBu; tert-butyl), Fmoc-histidine,
Fmoc-asparagine, Fmoc-glutamine, Fmoc-cysteine (Trt; trityl), and for
the branched core Fmoc-lysine [Dde; 1-(4,4-dimethyl-2,6-dioxocyclo-
hex-1-ylidine]ethyl).

c. N,N-Diisopropylethylamine (DIEA), hydrazine, and triisopropylsilane
are available from Sigma-Aldrich (St. Louis, MO).

d. Acetonitrile, N,N-dimethylformamide (DMF), dichloromethane (DCM),
trifluoroacetic acid (TFA), and ethyl ether are available from Burdick and
Jackson (Muskegon, MI).

e. Phenol is available from Invitrogen.
f. Acetic anhydride is available from EM Scientific (Cherry Hill, NJ).
g. Reagent K: 88% TFA, 5% water, 5% phenol, and 2% triisopropylsilane.
h. Buffer A: 0.1% TFA; Buffer B: 0.1% TFA, 80% acetonitrile.

2.2. Plasmids

1. pCI-Luc, a plasmid encoding luciferase with a CMV promoter, is available
from Promega.

2. Isolate and purify pCI-Luc from Escherichia coli (DH5a) using Qiagen
Maxi Kits (see Note 1).

2.3. Maintaining Cells and Culture Medium

1. Maintain primary human umbilical vein endothelial cells (HUVEC,
HMVEC) in EGM-2 Bullet Kit media. Perform experiments with these cell
lines between passages 3 and 6.
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2. Maintain MDA-MB-435, MDA-MB-435, and CHO, NHDF, and BAE (for
gene expression) cells in DMEM containing 10% FCS and 2 mM gluta-
mine. Perform experiments on NHDF between passages 2 and 6.

3. Maintain BAE cells, for antisense experiments, in EBM containing 5%
FCS and 1.2 lg/mL of BBE.

2.4. Liposomes

1. Place 25 mg of DOTAP (2.5 mL) in a round-bottomed flask and dry lipids
to a fine film with a Rotary Evaporator.

2. After hydrating lipids with water (1.6 mL), transfer liposome solution into
an 18 mL glass-stoppered test tube (Kontes, Vineland, NJ).

3. Sonicate liposomes in the presence of argon until clear in a Branson 1210
bath sonicator.

4. Extrude the solution of liposomes 10 times through a 50 nm polycarbonate
membrane with LipsoFast-Basic extruder.

5. Dilute liposome solution with 25 mL of water so that the final concentra-
tion is 1 lg/lL.

6. In addition to preparing cationic liposomes, several cationic liposomes are
commercially available, including Lipofectamine (Invitrogen), Lipofectin
(Invitrogen), DOTAP (Roche, Indianapolis, IN), and [1,3-di-oleoyloxy-2-
(6-carboxy-spermyl)-propylamid] (DOSPER, Roche).

2.5. Peptides

1. Poly-L-lysine (K2; molecular-weight range 1000–4000) is available from
Sigma-Aldrich.

2. The biopolymer core facility at the University of Maryland synthesized the
following polymers on a Symphony multiple peptide synthesizer (PTI, Tuc-
son, AZ):

a. HK (19 mer; molecular weight-2, 454)–[K-H-K-H-K-H-K-H-K-G-K-
H-K-H-K-H-K-H-K];

b. HHK4b (83 mer; molecular weight-10, 570)–[K-H-K-H-H-K-H-H-K-
H-H-K-H-H-K-H-H-K-H-K]4 K-K-K; and

c. K1 (19 mer; molecular weight 2, 381)–[K-K-K-K-K-K-K-K-K-G-K-K-
K-K-K-K-K-K-K].

Details of their syntheses are discussed in Subheading 3.1.
3. Reconstitute polymers with water at a concentration of 30 mg/mL.

2.6. Equipment

1. Symphony multiple peptide synthesizer (Protein Technologies Inc [PTI],
Tucson, AZ).
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2. HPLC (Beckman, Fullerton, CA) with a Dynamax 21.4 � 250 mm C-18
reversed phase preparative column (Varian, Palo Alto, CA).

3. Voyager matrix-assisted laser desorption/ionization-time of flight (MALDI-
TOF) mass spectrometry ( Applied Biosystems).

4. Rotary Evaporator with water bath (Buchi, Switzerland).
5. Lipofast Basic extruder (Avestin Inc, Ottawa, ON, CAN).
6. Branson 1210 bath sonicator (Bransonic, Danbury, CT).
7. TD 20/20 luminometer (Turner Design, Sunnyvale, CA).

3. Methods
3.1. Solid-Phase Peptide Synthesis (SPPS)

The SPPS methods described here have been utilized by our group to syn-
thesize histidine-rich peptides. Although they were designed to overcome diffi-
culties encountered during the synthesis of these peptides, the methods should
also be applicable to nonhistidine-containing peptide carriers. For an alternative
strategy of preparing peptide carriers, see Notes 2 and 3.

3.1.1. General SPPS Methodology (50,51)

1. Synthesize peptides on a Symphony multiple peptide synthesizer at a 0.025-
mM scale using Fmoc (9-fluorenylmethyloxycarbonyl) chemistry.

2. Synthesize the HK peptides with Fmoc-PAL-PEG-PS resin (ABI) at a sub-
stitution level of 0.1–0.2 g/mMol (see Note 4).

3. Remove Fmoc group (deprotection) by incubating three times for 20 min
with 20% piperidine containing 0.1 M HOBt. (First remove Fmoc from
resin, and then in successive cycles remove Fmoc from N-terminal amino
acid of nascent peptide.)

4. Following deprotection, wash the resin six times for 1 min with DMF/DCM
(1:1; primary solvent).

5. Catalyze amino acid coupling with HATU/DIEA as the activator. Mix
Fmoc-Lysine(Boc), with HATU/ DIEA in a 1:1:1.5 molar ratio. (For sub-
sequent couplings, similarly activate desired amino acid.)

6. Mix activated amino acid with resin for 45 min at room temperature (RT).
7. Wash three times for 1 min with the primary solvent.
8. Cap any uncoupled free N-terminal amino groups on the resin using 50%

acetic anhydride in DMF. Wash resin with 50% acetic anhydride in DMF
two times for 15 min.

9. Wash three times for 1 min with the primary solvent.
10. Repeat steps 3–9 for each successive amino acid addition performed until

the desired polymer is completed.
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11. Cleave peptides from the resin and remove the side-chain protecting groups
by treatment with reagent K for 4 h (52).

12. Filter in-line peptides on the Symphony and deposit into collection tubes.
13. Precipitate peptides with three volumes of ice-cold ethyl ether. Wash three

times in ice-cold ethyl ether and dry.
14. Purify peptides on a high-performance liquid chromatography (HPLC) col-

umn (Beckman-Coulter) with System Gold operating software, using a Dy-
namax 21-4 � 250mm C-18 reversed-phase preparative column with a bi-
nary solvent system, buffers A and B, with a gradient of 0–100% buffer B
over 60 min at a flow rate of 20 mL/min. Detection is at 214 nm.

15. Analyze purified peptides by MALDI-TOF mass spectrometry to verify the
predicted molecular mass (see Note 5).

3.1.2. Synthesis of HHK4b Branched Peptide (53)

1. Remove Fmoc group (deprotection) with 20% piperidine/0.1 M HOBt and
wash with primary solvent as described in steps 3 and 4 in Subheading
3.1.1.

2. Mix Fmoc-lysine (Dde) with HATU/DIEA in a 1:1:1.5 molar ratio.
3. Mix activated amino acid with resin for 45 min at RT.
4. Wash three times for 1 min with the primary solvent.
5. Cap any uncoupled free N-terminal amino groups on the resin using 50%

acetic anhydride in DMF. Wash with capping reagent two times for 15 min.
6. Wash three times for 1 min with the primary solvent.
7. Repeat two cycles of steps 1–6 to couple two additional Fmoc-Lys(Dde)

residues. 8. Following the capping step after addition of the third Fmoc-Lys
(Dde), remove Dde groups by incubation of the peptide resin in 2% hydra-
zine for 30 min.

9. Wash the peptide resin six times for 1 min with the primary solvent.
10. To synthesize branches, repeat steps 3–10 of Subheading 3.1.1. as neces-

sary for synthesis of the desired sequence (see Note 6).
11. Cleave, purify, and analyze HHK4b (see steps 11–15 in Subheading 3.1.1.)

3.2. Preparation of Peptide/Plasmid Complexes

1. Inoculate MDA-MB-435 cells in wells of a 24-multiwell plate so that they
are 40–80% confluent on the day of transfection (see Note 7).

2. Dilute 2.5 lL (7.5 nmol) of HK or 0.093 lL (0.375 nmol) of HHK4b with
Opti-MEM to a total volume of 40 lL.

3. Dilute 1.5 lg of PCI-Luc with Opti-MEM to a total volume of 40 lL.
4. Add 40 lL of HK or HHK4b polymer to 40 lL of PCI-Luc with gentle vor-

texing (see Notes 8–11).
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5. Let stand for 30 min at RT. Go to step 8 if liposomes are not added.
6. Mix 1.5 ll of DOTAP stock solution (1 lg/lL) with 38.5 lL of Opti-MEM.

Add this diluted DOTAP solution to the polymer:DNA complex to augment
transfection. Gently swirl for 5 s (see Notes 11–13).

7. Let stand for 30 min at RT.
8. Dilute the liposome:polymer: DNA or polymer: DNA complex with either

200 lL or 240 lL, respectively, of Opti-MEM (� 15% serum).
9. Add 300 lL of complex per well.

10. Remove complexes 4 h after transfection and add DMEM with 10% serum
(or appropriate medium for a particular cell as defined in Subheading 2.3.)
(see Notes 14–20).

3.3. Luciferase Measurement

1. Aspirate media 24–48 h after transfection
2. Lyse cells with 100 lL of Reporter lysis buffer.
3. Gently rock the cells in the 24-multiwell plate for 10 min at RT. Transfer

the lysates to microfuge tubes.
4. Centrifuge lysates in a microfuge at 10,000g for 5 min at 4°C, transfer the

supernatant to a new tube, and place on ice.
5. Mix 10 lL of the supernatant with 60 lL of luciferase assay buffer.
6. Determine RLU levels of each sample with the direct current TD 20/20 lu-

minometer (see Note 21).
7. Measure the amount of lysate protein with Coomassie Plus Protein Reagent

to normalize RLU values.

4. Notes
1. Assay plasmids on an analytical agarose gel to ensure that there is no con-

tamination with other nucleic acids, including bacterial chromosomal DNA.
2. Solution phase methods have been explored as an alternative to solid-phase

chemistry. Solution-phase methods are free of some of the limitations of
solid phase and lend themselves more easily to combinatorial chemistry.
Disadvantages of solution phase methods include: (a) purification of these
peptides and (b) the precise order or location of amino acids is not known.
Nevertheless, several peptides have been synthesized with solution-phase
chemistry for gene-therapy delivery. For instance, histidines and the closely
related imidazole groups have been linked to backbones of poly-L-lysine
(4,22). Furthermore, co-polymers of amino acids have been prepared by so-
lution synthesis and these approaches could easily be adapted to gene ther-
apy (54,55). Notably, synthesis of large numbers of synthetic polymers upon
different diacrylate supports offers the possibility of rapidly discovering
new vectors for gene delivery (56).
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3. We are not aware of any commercially available cationic peptide that has
been formulated for in vitro or in vivo gene delivery systems. A limited
number of cationic peptides/polymers (e.g., polylysine, polyarginine, etc.)
are available from companies such as Sigma-Aldrich.

4. Although our experience has been primarily with histidine-containing poly-
mers as transfection agents, we emphasize that these histidine-rich peptides
are particularly difficult to synthesize. Thus, the methods described in Sub-
heading 3.1. for histidine-rich peptides should be adequate for the synthesis
of most peptides. Notably, low-density resin is preferable to high density resin
for polymers that are difficult to synthesize (e.g., histidine-rich peptides).

5. For highly branched histidine-containing polymers (e.g., four branches em-
anating from a lysine core), determination of the molecular weight with
MALDI mass spectroscopy may prove elusive. Electrospray mass spec-
troscopy provides a particularly useful alternative for determining the mo-
lecular weight of these highly branched histidine-containing polymers.
Nonetheless, these methods may sometimes fail, possibly owing to poor
ionization, and in a few cases, amino acid analysis and/or the use of sodium
dodecyl sulfate (SDS) gels may be helpful in determining the approximate
weight of an HPLC-purified polymer.

6. The four branches of HHK4b emanate from the a-amino and three ε amino
groups of the lysine tripeptide core.

7. This method can easily be adapted to plasmids encoding other reporter pro-
teins, such as chloramphenicol acetyl transferase.

8. Although our polymer/DNA experience is based on experiments with HK
polymers, we believe that this is a useful paradigm for preparation of other
peptide/DNA complexes. Nevertheless, the transfection time and optimal
amount and ratio of polymer and DNA for in vitro transfection experiments
must be determined for each cell line. To determine the optimal transfection
conditions, we suggest mixing varying amounts of the polymer (0.06 nmol
to 7.5 nmol), DNA (0.5 and 1.5 lg), and liposomes (0.5, 1, and 1.5 lg).

9. Solubility of polymer:DNA complexes is dependent on their concentration,
but at the tissue-culture concentrations noted in Subheading 3.2., solubil-
ity is not a problem with histidine/lysine co-polymers and DNA complexes.

10. The optimal stoichiometric (�/�) ratio is usually between 1 and 10 for the
cationic peptide and DNA. When the mechanism of entry is through endo-
cytosis, the optimal �/� stoichiometric ratio for transfections is markedly
decreased with the use of branched carriers compared to linear carriers. For
calculating the optimal stoichiometric ratio of HK polymer/DNA com-
plexes, 4% of imidazole side chains of histidine carry a positive charge at
pH 7.4, assuming that the pKa of imidazole is 6.0. All ε-groups of lysine in
the HK polymers carry a positive charge except for the lysines in the core
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of branched HK polymers. For example, each HHK4b polymer containing
83 amino acids (32 K, 48 H, 3 core K) carries 33.92 positive charges at
physiologic pH. Because 0.375 nmol of HHK4B in complex with 0.228
pmol of PCI-Luc DNA (5 kbp or 10 kb) was the optimal transfection
amount, the optimal stoichiometric ratio of HHK4b to plasmid DNA is 5.57
(0.375 nmol � 33.92/0.228 pmol � 104 � 0.375 nmol � 33.92/2.28 nmol
� 12.78 nmol/2.28 nmol � 5.57)

11. For transfecting plasmids, branched polymers alone are more effective car-
riers than the linear polymers. In combination with liposomes however, the
optimal HK polymer (linear vs branched ) for transfection of plasmids de-
pends on the cell line. For example, the liposome:linear HK carrier is the
optimal carrier for endothelial (BAEC, HUVEC, and HMVEC) and NHDF
cells, whereas the liposome:branched HHK4b carrier is the optimal carrier
for MDA-MB-435, MDA-MB-231, CHO, and CRL-5800 cells (49).

12. Although the liposome/HK (or HHK4b) combination enhances more than
polymer alone (5), it is not clear if liposomes enhance other endosomolytic
peptide carriers.

13. In the absence of serum, all liposome preparations (Lipofectamine, Lipo-
fectin, DOTAP, DOTAP/cholesterol, and DOSPER) in combination with
the HK or HHK4b polymers enhance gene expression between 5 and 40-
fold compared to the liposome carrier alone (5,21). In the presence of
serum, HK or HHK4b/liposome combinations increased transfection more
than a 100-fold compared to liposome carriers alone (5,21) (with the ex-
ception of Lipofectin). For MDA-MB-435 cells, the most effective lipo-
some preparations are Lipofectamine and DOSPER.

14. For transfecting antisense oligonucleotides, the branched HHK4b in com-
bination with liposomes is more effective than the linear HK/liposome or
branched HHK4b carrier alone in endothelial cells (unpublished results).
Although we believe that the HHK4b/liposome combination will be a more
effective carrier of oligonucleotides compared with linear HK/liposome
combination, these results are based on three endothelial cell lines.

15. In vitro transfection experiments with antisense oligonucleotides are easily
adapted from the plasmid transfection experiments. Dependent on the tar-
get of the oligonucleotide, assays (cell number, apoptosis, Northern) can be
done to assess the efficacy of the therapy (34,38,57).

16. Although there are several examples of enhanced in vitro transfection by
addition of cell-specific ligands, these experiments are usually done as prel-
udes for in vivo experiments. Thus, the addition of cell-specific ligands to
peptides for only in vitro experiments, in our opinion, will be quite limited,
and other transfection agents or methods are probably preferable in most
cases. Nonetheless, in cells that prove very difficult to transfect for in vitro
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or ex vivo experiments, addition of these cell-specific ligands may prove
useful.

17. Addition of NLS to endosomolytic peptides should allow more efficient
transfection in many cell lines. Although technically easier to incorporate
the NLS and the endosomolytic domains within the same peptide, these do-
mains may be more effective on separate components of the transfection
complex.

18. Several reports describe the use of peptide-oligonucleotide conjugates to
deliver antisense molecules to their intracellular targets (Table 3). To pre-
pare these peptide-oligonucleotide conjugates, there are two methods uti-
lizing separate synthesis of the peptide and the oligonucleotide with subse-
quent post-assembly conjugation. First, peptide-oligonucleotide conjugates
have been prepared via disulfide formation (29,34,58,59). The oligonu-
cleotide containing a 5�-thiol group is activated with a 2-pyrididylthiol moi-
ety, purified by HPLC, and then conjugated to the peptide containing a C-
terminal cysteine group. Second, the N-terminal thioester-functionalized
peptide is conjugated to a 5�-cysteinyl oligonucleotide in aqueous/organic
solutions (60,61). (This latter technology has been licensed to Glenn Tech-
nologies [Sterling, VA].) With both methods, a range of peptide-oligonu-
cleotide conjugates have been prepared and purified by reversed-phase
HPLC (RP � HPLC).

19. Submicromolar levels of the peptide-oligonucleotide conjugate targeting
the P-glycoprotein receptor were incubated with cells for 6 h in the pres-
ence or absence of serum. Significant inhibition of this surface receptor was
observed (34). Translocation across the membrane has been seen in less
than 5 min with peptide-DNA conjugates (29).

20. After determining the optimal transfection ratio for the polymer and DNA
complex, several other properties may be useful in optimizing the transfec-
tion complex (14,62). These characteristics (with assay) are the following:
(a) size (N4 Plus Submicron Particle Sizer [Coulter] and electron micro-
scopy); (b) surface charge (Delsa 440SX [Coulter]; gel retardation assay),
(c) aggregation (spectroscopy); and (d) integrity of the complex in the pres-
ence of serum (ethidium bromide and DNAse sensitivity assay). Clearly, the
utility of these assays depends on the type of experiment. For example, Ni-
iodome et al. (3) found a direct correlation between aggregation of polymer
and the ability to transfect cells. Notably, we have been unable to measure
the size of the HK/DNA complexes with the N4 plus particle sizer, but after
adding liposomes, we are able to measure the ternary complex with the par-
ticle sizer (5,21). Other investigators have had difficulty determining the
size of peptide/DNA complexes (at transfection concentrations) (14). We
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suspect that it will be difficult to quantify the size of many peptide/DNA
complexes with the N4 plus, unless a limited amount of aggregation occurs.

21. Although the TD 20/20 luminometer is as sensitive as a photon luminome-
ter, the relative light units obtained from the direct current TD luminome-
ter are significantly different from the values obtained by a photon lumi-
nometer. The relative light units of a photon counting Lab Monolight 2010
model (Analytical Luminescence Laboratory, San Diego, CA) can be ap-
proximated by multiplying the relative light units determined with the TD
20/20 model by 1.03 � 103.
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DNA Delivery to Cells in Culture Using PNA Clamps

Todd D. Giorgio and Shelby K. Wyatt

1. Introduction
Peptide nucleic acid (PNA) is a DNA mimic in which the deoxyribose phos-

phate backbone has been replaced by N-(2-aminoethyl) glycine linkages. PNAs,
first described by Nielsen et al. in 1991 (1), possess a number of useful proper-
ties including rapid and high-affinity binding to DNA, RNA, and PNA, resist-
ance to degradation by nucleases and proteases and poor affinity for proteins
that normally bind nucleic acids. For these reasons and others, PNA has been
proposed for use as a therapeutic agent in controlling gene expression through
either antisense or antigene activity.

The chemical properties of PNA oligomers that confer interesting bioactivity
also limit transmembrane transport, resulting in negligible cell internalization
(2,3). In addition, PNA lacks the polyanionic charges necessary for condensation
and complexation with cationic liposomes through electrostatic interactions.
PNA–DNA hybrids, however, possess a distributed negative charge contributed
from the DNA. Condensed particles can be formed from the interaction of
PNA–DNA hybrids with cationic lipids and these lipoplexes are rapidly incorpo-
rated into mammalian cells in culture.

The ratio of PNA to DNA in the hybrid modulates lipoplex formation with
cationic lipids. Many interesting bioactive structures are composed primarily
from DNA, with new functionality contributed by a relatively small amount of
hybridized PNA.

PNA hybridization affinity with complementary DNA is much stronger
than the affinity of the corresponding DNA–DNA hybrid. A “PNA clamp” is
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an oligomer that has two identical PNA sequences joined by a flexible hair-
pin linker. When a PNA clamp is mixed with a complementary DNA
target sequence, a highly stable PNA–DNA–PNA triplex hybrid is formed.
Double-stranded DNA also forms the PNA–DNA–PNA triplex upon addition
of a complimentary PNA clamp with the displacement of one DNA strand (4).
The resulting complex can be primarily double-stranded DNA (including cir-
cular plasmid DNA) that retains full biological function with little perturbation
of native structure and conformation outside the PNA-clamped region.

Chemical modification of the PNA clamp allows a variety of characteristics
to be imparted to the target DNA in an essentially irreversible fashion. Fluores-
cently labeled PNA clamps (fluorescein, rhodamine, Cy3) can be triplexed with
plasmid DNA coding for reporter genes to allow direct, simultaneous measure-
ments of gene delivery, intracellular localization, and gene expression inside
live cells. PNA clamps possessing common ligation chemistries (biotin,
maleimide, 3-(2-pyridyldithio)propionic acid N-hydroxysuccinimide ester
[SPDP]) are available, making possible a wide range of functional PNA-
clamped DNA hybrids. A transferrin-PNA clamp, for example, was shown to
enhance receptor-mediated endocytotic delivery of the triplex-associated plas-
mid (5). Such hybrids may, in principle, be designed to increase nuclear uptake
(6), facilitate endosomal escape, target gene delivery to the cell surface or to in-
tracellular receptors, or provide artificial transcription activators.

The physical properties of DNA are not significantly modified by triplex hy-
bridization with a PNA clamp. Intracellular delivery of the PNA-clamped DNA
has been accomplished by the same nonviral methods used for DNA transfec-
tion including microinjection (7), cell permeabilization (7), cationic lipofection
(8–12), and cationic polymer association (5,13,14). Other nonviral delivery
methods (naked DNA and ballistic impingement) are presumably as effective
with DNA–PNA complexes as with the corresponding DNA without a PNA
clamp (although no literature evidence for DNA–PNA delivery using these
other methods exists).

The procedure described in this chapter will allow an investigator to intra-
cellularly deliver PNA-clamped plasmid DNA. This transfection can be moni-
tored for both plasmid delivery and transgene expression by the fluorescence in-
tensity of rhodamine (attached to the PNA clamp) and green fluorescent protein
(GFP; the expressible reporter gene), respectively.

2. Material
2.1. PNA Clamps and PNA Clamp/Plasmid DNA Triplex Conjugates

1. Rhodamine-labeled PNAclamp triplex conjugated to plasmid DNAexpress-
ing GFP (Gene Therapy Systems, San Diego, CA; Cat. no. G101040) (see
Note 1).
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2.2. Nonviral Delivery System

1. DOTAP (1,2-dioleoyloxy-3-trimethylammonium-propane) (Avanti Polar
Lipids, Alabaster, AL; Cat. no. 890890).

2. DOPE (dioleoyl phosphatidylethanolamine) (Avanti Polar Lipids; Cat. no.
850725) (see Notes 2 and 3).

2.3. Solutions and Culture Medium

1. Dulbecco’s Modified Eagle’s Medium (DMEM) Auto-Mod (Sigma, St.
Louis, MO; Cat. no. D5280), supplemented with 10% (v/v) calf serum (In-
vitrogen, Carlsbad, CA; Cat. no. 16170-078), 1% L-glutamine 200 mM (In-
vitrogen; Cat. no. 25030-081), and 1% antibiotic-antimycotic (penicillin-
streptomycin-amphotericin) (Invitrogen; Cat. no. 15240-062).

2. Serum-free Opti-Mem I (Invitrogen; Cat. no. 18292-011).
3. Sterile, distilled water.
4. Calcium- and magnesium-free phosphate-buffered saline (CMF-PBS) with

ethylenediamine tetra-acetic acid (EDTA).

a. Dissolve 1.14 g of sodium phosphate dibasic, anhydrous in 300 mL of
sterile, distilled water.

b. Adjust the pH to 7.4 with either 1 M HCl or 1 M NaOH.
c. Dissolve 8.00 g of sodium chloride and 0.20 g of potassium chloride in

600 mL of sterile, distilled water.
d. Dissolve 0.20 g of disodium EDTA in 50 mL of sterile, distilled water.
e. Combine the three solutions.
f. Adjust the total volume to 1000 mL with sterile, distilled water.
g. Adjust the pH to 7.4 with 1 M NaOH.

5. Cell Scrub (Gene Therapy Systems; Cat. no. B100001).
6. Trypsin-EDTA, 1X (Invitrogen; Cat. no. 25200-056).

2.4. Cells

1. HeLa cells (human epithelioid, ATCC, Manassas, VA; Cat. no. CCL-2).

2.5. Equipment

1. Lipex liposome extruder (Northern Lipids, Inc., Vancouver, BC, Canada).
2. Rotary vacuum evaporator (Buchler Instruments / Labconco; Kansas City,

MO; VV-micro).
3. Flow cytometer (Becton-Dickinson, San Jose, CA; FACScan).

2.6. Laboratory Supplies

1. Sterile 35-mm cell-culture dishes (BD Falcon, San Jose, CA; Cat. no. 108).
2. Chloroform (Fisher Scientific, Atlanta, GA; Cat. no. C574-1).
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3. Polycarbonate microporous membrane (Poretics, Livermore, CA; Cat. no.
11050 [0.8-lm pore diameter], Cat. no. 11054 [1.0 lm pore diameter]).

4. Polyester support drain disc (Poretics; Cat. no. 87483).
5. Eppendorf centrifuge tubes (Fisher Scientific; Cat. no. 05-402 [1.5 mL]).
6. Cytometry tubes and caps (Elkay UK, Basingstoke, Hampshire, UK; Cat.

no. 000-2052-BX1).
7. Formaldehyde, EM-grade, 16% solution (Electron Microscopy Sciences,

Fort Washington, PA; Cat. no. 15710).
8. Microporous 70-lm filter mesh (Spectrum Laboratories, Rancho Domin-

guez, CA; Cat. no. 146490).

3. Methods
3.1. Preparation of Cells

1. Subculture HeLa cells (see Note 4) onto sterile 35-mm cell-culture dishes
(see Note 5) at 2 � 104 cells/cm2.

2. Incubate at 37°C in an environment containing 5% CO2 and 95% relative
humidity until 80% confluent (see Note 6).

3.2. Preparation of Liposomes

1. Dissolve 20 mg of an equimolar mixture of DOTAP and DOPE in a 100-
mL round-bottom flask containing 5 mL of chloroform.

2. Attach the flask to a rotary vacuum evaporator and evaporate under vac-
uum (500 mm Hg) at 40°C at 10 rpm until no trace of the chloroform re-
mains. This process typically requires less than 60 min.

3. Add 10 mL of CMF-PBS to the flask and resume rotation at 10 rpm and
40°C until the thin lipid film is completely hydrated. This process typically
requires 60–120 min.

4. Place two stacked microporous filters with pore diameter of 1.0 lm in the
Lipex liposome extruder above a polyester support drain disk and rinse
with 5 mL of CMF-PBS extruded with nitrogen gas. Perfuse the extrusion
barrel with 30°C water and adjust the nitrogen gas pressure to provide a
CMF-PBS flow rate of approx 1 mL/min.

5. Introduce the multilamellar vesicle suspension from the rotary vacuum
evaporator flask into the extrusion apparatus and extrude under the same
conditions as for CMF-PBS extrusion. Recycle the product into the ex-
truder, completing a total of five extrusion cycles.

6. Replace the 1.0-lm pore diameter filters with two 0.8-lm pore diameter fil-
ters stacked above a new polyester support drain disk.

7. Rinse the extrusion apparatus with 5 mL of CMF-PBS as before.
8. Introduce the vesicle suspension into the extrusion apparatus and extrude

under the same conditions as previously. Recycle the product into the ex-
truder, completing a total of five extrusion cycles.
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9. Store the resulting unilamellar vesicle suspension, 10 mL total volume at
an approximate concentration of 2 mg/mL, at 4°C in preparation for lipo-
plex formation.

3.3. Preparation of Lipoplex

1. Add 1.25 lg of PNA-clamped plasmid to 100 lL of serum-free Opti-Mem
I at 37°C in a 1.5-mL conical Eppendorf centrifuge tube.

2. Add 6.25 lL of the unilamellar vesicle suspension (equivalent to 12.5 lg
of lipid) to the Opti-Mem I containing the PNA-clamped plasmid, invert
several times to mix and incubate at 37°C for 15–30 min (see Notes 7–9).
This is the lipoplex suspension.

3.4. Transfection

1. Wash each 35-mm dish of cells with 1 mL of serum-free DMEM at 
37°C.

2. Add 0.5 mL of fresh Opti-Mem I to each 35-mm dish of cells at 37°C.
3. Add 400 lL of fresh Opti-Mem I at 37°C to the lipoplex suspension and in-

vert twice to mix.
4. Apply the diluted lipoplex suspension drop-wise to the cells (see Note 10).
5. Maintain the cells under standard culture conditions for 12 h in the pres-

ence of the lipoplex.
6. After 12 h, aspirate the lipoplex medium and replace with complete DMEM

cell medium without lipoplex.
7. Maintain the cells under standard culture conditions for an additional 12 h

in the absence of the lipoplex.

3.5. Recovery of Cells

1. Aspirate the cell culture medium and wash cells with 1 mL of CMF-
PBS.

2. Aspirate the CMF-PBS and replace with 1 mL of Cell Scrub and incubate
for 15 min at room temperature (see Note 11).

3. Aspirate the Cell Scrub and wash cells twice with 1 mL of CMF-PBS.
4. Aspirate CMF-PBS and replace with 1 mL of trypsin-EDTA.
5. Monitor cell detachment from the culture surface by phase microscope ob-

servation (see Note 12).
6. Immediately transfer the detached cell suspension into labeled cytometer

tubes containing 1 mL of DMEM � 10% calf serum (see Note 13).
7. Add 125 lL of 16 % formaldehyde to the cell suspension and incubate for

5 min at room temperature (see Note 14).
8. Pellet cells by centrifugation at 850g for 5 min.
9. Aspirate and discard the cell-free supernatant and replace with CMF-PBS

containing 1% formaldehyde.
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10. Resuspend the cells by dragging the capped cytometry tube across the top of
a wire centrifuge tube rack (20 cm long) 10 times with light to moderate
force.

11. Pellet cells by centrifugation at 850g for 5 min.
12. Aspirate cell-free supernate and replace with CMF-PBS containing 1%

formaldehyde.
13. Resuspend cells by dragging the capped cytometry tube across the top of a

wire centrifuge tube rack (20 cm long) 10 times with light to moderate
force.

14. Filter cells through 70 lm mesh (see Note 15).
15. Maintain washed and filtered cell suspension at 4°C until analysis (see

Note 16).

3.6. Flow Cytometric Measurement of Cells Transfected 
With PNA-Clamped Plasmid

1. Analyze cell samples using a flow cytometer that has an argon laser excit-
ing at a wavelength of 488 nm.

2. Identify the intact cell population in the forward light scatter (FLS) inten-
sity vs side light scatter (SLS) intensity measurement space.

3. Collect FLS intensity, SLS intensity, and fluorescence emission intensities
centered at 530 nm (FL1), 580 nm (FL2), and 610 nm (FL3) from each of
at least 5000 intact cell events.

3.7. Analysis of Flow Cytometry Data: Estimate the Fraction 
of Transgene-Containing or Transgene-Expressing Cells

1. Identify the fluorescence emission wavelength associated with the desired
parameter.

a. GFP emission (transgene expression) is measured in the FL1 channel.
b. Rhodamine emission (transgene delivery) is measured in the FL2

channel.

2. Identify the flow cytometry channel number that contains the 99th per-
centile of control (untreated) intact cell events (see Note 17).

3. Identify the negative percentile in the same channel number for the treated
event population.

4. Calculate the percent positive treated events as: 100�negative percentile
(see Note 18).

3.8. Analysis of Flow Cytometry Data: Simultaneous Measurement 
of Transgene Delivery and Transgene Expression

1. Identify the fluorescence-emission wavelength associated with the desired
parameter.
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a. GFP emission (transgene expression) is measured in the FL1 channel.
b. Rhodamine emission (transgene delivery) is measured in the FL2

channel.

2. Plot transgene-expression fluorescence intensity vs transgene-delivery flu-
orescence intensity (see Notes 19–21).

4. Notes
1. To form an effective clamp, the PNA sequence must be composed of two

complementary sequences separated by a flexible linker and must also be
complementary to the target DNA. Custom PNA sequences can be synthe-
sized to conform to a specific DNA application (Applied Biosystems, Foster
City, CA) but a flexible and modular PNA clamp system is available (Gene
Therapy Systems, San Diego, CA) without the need to design and synthe-
size PNA fragments or targets. One member of that modular PNA-clamped
plasmid DNA family is used here. This plasmid has an expressible GFP re-
gion and rhodamine labels associated with the PNA clamp.

2. Naked PNA or PNA clamp is essentially cell impermeant, but the PNA/plas-
mid DNA triplex conjugate can be delivered to cells using standard nonviral
methods. The PNA–DNA hybrid described here is predominately composed
of DNA (5757 base pairs) and forms lipoplexes with cationic lipids in es-
sentially the same way and under the same conditions as the pure DNA
plasmid (see Chapter 6). The PNA-clamped plasmid DNA used here con-
tains 10 PNA clamp sites supporting 5 to 8 PNA clamps per plasmid. PNA
clamps, including the attached rhodamine labels, increase the molecular
weight of the plasmid DNA by approx 1%, insufficient to significantly mod-
ulate lipoplex formation. PNA oligomers alone are not polyanionic and can-
not be formulated into effective transfection complexes with cationic deliv-
ery vehicles. Other methods have been demonstrated to provide
cell-penetrating capability to PNA oligomers, including PNA coupled to
peptides (15,16), electroporation (17), and microinjection (7).

3. Substitution of a commercially prepared DOTAP/DOPE liposome suspen-
sion (Lipofectin® Reagent [Invitrogen, Carlsbad, CA; 18292-011]) yields
equivalent results when the final lipid mass per unit volume in the trans-
fection suspension is retained.

4. HeLa cells (human epitheliod, ATCC, Manassas, VA; CCL-2) and CV1 cells
(monkey fibroblast, ATCC, Manassas, VA; CCL-70) have been used with
this protocol. Cell type strongly modulates the extent of transgene expres-
sion, but most transformed, actively mitotic mammalian cell types trans-
fected by this method can yield detectable transgene expression.

5. Any sterile substrate that promotes cell attachment and growth can be used.
The minimum cell-culture surface area for robust and convenient analysis
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of gene delivery and expression is approx 10 cm2, yielding 1.0–2.5 � 106

cells at 80% confluence. One sample per well of a standard 6-well cell cul-
ture plate is appropriate for many applications.

6. Cells approaching 100% confluence typically yield reduced levels of trans-
gene expression following lipoplex transfection. HeLa cells achieve con-
fluence after approx 48–72 h in culture following standard subculture. The
potential for cell toxicity is increased in samples with low confluence.

7. Mixing intensity applied during lipoplex formation can modulate trans-
gene delivery and expression. Mix thoroughly and reproducibly by gen-
tle inversion 10 times. Equivalent performance is obtained by dragging
the capped tube once across the top of a wire centrifuge tube rack (20 cm
long).

8. Transgene delivery and expression are sensitive functions of cell type and
lipoplex composition. A comprehensive optimization protocol should be
conducted to obtain the most effective transfection parameters for any par-
ticular system. The key variables include lipid/DNA ratio and lipoplex con-
centration. Optimized values of these parameters depend on lipid composi-
tion, plasmid characteristics, cell type, and incubation duration. Methods to
optimize cationic liposome delivery to mammalian cells in vitro are de-
tailed in Chapter 6.

9. Opti-Mem I containing the PNA-clamped plasmid is a light pink, water-
clear solution. The unilamellar vesicle suspension is a milky white suspen-
sion. Addition of the small volume unilamellar vesicle suspension yields an
immediate and obvious visual change in the large volume Opti-Mem
I/PNA-clamped DNA solution from water-clear to a milky opaque suspen-
sion. This transition represents the successful interaction of lipid and DNA
to form lipoplex. Solutions that fail to demonstrate this optical transition
imply a failure in the preparation of one or more of the constituent compo-
nents. The final lipoplex suspension will separate over the course of 15–60
min into multiple regions of a more condensed, milky white phase sur-
rounded by a water-clear phase. This event presumably represents a second-
ary lipoplex transition, but the absence or presence of this event does not
modulate transfection.

10. Gentle mixing of the lipoplex suspension by inversion just before addition
to the cell culture ensures uniform delivery of lipoplex to cells. A gentle
swirl (5 s) of the lipoplex-containing Opti-Mem I after addition to 35 mm
dish before incubation is also recommended to ensure uniform lipoplex dis-
tribution.

11. Cell Scrub washing removes extracellular, cell-associated plasmid that
might compromise subsequent measurements of intracellular plasmid con-
centration.
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12. Continuous swirling motion of the 35 mm dish promotes cell detachment.
If flat-sided cell culture vessels are used (such as T-flasks) a sharp impact
of the T-flask against a solid object can also facilitate cell detachment.

13. Prolonged contact with the trypsin-EDTA will damage cells. Proteins in the
calf serum quench the trypsin activity.

14. Subsequent analysis of transgene delivery and expression in this system
does not require live cells, allowing the use of formaldehyde as a fixative.
Detection of some transgene expression products (such as luciferase) de-
pends on protein activity potentially compromised by the addition of any
fixative, including formaldehyde. In these cases, the cell suspension is typ-
ically washed to remove calf serum proteins and trypsin and lysed by me-
chanical or osmotic methods. Cell lysis provides a homogeneous solution
with unhindered association between transgenic protein and substrate.
Lysed samples, however, do not allow measurement of transgene delivery
or expression in individual cells.

15. Filtration removes cell aggregates incompatible with flow cytometric eval-
uation. This step may be omitted if subsequent analysis methods are not in-
fluenced by cell aggregates.

16. Sample quality deteriorates with time in storage. Analysis of transgene de-
livery and expression in intact cells are best performed within 24 h of
preparation.

17. The 99th percentile criteria can be interpreted as allowing 1% of the un-
treated control event to be characterized as “positive.” Other criteria can be
selected to distinguish between “negative” and “positive” events, but the
99th percentile method is reproducible, comparable among all measured
flow cytometry parameters, and reasonably sensitive.

18. HeLa cells transfected with this protocol were measured after 24 h (12 h
transfection followed by 12 h of incubation in the absence of lipoplex) for
intracellular plasmid delivery and transgene expression. The treated cells
were exposed to lipoplex prepared from rhodamine-labeled PNA clamp
triplex conjugated to plasmid DNA that includes an expressible GFP re-
gion. The control cells were exposed to lipoplex prepared from unlabeled
plasmid lacking GFP expression, but having the same length as the labeled
plasmid. The 99th percentile of 5000 control events includes 4950 events.
The integrated control population in FL1 (GFP intensity as an index of
transgene expression) yielded the 4950th event in flow cytometer channel
number 60 (of 256 total channels). The integrated treated population
through channel number 60 of FL1 included 3101 events (of 4965 total
events). Thus, there are 37.4% positive transgene expression events in the
treated sample: (100�[3101/4950 � 100]). Note that there are also 1% pos-
itive transgene expression events in the control sample using the 99th per-
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centile convention. The same analysis in FL2 (rhodamine fluorescence
intensity as an index of transgene delivery) yielded the 4950th event in
channel 65. The integrated treated population through channel number
65 of FL2 included 3418 events (of 4965 total events). Thus, there are
30.9% positive transgene delivery events in the treated sample:
100�[(3,418/4,950) x 100]. Note that there are also 1% positive transgene
delivery events in the control sample using the 99th percentile convention.
Note that these uncalibrated results suggest that there are more cells ex-
pressing transgene (37.4%) than cells possessing intracellular PNA-

Fig. 1. Analysis of transgene expression as a function of transgene delivery in trans-
fected HeLa cell populations. The treated cells (•) were exposed to lipoplex prepared
from rhodamine-labeled PNA clamp triplex conjugated to plasmid DNA expressing
GFP. The control cells (�) were exposed to lipoplex prepared from unlabeled plasmid
lacking GFP expression, but having the same length as the labeled plasmid. The con-
trol cell population exhibits autofluorescence in both the rhodamine and GFP wave-
lengths consistent with unlabeled cells. The treated cell population contains significant
intracellular plasmid and also demonstrates significant transgene expression as inter-
preted from the elevated levels of both rhodamine and GFP fluorescence relative to un-
treated cells. This measurement takes advantage of the multifunctional capabilities of
PNA-clamped plasmids.



clamped plasmid DNA (30.9%)! This apparent impossibility is corrected in
the calibrated results as described in Note 19. The lower limit of fluores-
cence intensity detection also must be considered in the interpretation of re-
sults from multiple fluors having different fluorescence characteristics.

19. All flow cytometric fluorescence intensity channels should be quantita-
tively calibrated in terms of the fundamental quantity of corresponding
fluor. For example, the FL1 channel should be calibrated using micros-
pheres having known GFP concentrations. In addition, the calibrations
should be compensated for fluorescence intensity contributions from other
simultaneously measured fluors. For example, the contribution of GFP flu-
orescence measured in FL2 should be subtracted from the measured FL2
fluorescence intensity to obtain an accurate measure of rhodamine fluores-
cence intensity. The details of such calibrations and compensations are be-
yond the scope of this protocol (18–20).

20. HeLa cells transfected as described in Note 18 were analyzed by flow cy-
tometry. The real power of PNA-clamped plasmid is evident in the simulta-
neous, single-cell measurement of both transgene delivery (from rhodamine
fluorescence associated with the PNA clamp) and transgene expression
(from GFP fluorescence associated with the plasmid) shown as Fig. 1.

21. Cell samples were analyzed using a FACScan (Becton-Dickinson, San Jose,
CA) flow cytometer. Winlist 3D (Verity Software House, Topsham, ME;
version 4.0) software was employed to analyze the list-mode data saved
from the flow cytometer.
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Dendrimer-Mediated Cell Transfection In Vitro

James R. Baker, Jr., Anna U. Bielinska, and Jolanta F. Kukowska-Latallo

1. Introduction
In recent years, Starburst® PAMAM dendrimers, a class of polyamidoamine

polymers, have become an interesting alternative vector for nonviral delivery of
DNA in vitro and in vivo (1–6). These nanoscopic polymers, characterized by
regular dendritic branching, radial symmetry, and uniform size ranging from
4–11 nm, have excellent water solubility and biocompatibility in a broad range
of concentrations. Nonmodified dendrimers have a high density of positively
charged primary amino groups on the surface, which is essential for their inter-
action with counter-charged nucleic acids. Positively charged dendrimers bind
DNA through electrostatic interactions with negatively charged phosphates on
the DNA molecule (1). The consistent and predictable formation of dendrimer-
DNA complexes allows for the design of efficient DNA transfections into vari-
ety of eukaryotic cell lines and primary cells in vitro (1,2,4,5,7). The positively
charged dendrimer-DNA complexes facilitate transfer of DNA into a cell pri-
marily through endocytosis. DNA in a complexed form is protected from nu-
clease activity while the majority of the DNA template remains transcriptionaly
active (8). The well-designed dendrimer-based transfection is characterized by
the lack or minimal cytotoxicity, high transfection efficiency, and stability of
complexed plasmid DNA and oligonucleotides (8,9). PAMAM dendrimers can
be used for gene delivery in vivo and ex vivo (6,10–12).

The majority of chemical and structural differences in PAMAM dendrimers
relate to the core molecule, either ammonia (NH3) as a trivalent initiator core
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or ethylenediamine (EDA) as a tetravalent initiator core. The core starts the
stepwise polymerization process and dictates several structural characteristics
of the molecule, including the overall shape, density, and surface charge. With
each new layer or generation, the diameter of molecule increases approximately
1 nm, the molecular weight of the dendrimer more than doubles, and the num-
ber of surface amine groups exactly doubles. Such regularity of the dendrimer
architecture provides for the convenient calculations of electrostatic charge ra-
tios between dendrimers and nucleic acids for transfection. All types of nucleic
acids, including plasmid DNA, short single-stranded and double-stranded
oligonucleotides (ODNs), and RNA, can be used for transfection with den-
drimers in vitro and in vivo (9,13). The quality of DNA preparation (e.g., pres-
ence of low molecular weight nucleic acids and bacterial endotoxins) affects the
efficiency of transfection and cytotoxicity, especially gene transfer in vivo (6).

2. Materials
2.1. Dendrimers

A number of dendrimers are available commercially. Generations (G) 1–4 of
Starburst (PAMAM) dendrimers are available from Sigma-Aldrich (Milwau-
kee, WI). G5, G7, and G9 of PAMAM dendrimers are available from Den-
dritech (Midland, MI). In the method presented here, we have used dendrimers
with EDA as a tetravalent polymerization initiator core. G5, G7, and G9 EDA
core dendrimers have molar masses of 28,826, 116,493, and 467,162 kDa and
the number of surface charges (amine groups) of 128, 512, and 2048, respec-
tively.

2.2. Plasmids

The reporter gene plasmids encoding luciferase, chloramphenicol acetyl-
transferase (CAT), b-galactosidase, or green fluorescent protein (GFP) can be
purchased (Promega, Madison, WI; Invitrogen, Rockville, MD; Clontech, Palo
Alto, CA) or constructed specifically for the project (see Note 1).

Prepare plasmid DNA by any standard method (14). The preferable method
for purification used in the dendrimer-based protocol is double CsCl-gradient
centrifugation and dialysis into sterile Tris-EDTA buffer or water.

2.3. Cell Lines and Cells

Transfections of Rat2 (rat embryonal fibroblast), normal human foreskin fi-
broblast (NHFF1), COS-1 (monkey kidney SV40 transformed fibroblast-like),
and Jurkat (human acute T-cell leukemia) cell lines are presented in this proto-
col (see Note 2).

For optimum results, transfections should be performed on actively dividing
cells, preferably from cultures at the logarithmic phase of growth.
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2.4. Cell Culture Medium and Solutions

The cell culture media should be used as recommended by the supplier of cells
or ATCC. Cells in the presented method are maintained in complete growth
medium, either Dulbecco’s Modified Eagle’s Medium (DMEM) or RPMI 1640
(Invitrogen) supplemented with 10% fetal bovine serum (FBS) (HyClone,
Logan, UT) and 1% penicillin-streptomycin solution (Invitrogen) at 37°C in
5% CO2.

Molecular biology-grade PBS buffer, pH 7.4 (Invitrogen) is used for cell
washes. Luciferin substrate and luciferase reporter buffer to assay luciferase
gene expression is available from Promega. CAT enzyme-linked immunosor-
bent assay (ELISA) kit to quantify CAT protein expression is available from
Roche Diagnostics (Indianapolis, IN). The protein concentration of the sample
is measured with BCA Protein Assay Reagent (Pierce, Rockford, IL).

2.5. Equipment

1. The chemiluminometer LB96P is used for measurement of light emission
(EG & G/Berthold, Gaithersburg, MD).

2. For spectrophotometric measurements of protein and ELISA assays SPEC-
TRA MAX 340 microtiter plate reader is used (Molecular Devices Corp.,
Sunnyvale, CA).

3. Flow cytometry analysis is conducted using a Becton-Dickinson FACScan
and CellQuest software (Becton-Dickinson, San Jose, CA).

4. In situ cell analysis is performed using a Nikon fluorescent microscope
(Eclipse TE 200).

3. Methods
3.1. Preparation of Plasmid DNA-Dendrimer Complex

Prepare dendrimer and DNA complex based on the calculated dendrimer to
DNAcharge ratio. Mix 0.65 lg of dendrimer with 1.0 lg of DNAto obtain charge
ratio of 1. Form complexes at various charge ratios of 1, 5, 10, and 20 at room tem-
perature for 15 min before adding into transfection medium (see Note 3).

3.2. Transfection Protocol

1. Plate adherent cells (e.g., Rat2, NHFF1, COS-1) 12–24 h prior to transfec-
tion so that they are 60–70% confluent at the time of DNA delivery. Gen-
erally, seeding at 2–4 � 104 cells/cm2 of plate surface is optimal for trans-
fection of the majority of cell lines, however, the optimum cell density
depends on the cell type and size, the growth rate, and serum concentration
in the growth medium. Inoculate suspension cell lines (e.g., Jurkat) with
5–10 � 105 cells/mL 18–24 h prior to transfection from a culture that is in
mid-logarithmic phase of growth.
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2. If adherent cells are grown in medium containing more than 10% serum,
wash the cells once with phosphate-buffered saline (PBS) or serum-free
medium. Aspirate the wash. Add an appropriate volume of serum-free
medium to the plate (e.g., 2–3 mL/100 mm plate, 0.3–0.5 mL/well of a 6-
well plate, 0.2–0.3 mL/well of a 24-well plate). For suspension cultures,
pellet the cells and resuspend 1–5 � 106 cells/mL in serum-free medium
(or medium containing 1% FBS) medium for transfection.

3. Prepare the dendrimer/DNA complex. For example, for 60 lL of den-
drimer/DNA complex at a charge ratio of 10, mix 50 lL of plasmid DNA
at 0.02 lg/lL (up to 0.08 lg/lL) with 10 lL of dendrimer at 0.65 lg/lL
(up to 2.6 lg/lL) (see Note 3).

4. Add an aliquot of dendrimer/DNA complex to the cells. For example, use
10–25 lL of the complex for transfection of 24-well plates or 10–50 lL for
transfection in 6-well plates. Generally, complex made in water should not
constitute more than 10% of the total volume of serum-free transfection
medium.

a. Incubate cells with transfection mixture for 3–6 h at 37°C, 5% CO2 (see
Note 4).

b. Remove transfection medium and wash once gently with serum-free
medium (however, wash is not necessary when a low concentration of
dendrimer is used and no augmenting agents are added).

c. Add fresh, complete growth medium.
d. Incubate for the required time (24, 36, 48, 72 h, etc.) before harvesting

cells (see Note 5). Prepare cells for assay of reporter gene expression
(see Subheading 3.3.).

3.3 Measurement of Expression
Assay transfected cells for expression of the introduced transgene.

1. Measure luciferase activity in a chemiluminescence assay. Remove the
medium, wash the cells twice with PBS, and prepare the cells for assay. For
example, add 50 lL or 100 lL of luciferase reporter buffer in a well of a
24-well or 6-well plate, respectively, to lyse the cells for 5 min, or follow
the supplier’s protocol. Incubate the cell extract (typically 10 lL) with 2.35
� 10�2 lmol of luciferin substrate injected automatically in a volume of
50 or 100 lL. Measure light emission in the luminometer for 10 s and ad-
just for the protein concentration of the samples.

2. Assay CAT in an ELISA assay. Prepare a cell extract following the manu-
facturer’s protocol for the CAT ELISA assay kit. Centrifuge the cell lysate
at 12,000g for 10–15 min at 4°C. Assay the amount of CAT in 10 to 50 lL
of the supernatant in an ELISA assay. Measure the absorbance of the sam-
ples at 405 nm using a microtiter plate reader and adjust for the protein con-
centration of the samples.
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3. Analyze cells expressing GFP using flow cytometry. Wash harvested cells
twice with PBS then fix in 2% paraformaldehyde for 15 min. Determine the
fluorescence of GFP on FACScan from at least 10,000 cells per sample and
analyze using CellQuest software.

4. Assess the expression of GFP in situ by fluorescence microscopy. Observe
the cells using an inverted fluorescent microscope at an excitation wave-
length of 450–480 nm and an emission wavelength of 515 nm. Take pho-
tographs at 20� magnification.

5. Measure the protein concentration of the cell extract (typically 10 lL) using
the BCA Protein Assay Reagent. Assay sample absorbance at 562 nm using
a microtiter plate reader.

4. Notes
1. Dendrimer-mediated DNA transfection is a straightforward technique that

can be applied to gene delivery in order to modify cellular genetic makeup
(i.e., to generate a stably transfected cell line), in studies on regulation of
gene expression, and owing to lack of immunogenicity, for gene transfer in
vivo. Reporter plasmids are very useful for optimizing transfection condi-
tions. They can also be used in co-transfection with the DNA of interest for
tracing the efficiency and kinetics of gene expression.

2. There is no cell origin or cell type limitation on the use of dendrimers for
in vitro transfections. In our extensive studies on the efficiency and mech-
anism of dendrimer-mediated transfection, we have transfected a broad va-
riety of cells (1,7).
a. Established cell lines that have been efficiently transfected include CCD-

37Lu (human normal lung fibroblast), A549 (human lung carcinoma ep-
ithelial-like), COS-7 (monkey kidney SV40 transformed fibroblast-like),
Clone9 (rat normal liver epithelium), BHK-21 (hamster kidney fibrob-
last-like), MC7 (human breast cancer line), B/6 (mouse melanoma),
RAW264 (mouse monocyte-macrophage), NIH 3T3 (mouse embryonal),
HeLa (human cervical adenocarcinoma epithelium), U937 (human histi-
ocytic lymphoma), MDCK (dog normal kidney epithelium), and P815
(mouse mastocytoma).

b. Primary cell cultures, efficiently transfected with dendrimer/DNA com-
plex, include normal human bronchial epithelium (NHBE) and small air-
way epithelium (SAEC) grown in serum-free SABM/SAGM (collection
and medium from Clonetics Co., San Diego, CA). Also, successful and
efficient transfection was achieved in primary cells from human and
mouse thyrocytes, normal human skin keratinocytes (NHSK) and human
mucosal keratinocytes (NHMK), either isolated from patients or from
Clonetics Co. collection (7,12). Generally, the optimal conditions of cell
culture growth are similar for adherent and suspension cell lines.
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3. Preparation of the dendrimer/DNA complex for in vitro transfection is
based on the charge ratio of both components. Calculations use maximal
theoretical electrostatic charge present on each component (1,15). For ex-
ample, the number of phosphate groups (i.e., negative charges) in DNA
equals 1.71 � 1015 per lg and the number of positive charges in a den-
drimer equals 2.65 � 1015 per lg. This calculation is independent of the
molecular properties of both components, including the size and form of
nucleic acid or generation of dendrimer. Therefore, to obtain a charge ratio
of 1, mix 0.65 lg of dendrimer with 1.0 lg of DNA. It was determined that
for practical reasons, dendrimer/DNA complexes should be formed in
water at appropriate DNA and dendrimer concentrations (see Subheading
3.2.). For consistency, complexes are formed at room temperature before

Fig. 1. The effect of DNA amount on dendrimer-mediated transfection in vitro. An
excess of positive charge is required for efficient transfection. The G9 EDA/DNA com-
plexes for transfection of Rat2 embryonic fibroblasts were prepared with an increasing
amount of CMV-luciferase plasmid DNA (pCF1-Luc). The efficiency of transfection
was analyzed at a broad range (1–100) of dendrimer/DNA charge ratio. Luciferase ac-
tivity (RLU) was measured 36 h after transfection and normalized per microgram of
protein in the cell lysate.
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adding to transfection medium. However, the dendrimer/DNA complex is
stable for a prolonged time (up to few days) and can be used after remix-
ing when precipitation occurs.

a. Figure 1 illustrates the effect of increasing the dendrimer/DNA charge
ratio on the efficiency of transfection. Most impressive improvement is
obtained when a low amount (e.g., 0.25 lg per transfection) of DNA is
used. With higher amounts of DNA (1–5 lg per transfection), the maxi-
mum efficiency is achieved at the relatively low charge ratio of 10. Max-
imal gene expression can be optimized for the amount of DNA available
for delivery, the amount of dendrimer, and consequently dendrimer to
DNA charge ratio. Generally, the lower the amount of DNA, the higher
the dendrimer/DNAcharge ratio (and vice versa) is required for optimum
transfection.

b. In addition to charge ratio, the DNA concentration during complex for-
mation significantly affects the efficiency of transfection (Fig. 2). Empir-

Fig. 2. The effect of DNA concentration during complex formation and den-
drimer/DNA charge ratio on the efficiency of transfection. Rat2 cells were transfected
with 1 lg of pCF1-Luc complexed with G9 EDA dendrimer. Complexes of equal
amounts of DNA and the same dendrimer/DNA charge ratio differ in DNA concentra-
tion during complex formation. Data indicate that the optimal DNA concentration range
from 0.04–0.08 lg/lL results in most efficient transfection.



ical data indicate that complexes formed with DNA concentrations rang-
ing from 20 to 80 lg/mL are most efficient. In such conditions, dendrimer/
DNAcomplexes formed at a broad range of charge ratios do not tend to ag-
gregate or precipitate and remain in suspension. This low-density complex
mediates the majority of transfections in vitro (15). Soluble dendrimer for-
mulations, obtained either in excess of dendrimer or DNA, also appear to
be more effective for in vivo transfection of solid tissues (6,12).

c. Another essential step in optimizing in vitro transfection is the choice of
generation (type) of dendrimer. As shown in Fig. 3A, the preferred den-
drimer for transfection of Rat2 cells is G9 EDA core dendrimer. G5
EDA core dendrimer and to a lesser degree G7 EDA dendrimer are bet-
ter for NHFF-1 cells (Fig. 3B). However, transfection obtained with the
intermediate G7 EDA dendrimer indicates that size preference may not
be an absolute property of either cells or dendrimer and can be affected
by other parameters of the complex formation (Fig. 1 and Fig. 2).

4. The transfection can be carried out for 3–6 h. Additional time does not re-
sult in appreciable increase in transfection efficiency. After removal of
transfection solution, cells are washed once in serum-free medium. An ap-
propriate amount of fresh complete medium (i.e., a 5- to 10-fold volume of
the transfection medium) is added to obtain cultures of approx 1–5 � 105

cells/mL. The single wash after removal of transfection medium is not nec-
essary if no toxicity is observed during transfection or if cytotoxic aug-
mentation reagents such as chloroquine or DEAE-dextran are not used. The
incubation time has to be assessed based on the results of cell expression
measured 24, 36, and 48 h after transfection.

a. As with other polymer-based systems, dendrimer-mediated transfection
can be augmented with chloroquine and DEAE-dextran. A typical trans-
fection experiment can be performed in serum-free medium augmented
with chloroquine at a final concentration of 50 lM (the effective con-
centration varies from 10 to 100 lM depending on cell type) or with
DEAE-dextran at a final concentration of 0.5 lM. A combination of
chloroquine and DEAE-dextran at 50 lM and 0.5 lM, respectively, can
be used in the transfection medium. Chloroquine, a weak acidotropic
base, neutralizes the endosomal compartment and possibly enables en-
dosomal escape of DNA. We have found that chloroquine alone does not
greatly improve dendrimer-mediated transfection, but in conjunction
with DEAE-dextran, the complex dispersing agent, the efficiency can be
enhanced up to two orders of magnitude (Fig. 4A). Unfortunately, both
of these agents are cytotoxic, requiring careful experimental adjust-
ments, and cannot be applied in vivo.
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Fig. 3. Optimization of the transfection conditions for Rat2 (A) and NHFF1 (B) cells in vitro. Note that transfection conditions and the
resulting kinetics of the transgene expression are cell-specific, including dendrimer requirements, cell density, and growth rate. Transfec-
tions were performed with 1 lg of pCF1-Luc DNA complexed with G5, G7, or G9 EDA dendrimers at a dendrimer/DNA charge ratio 10.
Cells were seeded at 104, 5 � 104 and 105/cm2 12 h before transfection, then incubated for 24, 48, and 72 h after transfection. For both cell
lines, the highest luciferase expression was obtained in cells seeded at the lowest density. Optimal transfection in Rat2 cells (A) was
achieved with G9 EDA dendrimer and in NHFF1 cells (B) with G5 EDA dendrimer. Kinetics of expression indicates that the maximum
level of reporter protein production occurs 24–48 h after transfection. Relative light unit (RLU) is a measured light emission and is adjusted
per µg of cell protein.
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Fig. 3. (Continued)
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Fig. 4. Augmentation of the dendrimer-mediated transfection by the addition of
chloroquine (CLQ) and DEAE-dextran (A) and tyloxapol (B). Rat 2 (A) and Jurkat (B)
cells were transfected with 0.5 lg of pCF1-Luc DNA complexed with G9 EDA at
charge ratios of 5 and 10 (A) and 10 (B). Luciferase activity was measured 36 h after
transfection.
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Fig. 5. Salt concentration (A) and pH (B) during dendrimer/DNA complex forma-
tion and their effect on transfection efficiency (see Note 6). COS-1 cells were trans-
fected with 1 lg of pCF1-Luc DNA (0.05 lg/lL) complexed with G7 EDA at specified
dendrimer/DNA charge ratios 1, 5, 10, and 20 (A). Complexes (20 ll) formed either in
water or in the presence of 2 M NaCl were added to 400 lL of medium (1:20 dilution)



b. We have identified that incubation with the nonionic surfactant tyloxapol
results in an increase in transfection efficiency in vitro, possibly through
interaction with cellular membranes (Fig. 4B). Dendrimer/DNAcomplex
can be added to medium containing tyloxapol at a final concentration
of 0.1–0.5 mg/mL or dendrimer /DNA complex can be mixed with ty-
loxapol.

5. The design of the transfection-based experiments would not be complete
without elementary consideration of cellular biology. Most model systems
employ cell lines dividing and metabolizing rapidly.

a. The experiment presented in Fig. 3 involves active cell cultures. How-
ever, growth, metabolic rate, and transcriptional milieu were manipu-
lated by varying the initial density of cell seeding. Cultures of Rat2 and
NHFF1 cells seeded at both 1 � 104 and 5 � 104 cells/cm2 cells have
similar growth rates but very different levels of gene expression. At 24
h after transfection, Rat2 cells at both densities express similar levels of
luciferase, but no enzyme activity is detected in NHFF1 cells solely at
the lowest cell density (104 cells/cm2). Practically no expression is
found in either of these cell types when they are transfected at near-con-
fluent densities (initial seeding at 1 � 105 cells/cm2).

b. Cellular differences can also be pronounced in the kinetics of transgene
expression, with a maximum level for NHFF1 at approx 48 h and for
Rat2 at 72 h after transfection. The time of harvest and analysis should
be chosen depending on the goals of the experiment because the pro-
longed presence of the expressed protein not only may be a result of ef-
ficient transfection and transcription, but also may reflect a difference in
the specific rate of degradation in a particular cell type.

6. The dendrimer/DNA complex composition and architecture seems to be
critical for its transfection activity. The interaction of both components is
affected by pH and/or salt concentration. Data in Fig. 5 clearly shows that
the initial condition of complex formation has consequences on transfec-
tion. A high concentration of NaCl present during complex formation at
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to avoid a hypertonic effect of salt or hypotonic effect of water on cell physiology.
Transfection efficiency predictably increased with the increasing charge ratios for the
complexes formed in water. To achieve enhancement with monovalent salt, the condi-
tion would have to be carefully adjusted for the specific concentrations of dendrimer,
DNA, as well as charge ratio because of the narrow functional optimum. In panel B,
COS-1 cells were transfected with DNA complexed with G5 EDA in aqueous solution
adjusted to below neutral, neutral, or alkaline pH. Complexes initially formed at low
pH are the most efficient, despite the fact that transfections are performed routinely in
standard growth media, buffered to neutral pH.



charge ratios of 5–10 initially resulted in enhanced DNA expression, but
this effect disappeared with an increase in dendrimer concentration (Fig.
5A). For the formation of active complexes, we recommend using either
water of lower than neutral pH or very dilute buffer (Fig. 5B). Our experi-
ence with various laboratory sources of distilled and deionized water indi-
cate that all of them produce water at pH 5.0–5.5 which is suitable for
preparation of dendrimer/DNA complexes.

References
1. Kukowska-Latallo, J. F., Bielinska, A. U., Johnson, J., Spindler, R., Tomalia, D. A.,

and Baker, J. R., Jr. (1996) Efficient transfer of genetic material into mammalian
cells using Starburst polyamidoamine dendrimers. Proc. Natl. Acad. Sci. USA 93,
4897–4902.

2. Baker, J. R., Jr., Bielinska, A., Johnson, J., Yin, R., and Kukowska-Latallo, J. F.
(1996) Efficient transfer of genetic material into mammalian cells using polyami-
doamine dendrimers as synthetic vectors: dendrimer-mediated transfection, in Con-
ference Proceedings Series: Artificial Self-Assembling Systems for GeneDelivery
(Felgner, P. L., Heller, M. J., Lehn, P., Behr, J. P., Szoka, F. C., Jr.,  eds.), Ameri-
can Chemical Society, Washington, DC, pp. 129–145.

3. Kukowska-Latallo, J. F., Bielinska, A. U., Chen, C., Rymaszewski, M., Tomalia, D.
A., and Baker, J. R., Jr.  (1998) Gene transfer using starburst dendrimers, in Self-
Assembling Complexes for Gene Delivery: From Chemistry to Clinical Trial (Ka-
banov, A. V., Felgner, P. L., Seymour, L. W., eds.), John Wiley & Sons, Ltd. Sus-
sex, UK, pp. 241–253.

4. Eichman, J. D., Bielinska, A. U., Kukowska-Latallo, J. F., and Baker, J. R., Jr.
(2000) The use of PAMAM dendrimers for the efficient transfer of genetic mate-
rial into cells. Pharm. Sci. Technol. Today 7, 232–245.

5. Eichman, J. D., Bielinska, A. U., Kukowska-Latallo, J. F., Donovan, B. W., and
Baker, J. R., Jr. (2001) Bioapplications of PAMAM dendrimers, in Dendrimers and
Other Dendritic Polymers (Frechet, J. M. J. and Tomalia, D. A., eds.), John Wiley
& Sons, Ltd. Sussex, UK, pp. 441–461.

6. Kukowska-Latallo, J. F, Raczka, E., Quintana A., Chen, C., Rymaszewski, M., and
Baker, J. R., Jr.  (2000) Intravascular and endobronchial DNA delivery to murine
lung tissue using a novel, nonviral vector. Hum. Gene Ther. 11, 1385–1395.

7. Kukowska-Latallo, J. F., Chen, C., Eichman, J., Bielinska, A. U., and Baker, J. R., Jr.
(1999) Enhancement of dendrimer-mediated transfection using synthetic lung sur-
factant Exosurf Neonatal in vitro. Biochem. Biophys. Res. Commun. 264, 253–261.

8. Bielinska, A. U., Kukowska-Latallo, J. F., and Baker, J. R., Jr. (1997) The interac-
tion of plasmid DNA with polyamidoamine dendrimers: mechanism of complex
formation and analysis of alterations induced in nuclease sensitivity and transcrip-
tional activity of the complexed DNA. Biochim. Biophys. Acta 1353, 180–190.

9. Bielinska, A., Kukowska-Latallo, J. F., Johnson, J., Tomalia, D. A., and Baker, J.
R., Jr. (1996) Regulation of in vitro gene expression using antisense oligonu-

80 Baker et al.



cleotides or antisense expression plasmids transfected using starburst PAMAM
dendrimers. Nucl. Acids Res. 24, 2176–2182.

10. Qin, L., Pahud, D. R., Ding, Y., Bielinska, A. U., Kukowska-latallo, J. F., Baker, J.
R., Jr., and Bromberg, J. S. (1998) Efficient transfer of genes into murine cardiac
grafts by starburst polyamidoamine dendrimers. Hum. Gene Ther. 9, 553–560.

11. Wang, Y., Boros, P., Liu, J., Qin, L., Bai, Y., Bielinska, A. U., et al. (2000)
DNA/dendrimer complexes mediate gene transfer into murine cardiac transplants
ex vivo. Mol. Ther. 2, 602–608.

12. Bielinska, A. U., Yen, A., Wu, H. L., Zahos, K. M., Sun, R., Weiner, N. D., et al.
(2000) Application of membrane-based dendrimer/DNA complexes for solid phase
transfection in vitro and in vivo. Biomaterials 21, 877–887.

13. Raczka, E., Kukowska-Latallo, J. F., Rymaszewski, M., Chen, C., and Baker, J. R.,
Jr. (1998) The effect of synthetic surfactant Exosurf on gene transfer in mouse lung
in vivo. Gene Ther. 5, 1333–1339.

14. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) in Molecular Cloning: A Lab-
oratory Manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold Spring Har-
bor, NY, pp. 142–143.

15. Bielinska, A. U., Chen, C., Johnson, J., and Baker, J. R., Jr. (1999) DNA complex-
ing with polyamidoamine dendrimers: implications for transfections. Bioconjug.
Chem. 10, 843–850.

16. Roessler, B. J., Bielinska, A. U., Janczak, K., Lee, I., and Baker, J. R., Jr. (2001)
Substituted b-cyclodextrins interact with PAMAM dendrimer-DNA complexes and
modify transfection efficiency. Biochem. Biophys. Res. Comm. 283, 124–129.

Dendrimer-Mediated Cell Transfection 81





6

DNA Delivery to Cells in Culture 
Using Cationic Liposomes

Shelby K. Wyatt and Todd D. Giorgio

1. Introduction
Following Fraley and colleagues’ initial discovery of liposomes (1), coupled

with Behr’s discovery of the ability of cationic lipids to interact with and con-
dense negatively charged DNA (2), Felgner et al. described the use of synthetic
cationic lipids as a DNA delivery tool in 1987 (3). The authors reported that
a positively charged lipid, specifically N-[1-(2,3-dioleyloxy)propyl]-N,N,N-
trimethylammonium chloride (DOTMA), could form liposomes under biologi-
cally relevant conditions either alone or in combination with neutral phospho-
lipids. More importantly, these cationic liposome vesicles were demonstrated to
react spontaneously with anionic DNA to form lipid–DNA complexes, or
“lipoplexes” (4). These lipoplexes demonstrated effective binding to cells in
vitro and facilitation of intracellular delivery of a transgene. Felgner provides a
detailed history of the progress leading up to and including lipofection (5).

Attractive features of lipofection have supported extensive development of
novel lipids and methods for lipid-mediated transfection. These developments
recently have been reviewed in detail (6,7). Essentially, lipoplexes are chemi-
cally pure with simple and reproducible formulation methods for both tran-
sient and stable expression (3), facilitating their use as human pharmacological
agents. Lipoplexes also lack specific surface proteins that can complicate in
vivo application. Finally, functionally effective lipoplex concentrations are gen-
erally nontoxic to cultured cells. 
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The primary obstacle to in vivo lipofection is mirrored in the in vitro envi-
ronment: relatively low transgene expression. This difficulty is characterized
primarily by robust transgene expression, but from an insufficient fraction of
treated cells. The mechanism(s) responsible for this behavior are currently
under active investigation. Nuclear access (8) and/or intracellular degradation
of the transgene (9) remain the primary suspects in modulating the relatively in-
efficient cellular response.

New, commercially available cationic liposome chemistries, designed to
overcome these limitations, are widely available. Although some cationic lipo-
some formulations are reported to significantly mediate increased transgene ex-
pression relative to other preparations, the underlying mechanisms for their im-
proved performance are generally unknown (7). The lack of correlation between
lipoplex structure and function continues to hinder development of improved
cationic liposomes for lipofection. Quantitative, single cell measurements of
transgene delivery and expression represent one strategy for advancement of
lipofection structure-function knowledge (10).

Characterizing the lipoplex structure has also become a substantial field of
interest since a better understanding should aid in establishing correlations be-
tween lipid-DNA complex assembly and biological activity (6). Lipoplex visu-
alization, for example, has been accomplished through various electron mi-
croscopy techniques (11–13). Lipoplex binding to the cell membrane represents
one obstacle affected by lipoplex structure and is essentially driven by electro-
static interactions. This binding is modulated by physical properties of the
lipoplex, including size (14), stability, and charge density, as well as lipoplex
concentration (15) and incubation time (15,16).

Evidence suggests that intracellular DNA transport involves progression
through both endosomes and lysosomes (17). Furthermore, cytoplasmic release
of DNA occurs from an early endosomal compartment as determined via elec-
tron microscopy (18,19). Facilitation of this endosomal release of plasmid DNA
(pDNA) can significantly improve transgene expression. For example, the ad-
dition of neutral, “helper” lipids such as dioleoyl phosphatidylethanolamine
(DOPE), cholesterol and dioleoylphosphatidylcholine (DOPC) (20,21) as well
as pH-sensitive liposomes (22) both aid endosomal release.

Our laboratory has investigated a number of liposome chemistries. Our ex-
perience suggests that optimization of transfection parameters is at least as im-
portant as selection of the liposome chemistry in obtaining strong transgene ex-
pression in vitro. In this regard, the following protocol focuses on transgene
expression optimization using Invitrogen’s Lipofectin® reagent. This strategy is
based on identification of optimum values of lipid:pDNA ratio, total pDNA, and
incubation time. It is important to note, however, that other factors influence the
efficiency of lipofection and should be taken into account when choosing the
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appropriate formulation. Particular considerations include cell type, culture en-
vironment, lipoplex construction, genetic material (plasmid, oligonucleotide,
RNA, PNA, etc.), and reporter strategy.

The protocol described here in detail provides strong transgene expression of
green fluorescent protein (GFP) from HeLa cells in vitro while simultaneously
minimizing lipoplex toxicity. The outcome of this protocol is clearly evident
through visualization or quantitative measurement (10) of GFP fluorescence by
microscopy, fluorimetry, or flow cytometry.

2. Materials
2.1. Cells

1. HeLa cells (American Type Culture Collection [ATCC], Manassas, VA;
Cat. no. CCL-2) (see Note 1).

2.2. Nonviral Delivery System

1. Cationic Lipid Formulation: Lipofectin® Reagent (Invitrogen, Carlsbad,
CA; Cat. no. 18292-011), unmodified (see Notes 2 and 3).

2. Plasmid: Specifically a green fluorescent protein (GFP) expression plas-
mid, for example the pEGFP–N1 Vector (BD Biosciences Clontech, Palo
Alto, CA; Cat. no. 6085-1), diluted in Tris-EDTA buffer (TE) (see Notes 4
and 5 and Subheading 2.3.5.).

2.3. Solutions and Culture Medium

1. Tissue-culture medium: Dulbecco’s Modified Eagle’s Medium (DMEM)
Auto-ModΤΜ (Sigma, St. Louis, MO; Cat. no. D5280), supplemented with
10% (v/v) calf serum (Invitrogen; Cat. no. 16170-078), 1% L-glutamine 200
mM (Invitrogen; Cat. no. 25030-081) and 1% antibiotic-antimycotic (peni-
cillin-streptomycin-amphotericin) (Invitrogen; Cat. no. 15240-062). Both
DMEM and calf serum should be stored between 2 and 8°C (see Notes 1,
6–9).

2. Sterile, distilled water.
3. Calcium- and Magnesium-Free Phosphate Buffered Saline (CMF-PBS)

with EDTA. To prepare 1 L:

a. Dissolve 1.141 g of sodium phosphate dibasic, anhydrous in 300 mL of
distilled water.

b. Adjust the pH to 7.4 with either HCl or NaOH.
c. Dissolve 8 g of sodium chloride and 0.2 g of potassium chloride in 600

mL of distilled water.
d. Dissolve 200 mg of disodium EDTA in 50 mL of distilled water.
e. Combine the solutions.
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f. pH should drop to approx 6.8. Adjust the pH to 7.2–7.4 by slowly titrat-
ing NaOH.

g. Adjust the total volume to 1 L.

4. Serum-Free Medium for Transfection: Opti-MEM® I Reduced Serum Me-
dium (Invitrogen; Cat. no. 11058-021) (see Note 9).

5. TE buffer: 10 mM TrisCl, pH 7.4, 7.5, or 8.0 and 1 mM EDTA, pH 8.0.
6. Trypsin-EDTA, 1� (Invitrogen; Cat. no. 25200-056).
7. Formaldehyde EM-grade, 16% solution (Electron Microscopy Sciences,

Fort Washington, PA; Cat. no. 15710). To fix the cells, it will also be neces-
sary to prepare a 1% solution (v/v), diluted with CMF-PBS. Handle very
carefully and with gloves because formaldehyde is an irritant, a carcinogen,
and a mutagen.

8. Cell ScrubΤΜ Buffer (Gene Therapy Systems, Inc., San Diego, CA; Cat. no.
B100001).

2.4. Laboratory Supplies

1. 1.5-mL Eppendorf tubes (Fisher Scientific, Pittsburgh, PA; Cat. no. 05-402).
2. Falcon Multiwell Tissue Culture Plates (BD FalconΤΜ, Bedford, MA; Cat.

no. 353046) or 35-mm Petri dishes (BD FalconΤΜ; Cat. no. 351008).
3. T-75 Tissue Culture Flasks (BD FalconΤΜ; Cat. no. 353810).
4. Centrifuge tubes (Fisher Scientific; Cat. no. 05-539-9).
5. Disposable Polyethylene Transfer Pipets (Fisher Scientific, Pittsburgh, PA;

Cat. no. 13-711-7).

3. METHODS
3.1. Tissue Culture

1. Thaw an ampoule of HeLa cells and plate in a T-75 tissue culture flask in
12–15 mL of DMEM supplemented with 10% (v/v) calf serum. Culture
HeLa cells under standard incubation conditions: 37°C, 5% CO2, and 95%
humidity (see Note 1).

2. After 24 h, aspirate the medium and replace with 12–15 mL of fresh
DMEM containing 10% calf serum.

3. Replace the medium two to three times per week; upon reaching conflu-
ency, split the cells 1:6.

3.2. General Transfection Technique

A number of variables influence the transfection efficiency and should first
be optimized. These include the cell density, lipid to pDNA ratio, total pDNA,
and incubation time of the lipoplexes with the cells. An optimization technique
follows in Subheading 3.4.
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It is also important to note that the transfection procedure described in this
section corresponds to delivery of genetic material to cells in 35-mm (6-well)
plates. However, this protocol can easily be scaled according to the relative sur-
face areas (Table 1).

1. Plate HeLa cells at 20,000 cells/cm2 (or 1.9 � 105 cells/35-mm plate) and
incubate overnight in normal culture medium at standard incubation con-
ditions: 37°C, 5% CO2, and 95% humidity to obtain 60–80% confluency
(see Notes 10 and 11).

2. For each well to be transfected, dilute 3 lL of Lipofectin® Reagent in 100
ll of Opti-MEM into a 1.5-mL Eppendorf tube. Incubate for 30 min at room
temperature (see Notes 12 and 13).

3. After the 30-min incubation, add 1.5 lg of pDNA (= 6µL of 0.25 µg/µL
pDNA stock) per well to be transfected to the hydrated Lipofectin® solu-
tion. Mix by gently flicking the Eppendorf tube and incubate at room tem-
perature for 15 min to allow complete formation of the lipoplexes (see
Notes 5 and 12).

4. Immediately prior to transfection, wash each cell monolayer with 1.5 mL
of Opti-MEM to eliminate any serum-containing medium remaining in the
well.

5. Add 0.9 mL of Opti-MEM to each well.
6. Add 109 lL of the pDNA:liposome complexes (= 100µL Opti-Mem + 3µL

Lipofectin® + 6µL pDNA) dropwise to each well (see Note 14).
7. Incubate at 37°C, 5% CO2, and 95% humidity for 5 h.
8. After the 5-h incubation, aspirate the lipoplex solution and add 1.5 mL of

tissue-culture medium. Incubate under standard incubation conditions for
43 h (for a total of 48 h transfection) (see Note 15).

9. Harvest the cells after 48 h of transfection (see Subheading 3.3.).

3.3. Cell Harvesting Technique

1. Aspirate the culture medium.
2. Wash the transfected cell monolayer once with 1 mL of CMF-PBS.
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Surface Areas for Various Tissue Culture Plates (25)

Surface area Volume
Plate type (cm2) (mL)

Multiwell–6 9.62 2.5
Multiwell–12 4.50 2.0
Multiwell–24 2.00 1.0



3. Aspirate the CMF-PBS and replace with 1 mL of Cell Scrub and incubate
for 15 min at room temperature (see Note 16).

4. Aspirate the Cell Scrub and wash cells twice with 1 mL of CMF-PBS.
5. Aspirate the CMF-PBS and add 1 mL of trypsin. Incubate at room temper-

ature for approx 5 min or until the cells completely detach from the well
surface (see Note 17).

6. Add 1 mL of tissue culture medium to inactivate the trypsin.
7. Transfer the contents of each well to a separately labeled flow cytometer

tube using transfer pipets.
8. Add 125 lL of 16% formaldehyde and mix well (see Note 18).
9. Pellet cells by centrifugation at 850g for 5 min.

10. Carefully pour out the supernatant (see Note 19).
11. Resuspend the pellet in 2 mL of 1% formaldehyde; this will act as a wash-

ing step (see Note 20).
12. Repeat steps 9–11 twice.
13. Analyze fluorescence in the transfected cells (see Notes 21 and 22).

3.4. Optimization of Transfection Conditions

1. Following the transfection protocol as described in Subheading 3.3., hold
the total amount of pDNA constant at 1 lg per 35-mm well and the
lipoplex-cells incubation time at 6 h. Vary the lipid:pDNA ratio from
0.5–12 lL lipid:1 lg pDNA. Harvest the cells at the same time, preferably
48-h posttransfection for maximum expression. At this time, an optimiza-
tion curve can be made of expression vs lipid:pDNA ratio and a maximum
determined. This represents the optimum lipid:pDNA ratio. An example is
seen in Fig. 1 (see Notes 10 and 22).

2. After determining the optimum lipid:pDNA ratio, hold the ratio constant at
the optimum as well as the lipoplex-cells incubation time constant at 6 h.
Vary the total amount of pDNA from 0.5 to 3 lg. Again, harvest the cells
at the same time, preferably 48 h posttransfection for maximum expression.
At this time, an optimization curve can be made of expression vs total
pDNA and a maximum determined. This represents the optimum total
pDNA (see Fig. 2).

3. Finally, hold the lipid:pDNA ratio and total pDNA constant at the deter-
mined optimum values. Vary the lipoplex incubation time with the cells be-
tween 2 and 7 h. Again, harvest the cells at the same time, preferably 48-h
posttransfection for maximum expression. At this time, an optimization
curve can be made of expression vs incubation time and a maximum de-
termined. This represents your optimum incubation time.
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Fig. 2. Example optimization of total pDNA. While maintaining a constant cell den-
sity through a standard seeding protocol as well as the Lipofectin®:pDNA ratio at 2 lL:1
lg and incubation time at 6 h, the total pDNA was varied from 0.5 lg to 3.0 lg. An ob-
vious maximum is present and is therefore regarded as the optimal total pDNA. This
value is then utilized for subsequent optimization of incubation time.

Fig. 1. Example optimization of lipid:pDNA ratio. While maintaining a constant cell
density through a standard seeding protocol as well as the total DNA at 1 lg/35-mm
well and incubation time at 6 h, the ratio of Lipofectin®:pDNA ratio was varied from
0.5 lL:1 lg to 12 lL:1 lg. An obvious maximum is present and is therefore regarded
as the optimal ratio. This ratio is then utilized for subsequent optimization of total
pDNA and incubation time.



4. Notes
1. The methods presented here are specific for HeLa cells. Cell type strongly

modulates the extent of transgene expression, but most transformed, ac-
tively mitotic mammalian cell types transfected by this method can yield
detectable transgene expression. It is important to note, however, that mod-
ifications may be necessary for other cell types, culture types (i.e., mono-
layer, suspension, clonal) and degree of chemical definition necessary. Cell-
culture methods for other cell types can generally be found in the literature
or directly from the cell source.

2. The cationic lipid reagent should be selected relative to your specific cell
line. Invitrogen and Life Technologies provides a general guideline for their
transfection reagents (23). For reference, Lipofectin® Reagent is essentially
a 1:1 (w/w) liposome formulation of the cationic lipid DOTMA, and DOPE
in membrane filtered water.

3. Cationic lipid should not be frozen or stored in a section of the refrigerator
where the temperature is less than 4°C.

4. Plasmid DNA should be diluted into and stored in TE buffer rather than dis-
tilled water for two main reasons. The Tris effectively acts as a buffer while
the EDTA acts as a chelator, effectively minimizing plasmid degradation.

5. Diluting the pDNA into appropriately sized aliquots (based on experimen-
tation frequency) beneficially allows for less repeated freezing and thawing
of the plasmid. Also, diluting the pDNA to a concentration of 0.25 lg/lL
provides for more accurate pipetting. Total amounts of pDNA per 35-mm
well are generally on the order of 1–2 lg. Therefore, a pDNA concentra-
tion of 0.25 lg/lL allows for a more accurate measurement of 4–8 lL per
well rather than a smaller, less accurate volume.

6. This specific tissue-culture medium is in powder form and must be pre-
pared, as described in the accompanying “Product Information” sheet,
before use. An equivalent, liquid form is also commercially available.

7. Monitor the following aspects to determine deterioration of the powder and
liquid medium: (Powder) color change, granulation or clumping, insolubil-
ity and (Liquid) pH change, precipitate or particulate matter throughout the
solution, cloudy appearance, color change.

8. Add calf serum only when immediately ready to use, since the addition de-
creases the shelf life of the tissue-culture medium.

9. Medium containing serum and/or antibiotics should not be used with this
transfection protocol. The cationic lipid reagents cause cells’ sensitivity to
increase. Some protocols exist for transfection in the presence of serum,
however, both serum and antibiotics do have a great impact on the trans-
fection efficiency.
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10. Reproducible results require a standard seeding protocol between experi-
mental cohorts. In other words, consistently plate cells at a constant den-
sity and incubate for the same period of time overnight to obtain a constant
cell density for transfection. The cell density can affect the transfection ef-
ficiency and could therefore also be optimized.

11. Cells approaching 100% confluency typically yield reduced levels of trans-
gene expression following lipoplex transfection. The potential for cell tox-
icity is increased in samples with low confluence.

12. When mixing, avoid vortexing or agitating the lipid excessively as this may
form cationic lipid reagent peroxides.

13. Allowing the lipid to rehydrate for 30 min prior to the addition of the pDNA
has shown significant improvements in transfection efficiency (24).

14. This is rather important in distributing the lipoplexes evenly throughout the
monolayer.

15. Maximum expression levels are normally seen at 48 h posttransfection,
however the cells can be analyzed prior to this and should demonstrate in-
creasing efficiency up to approx 48 h.

16. Cell Scrub washing removes extracellular, cell-associated plasmid that
might compromise subsequent measurements of intracellular plasmid con-
centration.

17. Monitor cell detachment from the well surface by phase microscope obser-
vation. If you do not trypsinize them long enough, the cells will not detach
from the well surface or from each other. However, prolonged contact with
trypsin can produce cellular injury. A sharp impact of the well against a solid
object can also facilitate cell detachment.

18. It is normal for the culture medium to change from a red to a yellowish
color. This results from the pH change caused by the formaldehyde. Please
also note that this material should be handled with much caution because it
is an irritant, a carcinogen, and a mutagen.

19. Aspirating the supernatant is too difficult and too risky at this point. The
“pellet” can actually be seen as a cloudy film on the surface of the cytome-
ter tube. Pour the liquid out very carefully; do not agitate the cytometer
tubes, and the pellet will remain undisturbed.

20. The most effective way to resuspend the transfected cells involves dragging
the capped tube across the top of a wire centrifuge rack (20 cm long).

21. Sample quality deteriorates with time in storage. Although the cells are
“fixed,” the formaldehyde will begin to degrade the cells. Analysis of trans-
gene expression in intact cells is best performed within 24 h of cell har-
vesting.

22. The data presented in Figs. 1 and 2 was obtained via flow cytometry. Other
methods include fluorimetry and fluorescence microscopy.
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Formulation of Synthetic Gene Delivery Vectors 
for Transduction of the Airway Epithelium

John Marshall, Nelson S. Yew, and Seng H. Cheng

1. Introduction
The ability to mediate gene transfer to the lumen of the lung offers opportu-

nities to treat diseases that affect the airways. Currently, several different gene-
transfer vectors are being evaluated for delivery of a variety of therapeutic
genes to the airways. These include recombinant viral (adenovirus, adeno-
associated virus, retrovirus) and synthetic, self-assembling (cationic lipids,
polymers) vectors. Although much of the early focus of these vectors has been
directed toward a therapy for cystic fibrosis (1–5), other lung diseases, including
asthma, chronic obstructive pulmonary disease, and cancer are being explored as
viable disease targets.

Cationic lipid-based synthetic vectors, the focus of this chapter, are gener-
ated by the condensation of negatively charged plasmid DNA (pDNA) encod-
ing the gene of interest, by the positively charged cationic moieties of the lipid.
Depending on the cationic lipid species and formulation used, the resultant
macromolecular complexes can range between 10 and several hundred nanome-
ters (mostly multilamellar vesicles) in diameter and may also exhibit different
net surface charges (6). These cationic lipid:pDNA complexes have been shown
capable of transfecting not only cells in culture but also organs in vivo, albeit
at lower efficiencies than with adenoviral vectors. Nevertheless, there is con-
tinued interest in the development of these synthetic gene-delivery vectors,
borne primarily from the observation that unlike viral vectors, synthetic gene-
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delivery systems do not elicit a host immune response that precludes their use
in subsequent readministrations. As such, they are more conducive for use in
the treatment of chronic diseases that require lifelong therapy. Manufacturing
the components of the cationic lipid:pDNA complexes in large quantities is also
relatively facile compared to the production of viral vectors.

To be considered for use in gene therapy of chronic lung diseases, the syn-
thetic vectors ideally should have the following properties. For most applica-
tions, these formulations should be (1) capable of facilitating efficient gene
transduction and persistent expression of the transgene product in the appro-
priate target cells, (2) relatively nontoxic, (3) conducive for use in repeated
administrations, and (4) compatible with nebulization to the airways (7). The
identification of vector formulations that meet these criteria is not trivial and
is compounded by our lack of understanding on how these synthetic gene-
transfer complexes mediate cellular transfection. It is now possible to chart
the several processes that are necessary in order for productive cellular trans-
fection to occur. These include, for example, the uptake of the cationic lipid:
pDNA complexes by the target cells, escape from the lysosomal compartment,
and subsequent translocation of the complexes to the nucleus. However, it re-
mains unclear which of these are the key limiting events, compounded by
them perhaps being different for each cationic lipid species and formulation.
Consequently, the development of these synthetic gene-delivery vectors has
been largely reliant on empirical testing of many different polycations and for-
mulations (8–10). Despite these impediments, much progress has been made,
particularly with cationic lipid-based vectors, to the point where several were
deemed sufficiently efficacious to warrant testing in human clinical studies for
cystic fibrosis (1–5). The results of these early studies showed that although
cationic lipid-based gene transfer to the airway epithelium is possible, the
efficiency of gene transduction was low and was associated with mild toxic-
ity (5,11). This toxicity was caused partially by the cationic lipids, which typ-
ically have a detergent-like structure and properties, but was mostly attrib-
uted to the immunostimulatory CpG motifs found in the bacterially derived
DNA (12).

In this chapter we address many of the factors associated with the develop-
ment and use of cationic lipid-based vectors, with efficient and safe gene trans-
duction of the lung being the goals. These include methods for formulating
and storing the components of this vector system (to reduce undesirable chem-
ical reactions), methods to reduce the toxicity associated with pDNA, formu-
lation modifications that support high concentrations of the complexes (to fa-
cilitate aerosolization), and methods for delivery of these synthetic vectors to
the lung.
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2. Materials
2.1. Formulation and Storage of Cationic Lipids

1. 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE) (Avanti Polar
Lipids, Inc., Alabaster, AL).

2. 1,2-dimyristyl-sn-glycero-3-phosphtidylethanolamine-N-[poly(ethyleneg-
lycol)5000] (DMPE-PEG5000) (Avanti Polar Lipids).

3. 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) (Avanti Polar Lip-
ids).

4. Cholesterol (Avanti Polar Lipids).
5. The GL-series of cationic lipids were synthesized at Genzyme Corporation,

Cambridge, MA (8,9).
6. RBS-35 (Pierce Chemical Co., Rockford, IL).
7. Chloroform, t-butanol, ethanol.
8. Argon.
9. Labline TransSonic bath sonicator model 820/H (Barnstead/Thermolyne,

Dubuque, IA)

2.1.1. Formulation of Dry Lipid Films

1. 20-mm neck, 10-mL serum tubing vials, aluminum crimp (Wheaton, Mil-
lville, NJ).

2. Omniflex butyl-L stoppers (Helvoet Pharma, Pennsauken, NJ).
3. Dispensing pump model 505Di/RL (Watson-Marlow, Wilmington, MA)
4. DuraStop/DuraDry Lyophilizer (FTS Systems, Stone Ridge, NY).
5. 0.2-lm filter.
6. �70°C freezer.

2.1.2. Formulation of Aqueous Lipid Suspensions

1. Büchi rotavapor model R-114 (Brinkman, Westbury, NY).
2. Büchi water bath model B-480 (Brinkman).
3. Vacuum aspirator model B-169 (Brinkman).
4. 5% dextrose in water (D5W).
5. Filters (1.0 and 0.45 lm), Puradisc 25AS (Whatman, Clifton, NJ).
6. Filters (0.2 and 0.1 lm), Anotop 25 (Whatman).

2.3. Preparation of Cationic Lipid:pDNA Complexes

1. Water for irrigation (WFI) (VWR, West Chester, PA).
2. Polystyrene tubes (Falcon no. 2054) (Becton Dickinson, Franklin Lakes,

NJ).
3. Multi-tube vortexer (VWR, West Chester, PA).
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4. 30°C water bath.
5. Limulus amebocyte lysate (LAL) assay (BioWhittaker, Walkersville, MD).

2.4. Physical Characterization of Cationic Lipid:pDNA Complexes

1. Orange G.
2. Tris-borate-EDTA (TBE) buffer: 45 mM Tris-borate, 1 mM ethylenedi-

amine tetraacetic acid (EDTA), pH 8.0.
3. Ethidium bromide (EB).
4. Sodium dodecyl sulfate (SDS).
5. Nicomp model 380ZLS zeta potential/particle sizer (Nicomp, Santa Bar-

bara, CA).
6. Electrophoresis tank, power source, gel cassette, and comb.
7. Foto/Prep transilluminator (Fotodyne, Hartland, WI).

2.5. Aerosol Delivery of Cationic Lipid:pDNA Complexes 
to the Mouse Lung

1. Rhodamine-phosphatidylethanolamine (Avanti Polar Lipids).
2. TOTO-1 (Molecular Probes, Eugene, OR).
3. Octylglucoside.
4. Sodium butyrate.
5. Triton X-100.
6. Pari LC Jet Plus nebulizer (Pari Respiratory Equipment, Inc., Richmond,

VA).
7. Pall BB-50T Breathing Circuit Filter (Pall Biomedical, Inc., Fajardo PR

00648).
8. Andersen IACFM cascade impactor (ThermoAndersen, Smyrna, GA).
9. All Glass Impinger (AGI) (Ace Glass Inc., Vineland, NJ).

10. Spex Fluoromax fluorometer (Spex, Metuchen, NJ).
11. Female BALB/c mice (Taconic, Germantown, NY); animal care in accor-

dance with the AAALAC guidelines.

2.6. Insufflation of Complexes into Mouse Lung

1. Isoflurane (J.A. Webster, Sterling, MA)
2. Anesthesia chamber (Colonial Medical, Franconia, NH).

3. Methods
3.1. Formulation and Storage of Cationic Lipids

Several cationic lipids of different structure types have been synthesized and
evaluated for use in transduction of the lung. Examples of cationic lipids that
have been shown to be particularly active at mediating gene transfer to the lung
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include DC-Chol (1,2), DOTAP (3), and the GL-series of lipids (4,5,7,9), (see
Note 1). These cationic lipids are invariably formulated with a neutral co-lipid
such as dioleoylphosphatidylethanolamine (DOPE) or cholesterol. To highlight
examples of how such formulations are generated, we will describe two
processes, one for generating GL-67:DOPE lipids as a dry film and another for
formulating DOTAP:cholesterol as a stable aqueous suspension (see Note 2).

3.1.1. Formulation of Dry Lipid Films

1. Weigh 615 mg of the cationic lipid GL-67 and dissolve it in 50 mL of t-bu-
tanol:water (9:1, v/v) in a 100-mL volumetric flask. Sonicate the lipid in an
ultrasonic waterbath until the lipid is completely in solution. Add t-bu-
tanol:water to bring the volume up to 100 mL and the lipid concentration
to 10 mM.

2. Weigh 1488 mg of the neutral lipid DOPE and dissolve it in 50 mL of t-bu-
tanol:water (9:1, v/v) in a 100-mL volumetric flask. Complexes to be neb-
ulized (see Subheading 3.5.) require the incorporation of DMPE-PEG5000
into the formulation (see Note 3). Weigh 285 mg of DMPE-PEG5000 and
dissolve it in 50 mL of t-butanol:water along with the neutral lipid. Soni-
cate the lipid in an ultrasonic waterbath until the lipid is completely in so-
lution. Add t-butanol:water to bring the volume up to 100 mL and the neu-
tral lipid concentration to 20 mM.

3. Combine the neutral and cationic lipids and aliquot into glass vials (20 mm
neck, 10 mL serum tubing vials; Wheaton) using a dispensing pump (typi-
cally 4 lmoles of cationic lipid is aliquotted into each vial). Loosely place
unsiliconized inert butyl Omniflex stoppers in the tops of the vials to allow
unobstructed airflow for subsequent lyophilization.

4. Place the vials on a shelf in a lyophilizer and cool to �30°C for 25 min to
freeze the contents. Apply a vacuum until the pressure is below 100 mT,
then raise the shelf temperature to �20°C and maintain the lyophilizer at
this temperature with the vacuum at 0 mT for an additional 5 h. Raise the
shelf temperature to �5°C and keep the vials under vacuum at 0 mT an ad-
ditional 48–60 h to remove any residual solvent.

5. Following lyophilization, release the vacuum and back-fill the lyophilizer
with argon gas that has been sterilized through a 0.2-lm sterile filter at 1
atmosphere pressure. Filling the vials with an inert gas such as argon is an
important consideration especially for cationic lipids like GL-67 that con-
tain spermine as a headgroup because this is reactive with carbon dioxide.
Before opening the lyophilizer, raise the shelves inside to push the stoppers
into place so that they become fully seated in the vials.

6. Open the lyophilizer and seal the stoppers in place with an aluminum crimp
(Wheaton). Store the vials at �70°C until ready for use.
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3.1.2. Formulation of Aqueous Lipid Suspensions

Although most cationic lipid formulations are best stored as dried films,
some formulations have been described that are also relatively stable as liquid
suspensions. An example of one such formulation involves the cationic lipid
DOTAP which, when formulated with cholesterol and subjected to extrusion
(13), results in an aqueous suspension that is stable at 4°C for at least 1 mo.
Aqueous suspensions of liposomes generated using this procedure are relatively
homogenous in size (~200 nm diameter).

1. Weigh 140 mg of the cationic lipid 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP) and 77 mg of cholesterol. Combine them in a 1-L round-
bottom flask and dissolve in 10 mL of chloroform.

2. Attach the flask to a Büchi rotary evaporator at a 45° angle and maximally
immerse in a 30°C water bath. Rotate the flask in the 30°C water bath for
30 min and place the resulting dried thin film under vacuum for 15 min (see
Note 4).

3. Hydrate the dried lipid film by rapidly adding 10 mL of D5W, taking care
to ensure resuspension of the lipids particularly from the top of the flask.
Rotate the flask in a 50°C water bath for 45 min, gradually changing the
angle from 45° to vertical over this period. Complete the hydration process
by further rotating the flask at 35°C for 10 min and then allowing it to stand
for 16 h at room temperature.

4. Sonicate the hydrated liposomes at 50°C in a bath sonicator at 35 kHz for
5 min to generate a nonviscous lipid suspension.

5. Extrude the lipid suspension sequentially through 1.0, 0.45, 0.2, and 0.1 lm
filters using a 10-mL syringe. Perform the extrusions as rapidly as possible
to minimize cooling of the lipids that can render them viscous and difficult
to extrude.

6. Store the resulting liposome suspension under argon at 4°C.

Both of these formulation protocols are amenable to cationic lipid and/or
neutral co-lipid substitutions. However additional care is necessary for some
cationic lipids such as those of the GL-series that contain unprotonated primary
amines on their cationic headgroups. These are particularly susceptible to a
transacylation reaction (9) when they are co-formulated with a neutral lipid con-
taining an ester-linked acyl chain, such as those in DOPE (see Note 5).

3.2. Plasmid Mutagenesis

A major contributor to the acute toxicity observed following administration of
synthetic vectors to the lung is the bacterial-derived pDNA (12).This toxicity has
been shown to be owing primarily to the presence of immunostimulatory CpG
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sequences on the pDNA. This issue can be circumvented by directed mutagene-
sis of the plasmids’ DNA sequence to remove these CpG sequences. Simultane-
ously, amino acid codons can be optimized through alteration of degenerate or
“wobble” bases in order to utilize the most abundant mammalian transfer RNAs
while maintaining the correct polypeptide sequence. Although these changes
maybe affected through site-directed mutagenesis of the pDNA, because the
number of CpG motifs that are invariably present on pDNA is quite high, a more
expedient approach is to synthesize the gene that incorporates these changes.
Below, we describe a strategy for designing these synthetic genes.

1. The amino acid sequence of the given protein to be expressed is sufficient
to design a synthetic gene. The synthetic gene can, but does not need to, re-
semble the nucleotide sequence of the original cDNA. A table of the codon
usage in highly expressed human genes is then used to assemble the nu-
cleotide sequence; an example of such a table can be found in Kim et al.
(14). Assembly can most easily be achieved with a word processing pro-
gram, using the find and replace feature to substitute each amino acid sym-
bol with a corresponding nucleotide triplet. The basic criterion for select-
ing which codon to insert is to avoid rarely used codons. One could choose
only the most commonly used codon, but this would introduce excessive
codon bias. This may introduce small internal repeats that could be prob-
lematic when synthesizing the gene. In addition, the use of only one codon
for a given amino acid may in theory lead to a transient shortage of certain
isoacceptor tRNAs during translation, but whether this actually occurs is
not known.

2. Scan the optimized sequence for CpG dinucleotides. For example, four of
the possible codons for arginine are CGT, CGC, CGA, and CGG, and these
must be substituted with either of the two remaining alternative codons for
arginine, AGA or AGG. Other CpG motifs will occur at the junction be-
tween two codons when the first codon ends in a C and the second begins
with a G. Frequently these can be removed by changing a “wobble” base C
to a G, T, or A where possible.

3. A sequence optimized for expression in human cells will be GC rich, be-
cause the prevalent human codons usually have a C or G in the third degen-
erate position. Because a sequence with a high GC content will be difficult
to amplify by polymerase chain reaction (PCR), a proportion of the codons
should be substituted with codons containing fewer G and C nucleotides, to
reduce the overall GC content. High GC content may also create secondary
structure in the translated mRNA that may inhibit translation.

4. The sequence context of the translation initiation and termination codons
can also be optimized. The consensus sequence for initiation in vertebrates
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is (A/G)CCAUGG (15). The most important residue is at position �3 rel-
ative to the A residue of the AUG codon, followed by the residue at posi-
tion �4. The G at the �4 position may alter the coding for the second
amino acid of the protein, and if so a choice must be made to determine the
relative importance of preserving the amino acid sequence vs the benefit of
the optimal residue. This may have to be determined empirically. The pre-
ferred translation termination codon in mammals is UGA (16). The next
base can also influence termination efficiency (A, G � C, U). If termina-
tion is not optimized, there may be significant translational read-through
and reduced protein expression.

An example of a synthetic CpG-reduced sequence that has been codon opti-
mized for expression in human cells is shown (Fig. 1). This sequence codes for
the Escherichia coli chloramphenicol acetyltransferase gene. The nucleotide se-
quence does resemble the wild-type sequence, but contains only one CpG motif
vs 33 in the original sequence (counting one strand). In vitro transfections of
plasmid vectors containing the wild-type vs the synthetic CAT gene demon-
strate an approximate two- to threefold increase in CAT expression from the
plasmid vector containing the synthetic gene (Fig. 2). This increased expression
is also realized following intranasal or systemic administration of the synthetic
pDNA vector into mice (17). Importantly, the CpG-reduced pCFA-sCAT is also
less inflammatory than its wild-type counterpart (17).

3.3. Preparation of Cationic Lipid:pDNA Complexes

Cationic lipid and pDNA complexes are normally prepared just prior to use.
The cationic lipid film is hydrated with sterile water at 4°C to a concentration
that is double that required for the final concentration in the complex (see Note
6). Aqueous liposome suspensions are also diluted to be twice the final concen-
tration in the complex, but the dilutions are made using D5W at room tempera-
ture. The pDNA is similarly diluted to a concentration that is twice that required
in the final concentration using either sterile water or D5W, as appropriate. For
the GL-series of cationic lipids all of the dilutions and complexes are prepared in
sterile polystyrene tubes. For the aqueous liposome suspensions, complexes are
prepared in 1.5-mL polypropylene microfuge tubes.

3.3.1. Preparation of Cationic Lipid:pDNA Complexes 
Using Cationic Lipid Films

1. Add water (WFI) to the dried lipid film (e.g., add 2 mL to a 4 lmole
cationic lipid vial to generate a 2 mM suspension) and hydrate for 60 min
at 4°C on a multi-tube vortexer set at approx 1500 cycles/min. Carefully
evaluate the lipid in the vial visually to ensure that complete hydration has
occurred and that the lipid vesicles are in a homogenous suspension.
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Fig. 1. Comparison of the wild-type vs the synthetic gene encoding E. coli chloramphenicol acetyltransferase.
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2. Aliquot an appropriate volume of the liposome suspension into polystyrene
tubes (e.g., for 100 lL mouse instillations, aliquot at least 55 lL for each
mouse receiving that formulation).

3. Dilute the pDNA with water (WFI) at 4°C to the appropriate concentration.
This has to be determined empirically but typically is in the 0.1–10 mM
range (see Note 7). Aliquot a volume of the pDNA equal to the liposome
suspension into polystyrene tubes.

4. Five minutes prior to mixing, warm the complex components to 30°C in a
water bath and then gently pipet an equal volume of the cationic lipid into
the pDNA solution, avoiding subsequent agitation (see Note 8). Allow the
complexes to form at 30°C for a further 15 min. Once formed, the com-
plexes are stable for up to 4 h at room temperature and can be used for
aerosolization or for direct instillation into mouse lung.

3.3.2. Preparation of Cationic Lipid:pDNA Complexes Using 
Liposome Suspensions

1. Dilute the prepared liposomes with room temperature D5W to be double
the final required concentration and dispense an appropriate volume into a

Fig. 2. Increased CAT expression from a plasmid DNA vector containing a codon-
optimized and CpG reduced CAT cDNA (sCAT). Cells were transfected with either
pCF1-CAT or pCFA-sCAT (GL-67:pDNA, 10.5:60 mM). Cell lysates were collected 2
d after transfection and CAT assays were performed. n � 6 wells per plasmid. Data
shown are mean � standard deviation.



polypropylene microfuge tube (e.g., for 100 lL mouse instillations, aliquot
at least 55 lL for each mouse receiving that formulation).

2. Dilute the pDNA with room temperature D5W to the appropriate concen-
tration. This has to be determined empirically but typically is in the 0.1–10
mM range (see Note 7).

3. Rapidly pipet a volume of the pDNA equal to that of the liposome suspen-
sion into the liposomes and mix vigorously by pipetting 3 to 4 times.

4. Once formed, the complexes are stable for up to 24 h at room temperature
or can be stored for several days at 4°C.

3.4. Physical Characterization of the Cationic Lipid:pDNA Complexes

The extent and nature of the electrostatic interactions between the cationic
moiety of the lipid and the anionic phosphates of the pDNA can be variable de-
pending on various experimental factors such as the temperature and vigor of
agitation during complex formation, the concentration and purity of the com-
ponents, and the resultant charge ratio of the complexes. To determine if the
complexes generated are reproducible and conform to those of previous exper-
iments, a number of physical characterizations can be performed (6,18,19). Dy-
namic light scattering can be used to assess the overall size of the liposomes and
lipid:pDNA preparations using, for example, a NICOMP model 380ZLS parti-
cle-sizing system. Zeta potential measurements, which provide an indication of
the net charge on the surface of the resultant complexes, can also be measured
with this apparatus (6,10). Agarose gel electrophoresis can be used to measure
the extent of pDNA association with the lipids, and freeze-fracture electron mi-
croscopy can be used to visualize the size and morphology of the resultant en-
tities formed (20).

3.4.1. Size Determination of Cationic Lipid:pDNA Complexes

The size of the complexes that are formed is an important consideration for
gene transduction. Depending on the desired target for genetic modification, dif-
ferently sized complexes may be more suitable. Most cationic lipid:pDNA com-
plexes generated by the simple mixing of the two components exhibit mean di-
ameters ranging between 300 and 600 nm. These complexes are unlikely to be
effective at penetrating the sinusoidal fenestrations (�100 nm) and transducing
liver hepatocytes. Indeed, it has been shown that intravenous delivery of such
complexes invariably results in localization of a proportion of the complexes in
the pulmonary capillaries. The resulting gene transfection associated with sys-
temic delivery of this synthetic vector is primarily in the lung endothelium and
not in the epithelium. However, we have determined that lung epithelium can
be transduced with complexes over a broad size range when delivered to the
lumen of the lung.

Lipid-Mediated Gene Transfer to the Lungs 105



The size of the liposomes and cationic lipid:pDNA complexes can be deter-
mined by measuring the dynamic light scattering using a NICOMP model 380
or similar instrument.

1. Prepare cationic lipid:pDNA complexes at a cationic lipid concentration of
between 100 and 500 lM in water (see Subheading 3.3.).

2. Measure the dynamic light scattering using a NICOMP model 380 follow-
ing the manufacturer’s instructions. Make these measurements at 25°C, set-
ting the slit width at 250 nm, the viscosity at 1.00, and the index of refrac-
tion at 1.00.

3. Take mean diameter measurements from at least three separate readings of
10 cycles.

4. Present the data in terms of either intensity vs mean diameter (i.e., the rela-
tive volume of liposomes at a given size distribution) or particle count vs
mean diameter (i.e., the number of liposomes detected at a given size distri-
bution). Typically, the mean diameter of GL-67:DOPE:pDNA complexes is
between 400 and 500 nm but other cationic lipid:pDNA complexes may
range from 100 nm up to 1 lm, depending on the cationic lipid species and
also the formulation of the complex. Complexes that are over 1 lm in diam-
eter are likely aggregates resulting from a rapid and irreversible nucleation
event. These large complexes, which are visible as a fine precipitate, are not
recommended for in vivo studies. With the GL-series of cationic lipids, this
precipitation can be minimized by the inclusion of a small amount of DMPE-
PEG5000 in the lipid formulation (see Note 3).

3.4.2. Zeta Potential Measurements

The zeta potential of complexes tends to become more positive as the charge
ratio of the cationic lipid:pDNAis increased to greater than 1, reflecting that more
of the pDNA is present as a complex with increasing amounts of cationic lipid.
Zeta potential measurements can be taken using a NICOMP model 380ZLS par-
ticle sizing system.

1. Prepare cationic lipid:pDNA complexes at a cationic lipid concentration of
between 100 and 500 lM in water (see Subheading 3.3.).

2. Place the sample into a standard disposable fluorescence cuvet.
3. Using a zeta electrode that accompanies the NICOMP, determine the zeta

potential of the samples and evaluate the measurements using the default
software parameters for aqueous samples. The zeta potential of the cationic
lipid:pDNA complexes is dependent on the molar ratio of the cationic
lipid:pDNA complexes. GL-67:DOPE liposomes typically have a zeta po-
tential of approx �55–65 mV. When present as a complex with pDNA,
charge neutrality (zeta potential of 0 mV) is attained when the molar ratio of
GL-67:pDNA is 1:1.
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3.4.3. Extent of pDNA Complexation

1. Prepare complexes by adding 15 lL of cationic lipid (at twice the required
final concentration) to 15 lL of 400 lM pDNA (~1.5 lg; see Note 7).

2. Following complexation, add 5 lL of loading buffer (25% sucrose, Orange
G) to each 25 lL sample and then load into the wells of a 0.75% (w/v)
agarose gel.

3. Electrophorese the samples in TBE buffer containing 0.5 lg/mL ethidium
bromide at approx 100 V for 1–2 h.

4. Visualize the ethidium bromide-stained pDNA on an ultraviolet transillu-
minator. Because of its size, cationic lipid-complexed pDNA remains in the
well. Typically, complexes that are at charge neutrality or that contain an
excess of cationic lipid (a positive zeta potential) do not migrate from the
well. Free or uncomplexed pDNA, as present in formulations containing an
excess of pDNA (a negative zeta potential), will co-migrate with pDNA
alone. Quantitation of this band using known standards provides a means
to estimate the amount of free pDNA and the extent of pDNA that is pres-
ent as a complex in the formulation.

5. Determine the amount and integrity of the pDNA in a complex by adding
SDS to 0.4% to disrupt the cationic lipid:pDNA interactions prior to elec-
trophoresis.

3.5. Aerosol Delivery of Cationic Lipid:pDNA Complexes 
to the Mouse Lung

Aerosol delivery of synthetic vector systems to the lung requires that several
physical properties of the complexes be taken into consideration (21). Formu-
lation modifications need to be evaluated to identify those that (1) prevent the
degradation of pDNA caused by the shear forces generated during nebulization
(see Note 9), and (2) stabilize the complex against lipid-phase separation, which
could lead to precipitation. Careful evaluation of the available commercial neb-
ulizers also needs to be performed to identify those that (1) provide an optimal
delivery rate of the aerosolized complexes, (2) ensure the generation of appro-
priately sized respirable particles, and (3) minimize any changes in the physi-
cal characteristics of the complexes (e.g., degradation, aggregation, and precip-
itation).

3.5.1. Analysis of Nebulized Cationic Lipid:pDNA Complexes

As the lung is the target for the aerosolized synthetic vectors, nebulizers need
to be evaluated for their ability to deliver the therapeutic within several defined
specifications (e.g., particle size, integrity of complexes, rate of delivery). The
particle size is determined using an Andersen cascade impactor. The integrity
of the nebulized particles can be elucidated by collecting aerosolized complexes
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on an all glass impinger (AGI). The rate of delivery is a parameter defined by
the nebulizer. We have determined that the Pari LC Jet Plus nebulizer (22) ful-
fills the criteria necessary for delivery and maintenance of integrity of cationic
lipid:pDNA complexes (see Note 10). Measurement of the aerosol droplet size
is normally performed by nebulizing rhodamine-labeled phosphatidylethanol-
amine-containing complexes (see Note 10) into an Andersen cascade impactor.
The complexes that collect on the stages of the impactor are recovered by
addition of 1% Triton X-100 and the amount of the fluorescent lipid on the dif-
ferent stages quantitated using a fluorometer in essentially the same manner as
described for the AGI.

Nebulization of GL-67:DOPE:DMPE-PEG5000:pDNA (1:2:0.05:1.3 molar
ratio) using the Pari nebulizer under the conditions described does not result in
measurable degradation of the pDNA nor does it alter the ratio of the compo-
nents of the complexes. There is however a slight time-dependent increase in
the concentration of the complexes remaining in the nebulizer reservoir, as pre-
dicted (23,24). The ratio of cationic lipid and pDNA present in the aerosol can
be determined by use of fluorescently labeled lipids (e.g., rhodamine-phos-
phatidylethanolamine) and pDNA (e.g., TOTO-1) (see Note 10). The ratio of
lipid to pDNA in the nebulized complex is determined by collecting the
aerosolized complexes on an AGI (19,22).

1. Weigh the AGI and the nebulizer prior to commencement of aerosolization.
2. Prepare 4 mL of fluorescently labeled complexes (see Subheading 3.1.1.

and Note 10). Pipet the complexes into the nebulization chamber of a Pari
LC Jet Plus nebulizer. Operate the nebulizer at a flow rate of approx 7.8
L/min, provided by a standard air compressor (see Note 11).

3. Reweigh the nebulizer to determine the amount of complexes that have
been aerosolized.

4. Recover the complexes that are deposited on the AGI by rinsing the im-
pinger sequentially with 4 mL of octylglucoside buffer (100 mM octylglu-
coside in distilled water), then with 4 ml of phosphate-buffered saline
(PBS), and again with 4 mL of octylglucoside buffer.

5. Reweigh the AGI to determine the total volume it contains.
6. Quantitate the fluorescence of both the Rh-PE and TOTO-1 present in the

AGI washes using a fluorometer. Use the constant wavelength analysis pro-
gram and standard curves generated using the starting materials diluted in
a 1:1 mixture of PBS and octylglucoside buffer to quantitate the amounts
of lipid and pDNA transferred to the AGI.

7. Assess the transfection activity of the complexes following nebulization by
placing a plate of tissue-culture cells in an acrylic box connected to the neb-
ulizer and vented through a Pall BB-50T Breathing Circuit Filter (18). Fol-
lowing exposure of the cells to the aerosolized complexes, grow the cells



for a further 48 h, then lyse them and determine the extent of transduction
and transgene expression.

3.5.2. Nebulization of Cationic Lipid:pDNA Complexes 
to the Mouse Lung

The ability of aerosolized cationic lipid:pDNA complexes to effect transfec-
tion in vivo can be tested in the lungs of mice. Because it is difficult to analyze
statistically relevant numbers of mice using adapted masks to provide direct
aerosol delivery, compounded by the need for them to be anesthetized, thus al-
tering respiratory function, use of a whole body exposure chamber to deliver
the complexes to the mice is preferred (see Note 12).

1. Place 10 female BALB/c mice (16–18 g) in an acrylic box (approx 20 �
20 � 15 cm) that is connected to the nebulizer using anesthesia tubing and
vented through a Pall BB-50T Breathing Circuit Filter.

2. Aerosolize 10 mL of complex (GL-67:DOPE:DMPE-PEG5000:pDNA)
using 2-s bursts followed by 4-s rests (total time of 20–45 min). The airborne
aerosol particles can be seen as a dissipating cloud entering the acrylic
chamber, with the mice becoming moist as the droplets coalesce.

3. Following completion of the nebulization process, house the mice for a fur-
ther 48 h, then sacrifice and analyze their lungs for expression of the trans-
gene (see Note 13).

3.6. Administration of Cationic Lipid:pDNA Complexes to Mouse
Airway Epithelia

We routinely assess the in vivo transfection activity of the synthetic gene-de-
livery vectors in the lungs of female BALB/c mice (4–6 wk old) by adminis-
tering a bolus of 100 lL of the complexes via insufflation through the nose (25)
or by direct injection through a trans-tracheal incision. The instillation tech-
nique is the preferred method for complex delivery because it (1) allows a larger
cohort of animals to be treated in a given time, (2) results in less animal-to-an-
imal variability in groups of mice receiving the same test article (smaller stan-
dard deviations), and (3) generally results in higher levels of transgene expres-
sion in the lung (unpublished observations).

3.6.1. Intranasal Instillation of Cationic Lipid:pDNA Complexes

1. Anesthetize mice by inhalation of isoflurane. Place the mice (�10 at a time)
in a rodent anesthesia machine and deliver oxygen at 800 mL/min passed
over an isoflurane reservoir set to level 5 (results in approx 5% isoflurane
content in the air) for 1 min. Keep the animals under anesthesia by main-
taining isoflurane at 2.5% in the chamber.
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2. Remove the mice individually and instill immediately by holding the ani-
mals upright with their noses up and applying pressure to the lower
mandible to immobilize the tongue and prevent the reflex to swallow the
complex. Administer the cationic lipid:pDNA complexes (�100 lL) drop-
wise (20–25 lL/drop over 15 s) into the nares of mice using a standard
Pipetteman (0–200 lL) with an appropriate tip. Using this procedure, we
estimate that approx 70% of the total complexes are delivered into the lung.
The mice recover from the anesthesia within 30 s of removal from the
isoflurane atmosphere.

3. House the mice for a further 48 h, then sacrifice and analyze their lungs for
expression of the transgene (see Note 13).

4. Notes
1. For transfection of the lung, we have observed that significantly higher lev-

els of transgene expression could be realized using the nonprotonated, or
free-base forms of the GL-series of cationic lipids than with the salt forms
of the protonated amines (9).

2. Preparation of cationic lipid formulations should be performed sterilely to
minimize contamination by potential pathogens or pyrogens. Glassware
should be depyrogenated by heating at 250°C for 6 h. Where appropriate,
materials should also be autoclaved. As an alternative, glassware can be
cleaned with a nonresidue detergent (e.g., RBS-35), followed by thorough
rinsing with ethanol.

3. The concentration of the complexes that can be aerosolized can be limiting
(containing less than 0.5 mg/mL of pDNA) owing to nebulization-induced
aggregation (18). However, we have shown that with GL-67:DOPE:pDNA
complexes, the inclusion of a small amount of DMPE-PEG5000 can act to sta-
bilize the complexes. By incorporating DMPE-PEG5000 at as low as 0.05
molar ratio, formulations of complexes that contain as high as 6 mg/mL
pDNA(18.2 mM) can be generated without aggregation. Addition of DMPE-
PEG5000 does not alter the size range or the in vivo activity of the nebulized
particles. The development of formulations that support high concentrations
of pDNAis important as it facilitates delivery of more complex per unit time.

4. Upon application of the vacuum, the residual solvent immediately comes
off as a cloud. Following this step the result is a clear lipid film.

5. Cationic lipids, containing unprotonated primary amines, when formulated
with a neutral lipid containing an ester-linked acyl chain (e.g., DOPE) can
undergo a transacylation reaction. This occurs by nucleophilic attack of the
lone pair of electrons of the primary amine on the d� carbonyl group of the
ester moiety. This results in the transfer of an acyl chain to the cationic lipid
and the generation of an isomeric pair of lysophosphatidylethanolamines.
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We have determined that this chemical reaction is time-, pH-, and temper-
ature-dependent, and occurs irrespective of whether the lipids are in an
aqueous suspension or a dry film. Aqueous suspensions of these lipid for-
mulations at room temperature transacylate at a rate of approx 1% per hour.
However this reaction can be reduced by storing the dry films at �20°C
(conversion at a rate of 2% per month over 6 mo) and can be effectively
negated by storage at �70°C (9). Hence, for long-term storage of such un-
protonated cationic lipids, it is recommended that they be kept as a dry film
at �70°C. Following suspension in aqueous solution, the rate of transacy-
lation can be reduced by maintaining the pH at least one unit below the pKa
of the primary amine. The primary amines of a cationic lipid possessing a
spermine headgroup (such as GL-67) typically have a pKa of approx 10
(26), thus suspension of the cationic lipids in a relatively neutral (pH
7.0–7.4) buffer should be protective.

6. For the GL-series of cationic lipids, formulation of the lipid:pDNA com-
plexes in excipients, even with the solutes as low as 10 mM, results in sig-
nificantly reduced transgene expression when compared with complexes
formulated in water (9).

7. The molarity of the pDNA solution refers to the molarity of the nucleotides
and is calculated based on an average nucleotide molecular weight of 330
Daltons. For example, a plasmid of 5000 base pairs at a concentration of 1
mg/mL is at the same molarity (3.03 mM) as a plasmid of 10,000 base pairs
that is at a concentration of 1 mg/mL. Polynucleic acids of many forms and
chain lengths have been successfully transfected. In addition to pDNA
these include cosmids, mRNA, ribozymes, sheared genomic DNA, mam-
malian artificial chromosomes, and oligonucleotides (including S-oligos
and RNA-DNA oligos). All of the nucleic acids should contain less than 5
lg endotoxin U/mg to prevent an adverse inflammatory response in the
treated animals. Endotoxin levels can be determined using the Limulus
amebocyte lysate (LAL) assay.

8. Agitation of the cationic lipid:pDNA mixture during complex formation
can lead to a nucleation event that results in aggregation and precipitation
of the complexes. Also, complexes are prone to aggregation and precipita-
tion when the formulation has a net neutral charge. This problem can be
ameliorated by the inclusion of DMPE-PEG5000 (18) (see also Note 3).

9. The nebulization process rapidly degrades uncomplexed pDNA. To mini-
mize this loss, the pDNA can be protected by completely complexing it with
the cationic lipid (18,19). Formulations of cationic lipid:pDNA complexes
that are close to charge neutrality or that have a slightly positive charge ratio
should conform to this requirement. The extent of pDNA complexation can
be readily assessed by gel electrophoresis (see Subheading 3.4.3.).

Lipid-Mediated Gene Transfer to the Lungs 111



10. The cationic liposomes can be formulated at a 2.5 mol% with rhodamine-
phosphatidylethanolamine (Rh-PE) (32 mg in the example in Subheading
3.1.1.) and pDNA can be labeled with TOTO-1 (one TOTO-1 per thousand
nucleotides).

11. A flow rate of 7.8 L/min results in delivery of 0.62 � 0.06 mL of GL-
67:DOPE:DMPE-PEG5000:pDNA complexes/min. The mass median aero-
dynamic diameter (mmad) of the aerosol droplets generated under these
conditions is approx 2.2 lm with a geometric standard deviation (gsd) of
3.0, which is within the respirable range (1–5 lm) (22).

12. Aerosol delivery of cationic lipid:pDNA complexes to mouse lung is very
inefficient with approx 2 lL being deposited onto the airway epithelium for
every 10 mL nebulized.

13. Transcriptional activity of the commonly used CMV promoter can be en-
hanced by instilling 100 lL of 20 mM sodium butyrate to the mouse (see
Subheading 3.6.1.). If this is performed 24 h prior to tissue harvest, a two-
to fivefold elevation in transgene expression can typically be attained that
can be beneficial when assessing the efficiency of transduction.
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Cationic Liposome-Mediated DNA Delivery 
to the Lung Endothelium

Young K. Song, Guisheng Zhang, and Dexi Liu

1. Introduction
The lung endothelium has been studied as one of the most important sites

for systemic DNA delivery using nonviral vectors. This is because not only
does the lung play a critical role in maintaining the O2/CO2 concentration in
blood, but it also has the largest capillary bed and an extensive cell surface area
to allow DNA to bind to and enter the endothelial cells. An additional advan-
tage of the lung endothelium for DNA delivery is that the entire blood volume
circulates through the lung and thus, the intravenously injected DNA mole-
cules have full excess to the lung endothelium. Furthermore, blood flow
through the pulmonary capillaries is slow and discontinuous. On inspiration, as
the alveoli fill with air, blood flow slows and stops. On expiration, blood flow
resumes. Slower blood flow in the lung favors DNA binding to the endothelial
cells.

Numerous studies have been conducted in the past decade to optimize DNA
delivery to the lung endothelium utilizing cationic liposomes as carriers (1–14).
Many physicochemical parameters including cationic lipid structure, liposome
composition, liposome size, cationic lipid to DNA ratio in the lipoplexes, and
the injected dose were found to be important in determining the transfection ac-
tivity of cationic liposomes (4–8). It is believed that these physicochemical pa-
rameters influence the ultimate transfection activity by affecting the interaction
between DNA and the lung endothelium (8,15,16). In contrast to liposome-
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mediated DNA delivery in vitro (cell culture), mechanistic studies revealed that
the lipoplex structure is not critical for the transfection of lung endothelial cells
upon intravenous administration into mice (16). Injection of DNA in lipoplexes
or free liposomes followed by naked DNA results in identical levels of trans-
gene expression in the lung (11,12). The function of cationic liposomes in the
intravenous transfection of the lung endothelium appears to be prolonging the
retention time of DNA in the lung capillary (11).

The objective of this chapter is to provide researchers with the information
necessary to carry out their own endothelium transfection studies with cationic
liposomes. It includes the conditions for liposome preparation, preparation of
DNA/liposome complexes, transfection of animals as well as the techniques for
measurement of luciferase reporter gene expression. The procedure does not
need special skills and training.

2. Materials
1. DNA: any plasmid containing a CMV promoter-driven reporter gene (e.g.,

luciferase, b-galactosidase, green fluoresence protein, or human a1-antit-
rypsin) may be used. Prepare plasmid by any standard method and purify
using Qiagen columns or CsCl-ethidium bromide gradient centrifugation
(17). Store purified plasmid in TE at �20°C (see Note 1).

2. Cationic lipids: 1,2-dipalmitoyl-3-trimethylammoniumpropane chloride
(DOTAP) is available from Avanti Polar Lipids (Atlanta, GA). N-[1-(2,3-
dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA) was
synthesized according to procedure described in (18). Many other cationic
lipids have been synthesized (13,14,18–40), some of which are commer-
cially available (see Note 2).

3. Phosphate-buffered saline (PBS): 10 mM Na2HPO4, 1.8 mM KH2PO4, 137
mM NaCl, 2.7 mM KCl, pH 7.4.

4. Tris-EDTA (TE) buffer: 10 mM Tris-HCl, 1 mM ethylenediaminetetracetic
acid ( EDTA), pH 8.0.

5. Luciferase lysis buffer: 0.1 M Tris-HCl, 2 mM EDTA, 0.05% Triton X-100,
pH 7.8.

6. Luciferase Assay System: luciferase assay kit is available from Promega
(Madison, WI).

7. Saline: 0.9% NaCl in filter-sterilized distilled water.
8. Anesthetization solution: 20 mg/mL of 2,2,2-tribromoethanol in saline.
9. Coomassie blue protein assay reagent is available from Bio-Rad (Hercules,

CA).
10. Tissue Tearor is available from Biospec Products, Inc. (Racine, WI).
11. CD-1 male mice (18–20 g) are available from Charles River (Wilmington,

MA).
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3. Methods
3.1. Preparation of Cationic Liposomes

1. To a glass tube (12 � 75 mm) add an appropriate volume of solution con-
taining 20 lmol of cationic lipids in chloroform (see Note 3).

2. Evaporate the organic solvent under a stream of nitrogen gas to form a thin
lipid film by rotating the glass tube at a 45° angle during evaporation.

3. Vacuum desiccate for 2 h at room temperature to ensure a complete removal
of the organic solvent.

4. Add 1 mL of PBS to make a solution with a lipid concentration of 20
lmol/mL. Keep the lipid solution at room temperature for 30 min with oc-
casional agitation on a vortex mixer (see Note 4).

5. Sonicate the lipid suspension in a water bath sonicator for 5 min, homoge-
nize for 2–3 min using a Tissue Tearor at maximal speed, or by extruding
10–20 times through two layers of polycarbonate membrane with a pore
size of 0.4 lm using an extrusion device (see Note 5).

3.2. Preparation of DNA/Cationic Liposome Complexes

1. Calculate the amount of plasmid DNA needed for each experiment on the
basis of 25 lg/mouse. Prepare DNA solution at a concentration of 250
lg/mL in PBS.

2. Calculate the amount of cationic liposomes needed for each experiment on
the basis of 900 nmole/mouse. Dilute the cationic liposome solution with
PBS to a concentration of 9 lmole/mL.

3. To the calculated volume of liposome solution add drop-by-drop and with
gentle vortexing an equal volume of DNA solution. (Final concentration:
[DNA] � 125 lg/mL, [Lipid] � 4.5 lmol/mL, [DNA/lipid] � 1 lg/36
nmole, [Charge ratio, �/�] � 12:1) (see Notes 6 and 7).

4. Keep the DNA/liposome mixture on ice for 30 min.

3.3. Intravenous Administration of DNA/Cationic Liposome Complexes

1. Restrain male CD-1 mice (18–20 g) in a standard mouse restrainer, locate
the tail vein (see Note 8) and inject 200 lL of the DNA/liposome mixture
by means of a sterile 1-cc syringe and 27G1/2 needle (see Note 9).

3.4. Determination of Luciferase Expression

1. Anesthetize mice by intraperitoneal injection of 600 mg/kg of tribromo-
ethanol.

2. Harvest the lungs (and other organs if needed) from the anesthetized mice.
Place the lung from each mouse into a glass tube and add 1 mL of ice-cold
luciferase lysis buffer. Keep the samples on ice.
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3. Homogenize the lung using a Tissue Tearor at maximum speed for 20–30
s. Keep the sample on ice.

4. Transfer the tissue homogenate to a microcentrifuge tube and centrifuge at
10,000g for 10 min at 4°C.

5. Assay luciferase activity in 10 lL of supernatant using the Luciferase Assay
System and a luminometer. Measure light output for 10 s following injec-
tion of luciferin.

6. Assay the protein content in 1 lL of supernatant by the Coomassie blue
protein staining assay.

7. Calculate the level of luciferase gene expression as relative light units
(RLU) per mg of protein in the lung extract. The amount of luciferase pro-
tein in the lung can be calculated based on an established standard curve
developed using purified luciferase enzyme (see Note 10 and 11).

4. Notes
1. Verify the purity of plasmid DNA spectrophotometrically and by 1%

agarose gel electrophoresis. The DNA solution should have an OD260/OD280
ratio greater than 1.8 and be free of genomic DNA contamination as indi-
cated by electrophoresis. Plasmids purified by Qiagen columns or CsCl-
etheidium bromide density gradient centrifugation are equally active. Su-
percoiled or linear DNA exhibits similar activity.

2. Cationic lipids with two hydrocarbon chains (C18D9) as the hydrophobic
anchor, a quaternary ammonium as the cationic head group and ether bonds
to connect the head group and hydrophobic moieties appear to be superior
to the cholesterol-based and polycationic lipids for transfection of the lung
endothelium (8,14). Although many cationic lipids with these preferred
structural features have been synthesized (13,14,18–40), very few are com-
mercially available. For some of our experiments, we use DOTAP. We have
found that the transfection activity of DOTAP is 10-fold lower than its
counterpart, N-[1-(2,3-dioleyloxy) propyl]-N,N,N-trimethylammonium
chloride (DOTMA) under optimal conditions (8). The only difference be-
tween DOTMA and DOTAP is that DOTAP has two ester linkage bonds in
contrast to two ether bonds in DOTMA. It is also worth noting that most
commercially available transfection reagents that work well in cell culture
do not necessarily work well for systemic DNA delivery to the lung en-
dothelium.

3. Inclusion of additional lipids into the liposome composition can be accom-
plished by mixing the lipids before the removal of organic solvent. At a
lower �/� ratio, inclusion of cholesterol into the liposomes at a molar ratio
of 2:1 (cationic lipid:cholesterol) enhances the transfection activity of
cationic liposomes (8).
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4. The temperature for lipid hydration and liposome preparation should be at
least 10° above the phase-transition temperature (Tm) of the lipids.

5. As self-assembling structures in aqueous solution, liposomes can be pre-
pared in many different ways. The most convenient methods include water
bath sonication, membrane extrusion, or simple agitation (41). Our experi-
ence with intravenous transfection of the lung endothelium is that lipo-
somes with an average diameter of less than 400 nm performed better than
those of smaller size (�400 nm). Although emphasized in a few studies,
the size homogenity of liposomes does not seem to be important with re-
gard to the level of transgene expression in the lung. For this reason, we
often use a Tissue Tearor to make cationic liposomes (6). To obtain lipo-
somes with a narrow size distribution, the easiest method is extrusion using
a LiposoFast extrusion device (Avestin, Ottawa, Canada). Two layers of
Nucleopore polycarbonate membrane (Costar, Cambridge, MA) of defined
pore size of 0.4 lm are commonly used. Multiple extrusions (10–20 times)
are needed to ensure size homogenity.

6. Transfection activity of cationic liposomes is dependent on the ratio of
cationic lipid to DNA (6,8). While the charge ratio of 12:1 (�/�) described
here is optimal for DOTMA and DOTAP liposomes (8), different ratios
may need to be examined when new lipids or liposome compositions are
utilized. To prepare lipoplexes with various charge ratios, we usually pre-
pare liposome solution of different lipid compositions and keep the DNA
concentration and the mixing volumes the same. Owing to the polyionic na-
ture of DNA and cationic liposomes, a common problem for preparation of
lipoplexes is the formation of large aggregates when mixing DNA with li-
posome solutions, especially at lower charge ratio (e.g., �/� � 1). A
higher charge ratio as suggested in this protocol solves the aggregation
problem to a certain extent. If aggregation becomes a problem, we recom-
mend gentle shaking instead of vortexing for mixing liposomes and DNA
solutions.

7. Alternatively, similar levels of luciferase gene expression have been ob-
tained by a sequential injection procedure (11,12,42) where liposomes (100
lL) are injected into an animal 5 min prior the injection of DNA solution
(100 ll). Although one additional injection is performed on the animal, this
procedure eliminates the need for the preparation of lipoplexes. Results
from a recent study showed that the sequential injection protocol signifi-
cantly reduces the acute immune response induced by lipoplexes (42).

8. Although tail-vein injections are easy and routine in many laboratories, we
found that warming the animals briefly (1–2 min) under an infrared heat-
ing lamp enhances visualization of the tail vein and allows for easy inser-
tion of the needle.
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9. The amount of DNA and cationic liposomes needed for transfection has
been optimized and is a balance between efficiency of transfection and
safety for animals. Exceeding these limits may result in significant toxicity
to the animals.

10. Converting the enzyme activity of luciferase to the amount of luciferase
protein as a measure of luciferase gene expression requires a standard
curve. We have found that standard curves generated by using pure lu-
ciferase vary significantly depending on the buffer system used. We rec-
ommend that an identical buffer composition should be used for both sam-
ple and standard in order to avoid errors in the estimation of luciferase level
in the sample. In particular, for studies aimed at estimating the level of lu-
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Fig. 1. Cationic liposome-mediated transfection of the lung. Mice were injected with
either DNA/DOTMA complexes, or free DOTMA liposomes first followed by 25 lg of
free pCMV-Luc plasmid or same amount of plasmid complexed with different amounts
of DOTMA liposomes. In all cases, 900 nmol of DOTMA was injected into each mouse.
Eight hours following plasmid injection the mice were sacrificed and luciferase activ-
ity was determined in the lungs. Data represent mean �SEM of values from three to six
animals.



ciferase gene expression in vivo where the lysis buffer has to be used to re-
lease the luciferase from the cells, it is crucial to use the tissue extract, not
the lysis buffer alone, as the dilution buffer for establishment of the stan-
dard curve in order to avoid a two to three orders of magnitude overesti-
mation of the luciferase level in tissues.

11. Figure 1 shows the effect of total amount of cationic lipids on the level of lu-
ciferase gene expression in the lung after intravenous transfection. It is evi-
dent that it is the total amount of cationic liposomes delivered that deter-
mines the level of luciferase gene expression. DNA injected in free form
following injection of free liposomes or in lipoplex form with different
amount of liposomes gives almost identical levels of gene expression, sup-
porting the conclusion that cationic liposome-mediated gene transfer into the
lung endothelium does not depend on the structure of injected lipoplexes
(8,16,42).
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Delivery of DNA to Tumor Cells 
Using Cationic Liposomes

Duen-Hwa Yan, Bill Spohn, and Mien-Chie Hung

1. Introduction
Cancer is a genetic disease. A cancer cell usually contains DNA abnormali-

ties that may activate oncogenes or inactivate tumor suppressors or both. The
identification of these cancer-causing genes and the signal-transduction path-
ways involved has allowed the development of cancer gene-therapy based on
the idea that, by introducing certain therapeutic genes, cancer cells can be elim-
inated. Despite the promise of this simple but powerful concept, the clinical ef-
ficacy remains to be demonstrated. Thus far, the majority of cancer gene-ther-
apy clinical trials used viral vectors to deliver DNA because of their high
efficiency of gene transfer. However, the biological problems associated with
viral vectors, such as the powerful immune responses to viral vectors and the
ability of many cell types to turn off viral promoters, have limited their clini-
cal usefulness. To circumvent these barriers, nonviral delivery systems such as
naked DNA injection, physical (gene gun or electroporation), and chemical
(cationic liposome or polymer) approaches have been developed (1). In partic-
ular, since the discovery of its ability to complex and condense DNA and the
subsequent demonstration of efficient DNA delivery in vitro (2,3), cationic li-
posomes have been widely used to introduce DNA into cells (4). The efficiency
of cationic liposome-mediated DNA delivery is thought to be attributed to
the following: (1) an efficient condensation of DNA by electrostatic interaction
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between the positively charged liposomes and the negatively charged DNA;
(2) an efficient interaction between a net positive charge of the cationic lipo-
some/DNA complex with the negatively charged cell membrane; and (3) an ef-
ficient intracellular DNA release owing to the fusogenic properties of cationic
liposomes that fuse and/or destabilize the plasma membrane. Thus, cationic li-
posomes are generally considered to be a safe and versatile DNA delivery sys-
tem. Given that, cationic liposomes still suffer from low transfection efficiency
in clinical trials as compared with viral vectors. Much effort has been given to
optimize the efficiency of DNA transfer by developing better formulations for
cationic liposomes. In this chapter, we describe the preparation of an efficient
in vivo DNA delivery system, that is, Stabilized Non-viral (SN) cationic lipo-
somes, developed and routinely used in our laboratory (5–7). The purpose of
this chapter is to provide for the scientific community a step-by-step protocol
using common laboratory equipment to prepare a lipid formulation that works
well in our laboratory. The SN cationic liposome formulation is composed
of 1,2-Dipalmitoyl-sn-Glycero-3-Ethylphosphocholine (PC), 1,2-Dipalmitoyl-
sn-Glycero-3-Phosphoethanolamine-N-Polyethylene glycol-5000 (PEG), and
polyethyleneimine (PEI). SN liposomes are prepared by a thin-lipid film hy-
dration method followed by extrusion through a filter with 0.2-lm diameter
pores (5). In addition, we provide laboratory protocols for using SN cationic
liposomes as a gene-delivery system to tumor cells in vitro and in vivo. We
also provide examples of preclinical cancer gene therapy models that demon-
strate treatment efficacy using SN cationic liposome/therapeutic gene com-
plexes.

2. Materials
2.1. Cell Lines

PC3, DU145, SK-BR-3, MDA-MB-231, MDA-MB-435, MDA-MB-468,
PANC-1, and SK-OV-3 can be obtained from ATCC (Manassas, VA).

2.2. Preparation of SN Cationic Liposomes and Determination 
of Lipid Concentration

1. PC and PEG were purchased from Avanti Polar Lipids, Inc. (Alabaster,
AL). PEI was purchased from Sigma-Aldrich (St. Louis, MO).

2. Rotary evaporator: Buchi Rotavapor R110 (Brinkmann Instruments, Inc.,
Westbury, NY).

3. DU-70 spectrophotometer (Beckman Instruments, Inc., Fullerton, CA).
4. 28 mM ammonium heptamolybdate (Sigma, St. Louis, MO, Cat. no. A7302):

prepare in 2.1 M H2SO4.
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5. 0.76 mM Malachite green solution (Sigma, Cat. no. M9636): prepare in
0.35% polyvinyl alcohol.

2.3. Preparation of Plasmid DNA

1. LB medium: 1% Bacto-tryptone (DIFCO Laboratories, Detroit, MI, Cat.
no. 0123-07-5), 0.5% yeast extract (DIFCO Laboratories, Cat. no. 0127-17-
9), and 1% NaCl.

2. Antibiotics: 50 mg/mL ampicillin (Invitrogen, Carlsbad, CA, Cat. no.
Q100-17), 50 mg/mL kanamycin (Invitrogen, Cat. no. Q100-18), sterilize
by filtration and store in aliquots at �20°C.

3. Resuspension Buffer: 50 mM Tris-HCl, pH 8.0, 10 mM ethylenedi-
aminetetraacetic acid (EDTA), 100 lg/mL RNase A. Store at 4°C.

4. Lysis Buffer: 200 mM NaOH, 1% SDS.
5. Neutralization Buffer: 3 M potassium acetate, pH 5.5.
6. Equilibration Buffer: 750 mM NaCl, 50 mM MOPS, pH 7.0, 15% iso-

propanol, 0.15% Triton X-100.
7. Wash Buffer: 1 M NaCl, 50 mM MOPS, pH 7.0, 15% isopropanol.
8. Elution Buffer: 1.25 M NaCl, 50 mM MOPS, pH 8.5, 15% isopropanol.
9. QIAGEN-tip 500 (Qiagen, Inc., Valencia, CA).

10. Plasmids, e.g., CMV-p202, -luc, and -bik (5,6) described in this protocol
possess genes driven by CMV immediate early promoter.

2.4. Solutions and Culture Medium

1. DMEM (high glucose)/F12 (1:1) medium (incomplete medium) (Hyclone
Laboratories, Inc., Logan, UT, Cat. no. SH30003.03 and SH30010.03);
store at 4°C.

2. Fetal bovine serum (FBS) (Invitrogen/GIBCO, Carlsbad, CA, Cat. no.
26140-079); store at �20°C.

3. 100X Antibiotics (Penicillin, Streptomycin and Fungizone, Invitrogen/
GIBCO, Cat. no. 15240-062); store at �20°C.

4. Complete medium: 450 mL mix DMEM/F12, 50 mL FBS, and 5 mL 100X
Antibiotics.

5. Trypsin/EDTA (0.2%) (Invitrogen/GIBCO, Cat. no. 25300-054); store at
4°C.

6. 1X PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.76 mM KH2PO4,
pH 7.4.

7. 75% ethanol.
8. 20 mM HEPES buffer, pH 7.8; store at 4°C.
9. Luciferase Assay Kit (Promega, Madison, WI).

10. 5X Reporter Lysis Buffer (Promega).
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3. Methods
3.1. Preparation of SN Cationic Liposomes

1. Weigh 5.9 mg of PC. Dissolve it in 2 mL of solvent (90% chloroform, 10%
methanol) and pipet it into a 500-mL round-bottom flask. Wash the tube
with an additional 2 mL of solvent and transfer it into the flask.

2. Weigh 4.6 mg of PEG. Dissolve it in 1 mL of methanol and add it to the
flask with the PC. Rinse the tube with an additional 1 mL of methanol and
add it to the flask.

3. Rotate the flask on a rotary-evaporator at 55°C under vacuum until the liq-
uid is gone. Continue to dry under vacuum without heat for an additional
90 min. Each 30 min return the flask to the heat for 5 min. Keep overnight
at 4°C wrapped in foil.

4. Put the flask under vacuum for 30 min at room temperature (RT). Add 6 mL
of solvent (PBS containing 1 mg/mL PEI). Rotate slowly for four or five
cycles of 10 min of heat followed by 1 h at RT.

5. Keep at RT overnight in the dark without rotating.
6. Measure the volume and adjust to 6 mL with water.
7. Freeze/thaw five times, transferring the flask from �20°C to 4°C
8. Pass the solution five times through a series of filters, 0.8 l, 0.45 l, and

0.22 l, while keeping it at 60°C in a water bath. The resulting concentra-
tion of SN liposomes is approx 2.75 mg/mL (see Note 1). One microliter
of SN liposomes contains 1.75 mg of lipid and 1 mg of PEI. Store at 4°C
protected from light.

3.2. Plasmid Purification

1. Pick a single colony from a freshly streaked selective plate and inoculate a
starter culture of 2–5 mL of LB medium containing appropriate antibiotics.
Incubate for 8 h at 37°C with vigorous shaking.

2. Dilute the starter culture 1/500 to 1/1000 into 500 mL of LB medium with
an appropriate antibiotic. Shake for 12–16 h at 37°C.

3. Centrifuge the cells at 6000g for 15 min at 4°C. Resuspend the bacterial
pellet in 10 mL of Resuspension Buffer.

4. Add 10 mL of Lysis Buffer; mix gently and thoroughly. Incubate at room
temperature for 5 min.

5. Add 10 mL of Neutralization Buffer, mix gently, and incubate on ice for
20 min.

6. Centrifuge at 20,000g at 4°C for 30 min. Transfer the clear supernatant to
a clean tube. It may be necessary to repeat this step to remove any precip-
itate that may clog the column in the next step.
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7. Equilibrate a QIAGEN-tip 500 by applying 10 mL of Equilibration Buffer
onto the column and allowing the buffer to flow through by gravity. Trans-
fer the supernatant from step 6 to the QIAGEN-tip 500 and allow the su-
pernatant to flow through the column by gravity.

8. Wash the QIAGEN-tip twice with 30 mL of Wash Buffer.
9. Add 15 mL of Elution Buffer to the column and collect the eluent (about

15 mL).
10. Add 10.5 mL of isopropanol to the eluent. Mix well and centrifuge at

15,000g at 4°C for 30 min. Carefully decant the supernatant.
11. Wash the DNA pellet with 5 mL of 70% ethanol and centrifuge at 15,000g

for 10 min. Carefully decant the supernatant and air-dry the pellet for 10
min. Resuspend the DNA pellet in 0.5 mL of sterile distilled water and store
at 4°C.

12. Use a spectrophotometer to determine DNA concentration by measuring
the optical density of the DNA sample (e.g., at 1:1000 dilution) at 260 nm
and 280 nm (1 OD260nm � 50 lg/mL). The ratio of OD260nm/OD280nm
should be greater than 1.8.

3.3. Preparation of SN Liposome/DNA Complexes

1. Dilute SN liposomes and DNA separately to equal volumes with PBS or
serum-free medium. The optimal ratio depends on the cell line being tested.
We commonly complex 1 lL of SN liposomes (2.75 mg/mL) to 1 lg of
DNA after diluting each to 100 lL with either PBS or serum-free medium.
This ratio works well for the majority of cell lines tested. More difficult cell
lines may require 1.5 or 2 lL of SN liposomes to 1 lg of DNA. Conditions
may be optimized quickly by changing the ratio of SN liposomes to DNA
using a plasmid containing the gene encoding the green fluorescent protein
(GFP) and observing the percentage of transfected cells 24 h after transfec-
tion (see Note 2).

2. Gently drop the DNA into the liposome suspension. Incubate 30 min be-
fore use.

3.4. In Vitro Transfection

This method is applicable to most of the cell lines such as PC3, DU145,
SKBR3, MDA-MB-231, MDA-MB-435, PANC-1, SK-OV3-ip1, and 2774.

1. Seed cells (~ 2.5 � 105 cells per well) into 6-well plates so that they are
semi-confluent (50–70%) on the day of transfection.

2. Aspirate the medium and wash the cells with 5 mL of PBS. Remove the
PBS and add 500 lL of DMEM/F12 medium or complete medium.
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3. For each well of cells to be transfected, prepare the Liposome/DNA com-
plex in a total volume of 200 lL of either PBS or serum-free medium (see
Subheading 3.3.). The optimum amount of DNA is generally 1–3 lg/well.
Incubate the Liposome/DNA complex for 30 min at room temperature, and
then add it to the cells. Incubate the plate at 37°C in a humidified incuba-
tor with 5% CO2 for 2–6 h. The optimal time is cell line-dependent.

4. Monitor the cells for toxicity during transfection by checking the dish every
30 min by light microscopy and, at the first sign of toxicity, stop the incu-
bation. Most cell lines will not show any signs of toxicity, but some lines
are very sensitive (see Note 3).

5. Replace the transfection medium with complete DMEM/F12 medium (if
serum free medium was used during transfection) or if the cells show signs
of toxicity.

3.5. In Vivo Transfection

3.5.1. Intra-Tumoral (it) Treatment (Applicable to Breast and Pancreatic
Tumor Models)

Example 1: it  injection of SN cationic liposomes carrying an interferon-in-
ducible gene, CMV-p202, in pancreatic cancer xenografts (6).

1. Tumor cell preparation: inoculate human pancreatic cancer cell line
(PANC-1) cells into a 10-cm plate and incubate at 37°C in a humidified in-
cubator with 5% CO2 so that the cells are approx 70% confluent 24–48 h
after seeding. Wash the cells with sterile PBS. Add 1 mL of Trypsin/EDTA
to the cells and incubate the plate in a 37°C incubator for 2–5 min. Add 3
mL of complete medium to the cells. Gently shake until all cells have de-
tached from the plate. Transfer the cell suspension into a 15-mL conical
tube. Mix well. Remove 20 lL of the cell suspension and determine the cell
number using a hemocytometer. Centrifuge the remaining cells at 400g for
2–5 min. Resuspend the cell pellet in cold (4°C), sterile PBS at a density of
5 � 106 cells/ml. Store the cell suspension on ice for tumor inoculation.

2. Tumor inoculation: Inject 15 nude mice (nu/nu) with 200 lL (1 � 106)
PANC-1 cells at each site subcutaneously on both sides of the abdomen.

3. Treatment: Divide the mice into three groups (five mice per group). Treat-
ments begin when tumors reach 5 mm in diameter. For each injection, pre-
pare SN liposome/DNAcomplexes using 15 lg of CMV-p202 diluted in 100
lL of PBS and 15 lL of SN liposomes diluted in 100 lL of PBS (see Sub-
heading 3.3.). As controls, use 15 lg of a control vector (e.g., a plasmid con-
taining the luciferase gene driven by the CMV promoter [pCMV-luc]) in
place of CMV-p202, or SN liposomes alone. Administer the CMV-p202,
control vector, or no DNA samples twice a week for 7 wk (see Note 4).

130 Yan et al.



4. Estimate the tumor size by measuring weekly using a caliper. Calculate the
tumor volume using the formula: Tumor Volume � S � S � L/2, where S
is the shortest length of the tumor in cm and L is the longest length of the
tumor in cm (see Fig. 1) (6).

3.5.2. Intravenous (iv) Treatment (Applicable to Most Solid Tumor and
Metastatic Cancer Models Except Certain Brain Tumor Models)

Example 2: iv injection of SN cationic liposomes carrying the luciferase re-
porter gene (pCMV-luc) in orthotopic breast cancer xenografts (5).

1. Tumor inoculation: grow the human breast cancer cell line, MDA-MB-231,
to exponential phase and prepare at 5–25 � 106 cells/mL. Inoculate 200 lL
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Fig. 1. Anti-tumor effect of p202/SN complex by intratumoral injection in a subcu-
taneous xenograft model. Tumors were produced by subcutaneously implanting PANC-
1 cells into both flanks of each nude mouse. Tumor-bearing mice were divided into three
treatment groups (five mice per group and two tumors per mouse): SN liposome alone
(SN), CMV-luc/SN, and CMV-p202/SN. SN (15 lL) with or without DNA (15 lg) in
100 lL PBS was injected twice a week into each tumor. Tumors were measured twice
a week after treatment began, and the average tumor volume per treatment group at the
indicated time is presented (6). Used with permission from American Association for
Cancer Research.



(1–5 � 106 cells) into mammary fat pads (m.f.p.) of 6–8-wk-old female
nude mice using a 1-cc syringe with a 25 G needle.

2. Treatment: When the tumor becomes 5–8 mm in diameter (usually 5–7 wk
after inoculation), prepare the SN liposome/pCMV-luc complex using 60
lL of SN liposome diluted to 100 lL in PBS and 100 lL (60 lg) of pCMV-
luc DNA (see Subheading 3.3.) and deliver via tail-vein injection using a
1-cc syringe with a 27 G needle. Pre-heat the tail with a heat lamp for sev-
eral minutes prior to injection. The injection volume is determined by the
body weight of the animal being treated and should be 100 lL/10 g of body
weight (see Note 5).

3. Preparation of tissue samples: One day after the injection, sacrifice the
mice. Remove the tumors and the appropriate organs and immediately
freeze on dry ice. Suspend the tissues in 1X Reporter Lysis Buffer in a vol-
ume equivalent to five times the tissue weight (mg) and then homogenize
using a Dounce homogenizer. Freeze thaw the tissue suspensions by trans-
ferring them between an ethanol-dry ice bath and a 37°C water bath three
times, then centrifuge at 2500g for 10 min.

4. Determination of the gene expression: Assay luciferase activity in the su-
pernatant using a luminometer. Compare gene expression in different tis-
sues by standardizing to the luciferase activity in 100 mg of wet tissue (see
Fig. 2 [5] and Note 6).

Example 3: iv injection of SN cationic liposomes carrying the pro-apoptotic
gene, bik, (pCMV-bik) in orthotopic breast cancer xenografts (5).

1. Tumor inoculation: grow the human breast cancer cell line, MDA-MB-231,
to exponential phase and prepare at 40 � 106 cells/mL. Inoculate 50 lL (2
� 106 cells) into the m.f.p. of thirty 6–8-wk-old female nude mice using a
0.5-cc syringe with a 25 G needle.

2. Treatment: Two weeks postinoculation, when the tumor size reaches 4 � 4
mm, divide the tumor-bearing mice into three groups with 10 mice in each.
Prepare the SN liposome/DNA complexes with either pCMV-bik, pCMV-
luc, or PBS alone using 30 lL of SN liposomes diluted to 100 lL in PBS
and 30 lg of DNA diluted to 100 lL (see Subheading 3.3.). Deliver via
tail-vein injection using a 1-cc syringe with a 27 G needle to inject 100
lL/10 g mouse body weight twice a week for 3 wk.

3. Determination of the tumor size: Estimate tumor volume weekly by meas-
uring with a caliper (see Fig. 3 [5]).

4. Notes
1. If desired, the exact concentration of SN liposomes can be determined by

the Malachite green assay (8): Dilute 5–10 lL of liposome suspension
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100–1000� with deionized water. Add 344 lL of 28 mM ammonium hep-
tamolybdate and 256 lL of 0.76 mM Malachite green solution to 500 lL
of the diluted liposome sample. (Blue-green and yellow colors indicate the
presence and absence of phosphate, respectively.) Incubate at room tem-
perature for 20 min. Measure the absorbance at 610 nm using a DU-70
spectrophotometer. Prepare a standard curve by reading the absorbance at
610 nm of a set of sodium phosphate solutions ranging from 1–20 lM. Cal-
culate the liposome concentration of the SN liposome sample based on the
standard curve.

2. When the DNA and SN liposomes are mixed, it is important to avoid vig-
orous shaking or vortexing to prevent the destruction of the SN lipo-
some/DNA complexes.

3. Although serum is generally considered to be a negative factor for in vitro
transfection, SN liposomes can tolerate serum during transfection. How-
ever, the SN liposome/DNA complexes should be formed in serum-free
conditions.
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Fig. 2. SN liposomes are efficient for systemic gene delivery to breast tumors in vivo.
MDA-MB-231 cells (2 � 106 cells/mouse) were inoculated into the mammary fat pads
of nude mice. Six weeks later, each tumor-bearing mouse received a single iv injection
of SN liposome/CMV-luc. Twenty-four hours after the injection, the luciferase activity
in tumor and normal tissues were determined. The luciferase activity (luciferase units
in 100 mg of wet tissue) is indicative of the strength as well as the distribution of gene
expression in tissues. The data presented here are the mean � standard deviation from
three mice in each group (5). Used with permission from American Association for Can-
cer Research.



4. The maximum injection volume is limited, i.e., approx 50 lL per tumor,
owing to the high internal pressure of solid tumors. Immediate leakage may
take place at the site of injection when the injection volume exceeds the
limit.

5. Injecting an excessive volume (e.g., �1 mL) will cause death to the animal.
6. Injecting a large volume may give a high luciferase activity in liver and

tumor. However, it is not necessarily indicative of high transfection effi-
ciency because it is more likely owing to the high pressure resulting from
the injection than the transfection. Hence, injection of large volume should
be avoided.
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Delivery of Transposon DNA to Lungs of Mice 
Using Polyethyleneimine-DNA Complexes

Lalitha R. Belur and R. Scott McIvor

1. Introduction
The ability to introduce new gene sequences into the tissues of experimental

animals allows investigations into the regulation and effect of gene expression
in that tissue as well as providing model systems for human gene therapy. In
this regard, there has been considerable interest in the expression of genes
newly introduced into lung tissues as a means of understanding gene expression
in the lung and to explore the possibility of developing gene transfer as a ther-
apeutic approach for diseases of the lung (1). Although much of this interest has
focused on gene delivery through the airway by both viral and nonviral vectors
(2,3), gene transfer in the lung can also be accomplished by vascular delivery.
DNA complexes with cationic lipids (4) and polycations (5,6) have all been
reported as effective methods for intravascular gene delivery to the lung. Of the
different nonviral approaches, DNA complexes with polyethyleneimine (PEI)
have been reported to provide the most effective gene delivery to the lung.

Our primary interest in developing this technique has been to test the effec-
tiveness of a new transposon system, Sleeping Beauty (7), for achieving gene in-
tegration and long-term expression in a variety of tissues, including the lung.
This transposon system consists of two components: first, a transposon compris-
ing a gene of interest, including regulatory elements, flanked by transposon in-
verted repeat sequences that define the boundary of the transposon; and second,
a transposase, or transposase-encoding polynucleotide (DNA or RNA). Once
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expressed, the transposase component excises the transposon from the plasmid
on which it has been delivered and inserts it into the chromosomal DNA of the
host cell. In order to evaluate the effectiveness of the Sleeping Beauty transposon
system in the lung, we needed a method for efficient delivery of plasmid DNA to
the lung. In-depth description of the Sleeping Beauty system and its effect on
prolonged gene expression in the lung is beyond the scope of this chapter, and
thus here we will focus solely on PEI-mediated intravascular delivery of plasmid
DNA complexes.

2. Material
2.1. Sources of Chemicals

1. A549 lung epithelial cells, from American Type Culture Collection (ATCC,
Manassas, VA).

2. Dulbecco’s Modified Eagle’s Medium (DMEM), penicillin-streptomycin-
fungizone (PSF); (Invitrogen/Gibco Carlsbad, CA).

3. Fetal calf serum (FCS); (Biowhittaker, Walkersville, MD).
4. Linear 22 kD PEI (ExGen 500, solution of 5.47 mM for in vitro transfec-

tion and solution of 100 mM for in vivo transfection); (MBI Fermentas,
Hanover, MD).

5. Cell lysis buffer and luciferase substrate from Promega (Madison, WI).

2.2. Animals

1. C57Bl/6 mice (Jackson Laboratories, Bar Harbor, ME).
2. Ketamine and Acepromazine (Phoenix Pharmaceuticals, St. Joseph, MO).
3. Butorphanol (Fort Dodge Animal Health, Fort Dodge, IA).
4. Endotoxin-free saline (Baxter Chemicals, Deerfield, IL).
5. Animals were provided food and water ad libitum.

2.3. Plasmids

1. Luciferase transposons (pTL, pTCAL) contain the firefly luciferase gene
from plasmid pGL3C, from Promega. pTL contains the luciferase transgene
under transcriptional control of the Rous sarcoma virus (RSV) promoter
(8), while in pTCAL, the luciferase gene is under transcriptional regulation
of the hybrid CAGGS (CMV enhancer, chicken beta actin promoter, beta
globin intron, and SV40 polyA) promoter (9).

2. The RSV long-terminal repeat promoter from plasmid pREP10 is available
from Invitrogen.

3. DNA is prepared using the Endo-free maxiprep kit from Qiagen (Valen-
cia, CA).
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2.4. Solutions and Culture Medium

1. DMEM is supplemented with 10% FCS and 1X antibiotic antimycotic
agent (10,000 U/mL penicillin, 10,000 U/mL streptomycin and 25 lg/mL
Fungizone).

2. Endotoxin-free 5% dextrose is available from Baxter Chemicals (Deer-
field, IL).

3. Endotoxin-free 0.1 M NaCl solution.
4. Luciferase assay reagents including cell lysis buffer and luciferin substrate

and buffer are available from Promega. The lyophilized luciferin substrate
is reconstituted using 10 mL of assay buffer supplied in the kit.

3. Methods
3.1. In Vitro Transfection of A549 Cells

1. Seed 2 � 104 A549 cells per well in a 24-well plate the day before trans-
fection; the cells should be about 50–70% confluent the following day.

2. Preparation of PEI/DNA complexes: Mix 0.5, 2, and 5 lg of DNA with PEI
at varying ratios ranging from 1–12 as follows:

a. Mix appropriate amount of DNA in 100 lL of 0.1 M NaCl, vortex, and
centrifuge briefly.

b. Add PEI solution to the DNA to give desired N/P ratio.
c. Vortex immediately for 10 s and centrifuge briefly.
d. Incubate at room temperature for 10 min and overlay onto cells (see

Note 1).

3. At 2 d posttransfection, assay for luciferase gene expression as follows:

a. Aspirate cell-culture medium from cells.
b. Wash cells with PBS.
c. Add 0.1 mL of lysis buffer, scrape cells from dish, and collect cells and

buffer in a 1.5-mL microfuge tube.
d. Vortex cells for 30 s.
e. Centrifuge cells for 1 min and collect supernatant.
f. Assay supernatant for luciferase activity using a Berthold Lumat LB

9507 luminometer. Briefly, a borosilicate glass test tube containing 20
lL of cell supernatant is placed in the luminometer and 100 lL of the
reconstituted luciferase substrate is injected into the supernatant. Light
emission is counted for 10–15 s.

g. Express luciferase activity as relative light units per mg protein (see
Note 2).

h. Assay protein content using the Bio-Rad DC assay reagent according to
the manufacturer’s instructions.
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3.2. In Vivo Transfection of Mouse Lung

3.2.1. Preparation of DNA/PEI Complexes and Injection into Mice

Prepare PEI/DNA complexes using 50 lg of luciferase DNA at an N/P ratio
of 7 (see Note 1). One lL of PEI used for the in vivo transfection is 100 mM in
nitrogen residues.

1. Mix 50 lg of luciferase DNA in 0.25 mL of 5% dextrose, vortex, and cen-
trifuge briefly.

2. Mix 10.5 lL of PEI in 0.25 mL of 5% dextrose, vortex, and centrifuge
briefly. This will give an N/P ratio of 7.

3. Add PEI to DNA, vortex immediately, and centrifuge briefly.
4. Incubate at room temperature for 10 min.
5. Inject 0.5 mL of complexes into the tail vein of mice.

3.2.2. Perfusion of Mouse Lungs

1. Anesthetize mice using a combination of ketamine (80 mg/kg), acepro-
mezine (1 mg/kg) and butorphanol (0.1 mg/kg) by i.p.injection.

2. Once mouse is under anesthesia, perfuse lungs as follows:

a. Make an incision in the abdomen to locate the inferior vena cava.
b. Using a small scissors, lacerate the vena cava and aorta distal to the renal

vessels. Ensure that there is no clot in the vena cava to allow for good
perfusion.

c. Cut through the sternum and dissect through the pericardium.
d. Inject 5 mL of saline into the left atrium using a 12 cc syringe attached

to a 25-G needle.
e. Then inject 5 mL of saline into the right atrium.

3.2.3. Luciferase Assay of Lung Homogenates

1. Remove lungs after perfusion and wash with ice cold 0.1 M NaCl.
2. Homogenize lungs in a 12-mL polypropylene tube using a PowerGen125

homogenizer for 20 s in 200 lL of lysis buffer on ice.
3. Transfer the homogenate to a pre-chilled 1.5-mL microfuge tube. Cen-

trifuge lung homogenate in a microfuge tube at 4°C for 10 min.
4. Assay 20 lL of supernatant for luciferase activity using the Berthold Lumat

luminometer.
5. Determine protein concentration using the Bio-Rad DC assay.
6. Express luciferase activity in relative light units per mg protein (see Notes

3 and 4).
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4. Notes
1. Preparation of PEI/DNA complexes (see Subheadings 3.1. and 3.2.1.): The

amount of nitrogen in the PEI and phosphate in the DNA determines the
overall charge of the transfection complex. N/P ratios are calculated as fol-
lows:

No. of PEI equivalents �

(Note: 1 lL of PEI is 5.47 mM in nitrogen residues. One lg of DNA is 3
nmol of phosphate.)

Example: If an N/P ratio of 6 and 1 lg of DNA is required, then calculate
volume of ExGen 500 (PEI) as follows:

6 PEI equivalents �

Therefore, add 3.3 lL of PEI solution to 1 lg of DNA.
2. The in vitro transfection of A549 cells is carried out in the presence of serum

(see Subheading 3.1.). As can be seen in Fig. 1, the highest luciferase activ-
ity was seen upon transfection of 2 lg of DNA at an N/P ratio of 3. Increas-
ing N/Pratios to 9 and above increased cell death owing to both DNAand PEI
mediated toxicity. When 5 lg of DNA was transfected, the highest level of
expression was seen at an N/P ratio of 3. However, when 2 lg of DNA was

ll of PEI solution � 5.47
1 lg of DNA � 3

ll of PEI solution � 5.47
lg of DNA � 3
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Fig. 1. Expression of luciferase in A549 lung epithelial cells. A549 cells were trans-
fected with varying amounts of luciferase transposon DNA complexed with PEI at dif-
ferent N/P ratios. Forty-eight hours post-transfection, cell lysates were prepared and as-
sayed for luciferase expression.



used the luciferase expression level observed was similar with lesser toxicity
than observed with 5 lg of DNA. Transfection of 0.5 lg of DNA gave low
levels of expression compared to the two other DNA concentrations used.
These results show that a positive charge ratio is an important parameter for
efficient PEI-mediated transfection of airway epithelial cells.

3. While preparing lung homogenates, it is critical to keep all reagents and re-
actions on ice to avoid protein degradation by proteases (see Subheading
3.2.3.). A protease inhibitor cocktail can also be included in the lysis buffer.

4. Expression of luciferase in the lung and relative promoter strength can be
seen in Fig. 2. Background luciferase activity was observed when DNA
was delivered without PEI. The highest level of luciferase expression was
observed when transcription was regulated by the CAGGS promoter, with
reduced levels observed for RSV and SV40, at 1 d post-injection (see Sub-
heading 3.2.3.).

5. The pTL (8) and pTCAL plasmids (unpublished data) are not available
commercially.

6. Among the various molecular weights and branched or linear forms that are
available, the linear 22 kD PEI (ExGen 500) has been shown to be the most
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Fig. 2. Expression of luciferase in mouse lungs. Three plasmids expressing luciferase
under transcriptional regulation of three different promoters, SV40 (simian virus 40),
RSV (Rous sarcoma virus) and the hybrid CAGGS promoter were complexed with PEI
at an N/P ratio of 7 and injected intravenously into mice. Twenty-four hours post-in-
jection, mice were sacrificed and whole lung homogenates assayed for luciferase activ-



effective. It is an efficient delivery agent for gene transfer to a variety of
different organs and cell types, but especially to lung cells both in vitro and
in vivo. Following intravascular injection of PEI/DNA complexes, highest
expression is seen in the lung, which is 2–3 orders of magnitude higher than
the liver, the spleen, and the heart, and 3–4 orders of magnitude higher than
the kidney and the brain (10,11). Preparation of the transfection complexes
is easy and transfection is very efficient even in the presence of serum. PEI
is able to deliver DNA efficiently and reproducibly to lung epithelial cells,
in particular to alveolar type 2 pneumocytes by a single noninvasive sys-
temic tail vein injection.
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Gene Delivery Using Physical Methods
An Overview

Te-hui W. Chou, Subhabrata Biswas, and Shan Lu

1. Introduction
The study of gene transfer has always been a major component of modern

molecular biology. Initially, transfer of exogenous genes into cells was consid-
ered a critical technical step toward understanding the function and regulation
of newly discovered genes. With the rapid advancement in human genome re-
search and improved success in gene therapy and nucleic acid vaccination, gene
delivery is becoming part of an overall strategy to design and develop an ef-
fective prophylactic or therapeutic intervention toward many human diseases.
Many biological and nonbiological techniques have been developed to achieve
optimal expression of exogenous genes in targeted mammalian cells. Viral vec-
tors have been used most extensively as a biological approach, but success with
bacterial vectors has also been reported (1). In following the classification of
this book, the nonbiological techniques can be further divided into chemical and
physical methods. The purpose of this chapter is to provide a simple overview
on the latter type. However, it is important to understand that such a distinction
may not be very clear, and different methods can often be combined to achieve
the maximum expression of transferred genes.

Gene transfer occurs naturally, especially in prokaryote systems. The phe-
nomenon of “transformation” in Streptococcus pneumoniae was described as
early as in 1928 by Frederick Griffith. In 1951, Joshua Lederberg and Norton
Zinder discovered a new type of gene transfer mediated by viruses. During the
lytic infection, the virus picked up some host genes that were then inserted into
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another host. They called this process “transduction.” The study of gene trans-
fer in mammalian cells was greatly aided with research on tumor viruses. Cul-
tures of uninfected cells produced fully infectious viruses after being transferred
with the genetic material of tumor viruses (2,3). The gene-mediated transfer of
infectious virus was termed “transfection” to distinguish from infection by a
natural route of viral entry.

The potential of purified DNA to express in vivo was demonstrated by Ito
(4), who showed that tumors were induced after phenol-extracted DNA from
papillomavirus was injected into cotton-tail rabbits. Soon after, it was demon-
strated that subcutaneous injection of polyomavirus DNA from cultured cells
could induce tumors and also generate anti-polyoma antibodies in hamsters (5),
truly the first evidence for nucleic acid vaccination. One of the earliest chemi-
cal methods to introduce DNA into cells consisted of incubating negatively
charged DNA with an inert carbohydrate polymer (dextran) to which a posi-
tively charged group (DEAE) was coupled (6). This method is still in use today
but it is inadequate for many cell types. A breakthrough came with the study
that DNA could be taken into cells in the form of a precipitate with calcium
phosphate (7). With this method, the efficiency of transfection was significantly
improved over the DEAE-dextran method. Although the mechanism of calcium
phosphate-mediated transfection has not been worked out in detail, it is pre-
sumed that after the calcium-DNA complex precipitates on the cell-surface it is
internalized by nonspecific endocytosis. The efficacy varies, but in general
10–50% cells in culture can be transfected, and the transfected DNA usually
persists for 3–5 d.

These early experiments, both in vitro and in vivo, clearly indicated that ex-
ogenous DNA could be taken up by mammalian cells and the expression of en-
coded genes can be detected. Therefore, gene transfer not only can help scien-
tists understand the function of different genes, but also has tremendous clinical
applications toward many human diseases. The classical concept of gene ther-
apy, delivering the functioning gene to correct the aberrant one and to cure in-
heritable genetic disorders (e.g., adenosine deaminase deficiency and Duchenne
muscular dystrophy), is already being tested in humans, although there are still
major obstacles to overcome. At the same time, delivery of gene-based treat-
ment for chronic diseases and cancer has gained more acceptance in recent
years. The report by Wolff et al. (8) demonstrating the high-level expression of
reporter genes in mouse skeletal muscle after being injected with purified
“naked” DNA plasmids opened a new era for nucleic acid vaccination. Driven
by the need for novel vaccines, especially for a worldwide effort to stop HIV
epidemics and other major infectious diseases, a number of clinical trials with
nucleic acid vaccination have been conducted in humans. The progress in the
development of gene-based therapeutics and vaccines in the second half of the
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20th century has been truly remarkable. Thus, the practical aspects of gene de-
livery are becoming increasingly more important.

Although many gene transfer methods can work well in vitro for cultured
cells, gene delivery for in vivo applications is more challenging. A number of
physical methods have been developed mainly to improve the efficacy of in
vivo gene transfer. Usually, some type of physical force (pressure, sound, shock
wave, or electric pulse) is used to overcome the physical barriers presented by
mammalian tissues. The immediate objective is to achieve a higher percentage
of transfection compared with nonphysical methods on the basis of an equal
amount of DNA molecules used. In this way, even if the final total amount of
proteins produced by one individual or the magnitude of a particular biological
response is the same, the amount of DNA required to achieve such an outcome
may be reduced. For example, if gene-gun inoculation of 5 lg DNA in mice can
induce the same level of immune response as a 100 lg intramuscular (im) in-
oculation, the gene-gun approach is actually more efficient than the im deliv-
ery. This can lead to significant savings in cost and will also reduce any poten-
tial risk associated with the use of large amount of DNA. Most of the physical
methods use some type of instrument, which can lead to more quantitative and
standardized gene delivery. Such an “industrialized” approach is important for
large-scale clinical applications and will minimize the common operator varia-
tion frequently discovered in the stage of laboratory research with nonphysical
methods.

Table 1 compares physical methods with biological and chemical methods
of gene delivery. The primary goal of gene delivery is to achieve high transfec-
tion efficiency. Chemical methods can reliably achieve this objective in cultured
cells, but this goal becomes more challenging when it is used in vivo as a sys-
temic delivery approach owing to the large volume of tissue needed to be trans-
fected. Chemical methods may work for selected organs such as lung or airway
with mucosal tissue as the target site, or in a fairly localized organ, such as intra-
tumoral inoculation. The biological vector approaches use the natural cell re-
ceptor or other entry mechanism for the original biological agents (virus or bac-
teria). Therefore, it is more likely to achieve a systemic infection (when using
a live vector) or one-round transfection (when using inactivated or defected vec-
tors). Some bacterial vectors can be delivered through the gastrointestinal (GI)
tract by infecting cells at mucosal surfaces. On the other hand, the physical
methods employ completely different mechanisms to “force” cells or tissues to
take up the genetic materials. The end result is higher transfection efficiency,
but only in a local area subjected to the physical force.

Biological approaches bring the most concern about safety. First, some vec-
tors are similar to the original pathogens and the threat of disease is clear and
immediate. Second, the process of producing biological vectors, including the
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cell lines used, add additional concerns, such as the potential for tumorigenic-
ity. Third, live vectors in general are contraindicated in immunodeficient can-
didates. Finally, there is a possibility of allergic reaction to biological vectors,
mainly through other proteins still remaining within these vectors, especially
when the dose of the biological vectors is high. The manufacturing process for
biological vector products tends to be more complicated than the process for
producing naked DNA plasmids. A higher quality control standard and poten-
tially higher cost may be required. Another challenge is the preexisting immune
responses toward vectors. For example, a person with previous adenoviral in-
fection may have anti-adeno humoral and cell-mediated immune responses,
which can severely limit the efficacy of gene therapy using adenovectors with
the same serotype. Biological gene transfer approaches usually require that the

Table 1
Comparison of DNA Delivery Systems

Gene delivery 
system Advantages Disadvantages

Biological vectors • High transfection efficacy • Complicated manufacturing 
• Suitable for systemic delivery process
• Potential for targeting • High quality-control 

selected cell types requirement
• High cost
• Interference with pre-

existing immunity against 
the biological vectors

• Safety concerns
• Require low temperature 

storage
Chemical methods • Highly effective with cultured • Limited clinical 

cells applications so far
• Relatively simple manufactur- • Challenge to prepare 

ing for gene-based products consistent formulations
• Less limit on gene size
• Easy storage and quality

control
Physical methods • High local transfection • Usually require specific 

efficiency instruments
• Not cell type-dependent
• Easy to standardize the 

process
• Less limit on gene size
• Useful for ex vivo application



product be transported and stored cold in order to preserve its activity; this is
difficult, if not impossible, for many developing countries.

Chemical and physical approaches were first used for in vitro gene transfer
because they were effective methods in “carrying” DNA plasmids into cells.
However, these approaches became important for in vivo applications after the
discovery that these plasmids could be effectively delivered and expressed in
vivo. The process of producing DNA plasmids is much more straightforward
than the process of producing biological vector products. The challenge to the
chemical approach is how to prepare a consistent formulation with DNA stably
mixed in the delivery media. For physical approaches, some type of instrument
is needed. In some cases, this adds additional steps to the preparation of the
DNA so that it is in a form that can then be readily delivered by a particular
physical force. Both chemical and physical approaches have the problem that
they can only be used effectively in a fairly localized tissue. They have the ad-
vantage of transfecting different cell types, but this is also their disadvantage in
that they are not suitable for specific cell targeting.

It is possible that the best results may be achieved by combining different
methods of gene transfer. Physical or chemical methods can be used to deliver
a biological vector-based gene transfer. For example, we have demonstrated that
inoculation of a vector encoding for the full length of proviral SIV genome
using a gene gun at the mucosal surface of nonhuman primate was able to pro-
duce a full SIV infection in the host (9). By using the same technique, a gene
gun is able to deliver a plasmid that can express a live-attenuated vaccine.

Even though DNA plasmids are frequently mentioned in this review as the
form of genetic material being transferred, genes may also be delivered in the
form of RNA. Additionally, RNA can be used to turn off a specific mRNA
through complementary base-pair hybridization. Ribozymes provide another
therapeutic design. After binding to the target mRNA sequence, the catalytic ac-
tivity of the ribozyme cleaves the mRNA, thus preventing its translation into
protein. Although using RNA omits the step of transcription from DNA and
minimizes the sequence error, RNA is much less stable and more costly to make
than DNA-based approaches. Thus, although for the discussion of delivery ap-
proaches there is no significant difference between DNA and RNA, the latter
can be problematic in terms of manufacture and distribution.

This overview summarizes the major physical methods to be discussed in the
following chapters: (1) microinjection, (2) conventional needle injection, (3)
high-pressure needle injection (hydrodynamics), (4) particle-bombardment
(“gene gun”), (5) electroporation, (6) ultrasound, and (7) encapsulated micros-
pheres. Table 2 compares different physical methods, their principles, instru-
ments needed, DNA amount used, advantages, and limitations. To enter targeted
cells, the negatively charged DNA macromolecule has to cross various biologi-
cal barriers. Because of its size, DNA cannot effectively enter intact tissue. The
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Table 2
Comparison of Different Physical Methods for Gene Delivery

DNA
amount

Physical methods Principles Instruments used Advantages Limitations

Conventional needle Physical force Syringe High Low cost, simple, Low efficiency
injection easily available in 

clinical practice
Microinjection Inject DNA Microscopic Low Good for individual Laborious procedure

intracellularly injection cell application Not suitable for 
capillaries; No enzymatic clinical use
Microscope degradation Operator experience is 

important
Particle Micro-carriers Various Low High efficiency at Require additional 

bombardment Accelerated by high delivery targeted tissue equipment and steps
pressure gas instruments Cost

Electroporation Electric pulse Electroporator Low Improved delivery To be tested in humans
efficiency Public acceptance

Hydrodynamics Hydrodynamics force Special Moderate Simple and easy to Limited tissue access
syringes use

Improved delivery
efficiency

Encapsulated Phagosytosis of micro- Moderate Controlled delivery Formulation control
microspheres encapsulated DNA and release

Less degradation
Ultrasound Cavitations (irradiation Sonicator Low to Safe Evolving technology;

with ultrasound) moderate Less tissue damage Limited experience



general principle underlying physical methods is similar in that a physical force
is used to disrupt the tissue or cell membrane. Furthermore, DNA is likely to be
opsonized and cleared from the body by reticuloendothelial cells after parenteral
administration. Similar to conventional medications, DNA delivered in vivo
should also have its own pharmacokinetics with a half-life yet to be determined.
Quick transfer of DNA molecules into cells by physical methods should, in the-
ory, should reduce the natural clearance or reduce the dose needed to achieve a
desired biological response.

2. Microinjection
One widely used procedure to deliver genes directly into the cells is microin-

jection. Capillary microinjection into cultured somatic cells growing on a solid
support has rapidly developed since the introduction of this technique (for an
overview see ref. 10). This is now established as one of the most versatile meth-
ods of introducing genetic materials into living cells. Microinjection makes it
possible to use single cells to study complicated cellular processes, structure, and
function in vitro. Microinjection remains the most widely used method of gener-
ating transgenic animals. An important improvement in this respect is the intro-
duction of automation in the micromanipulation and microinjection processes as
well as the control and standardization of cell preparation or the production of in-
jection capillaries (11,12). The development of computer-assisted and micro-
processor controlled injection systems makes high injection rates with optimal
reproducibility feasible and allows for quantitative microinjection (13).

In addition to the microinjection of nuclear DNA (nDNA), mitochondrial mi-
croinjection and cytoplast fusion have been used for gene therapy against non-
Mendelian genetics diseases caused by mitochondrial DNA (mtDNA) muta-
tions. In this fusion method, mtDNA in the cytoplast is transferred into mutant
cells via the formation of cybrids (14). However, mitochondrial microinjected
plasmid DNA is rapidly degraded in the cytoplasm with an apparent half-life of
50–90 min. Thus, microinjection of naked DNA directly into the nucleus, by-
passing cytoplasmic degradation, has a much higher level of gene expression
than injection into the cytoplasm (15,16).

Despite its straightforward approach, microinjection is a laborious procedure.
Only one cell at a time can be injected, and many injections may be needed be-
fore there is a successful DNA delivery. This is a problem if a large number of
cells need to be injected in a limited time. Therefore microinjection with its cur-
rent technology has little application for in vivo gene therapy.

3. Direct DNA Inoculation by Conventional Needle Injection
Gene transfer with naked DNA, injecting locally with a standard hypodermic

needle, eliminates the use of infectious agents and is likely to pose the lowest risk
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of toxicity or other unwanted reactions. Surprisingly, naked DNA gives virtually
no transfection for cells ex vivo if not helped by any chemical or physical
method. Hence, it was believed that naked DNA could not enter into cells unless
assisted by a carrier. Countering this argument was the report by Wolff et al. (8).
They demonstrated that gene expression in skeletal muscle could be achieved by
im injection of naked plasmid DNA. Injection of plasmid DNA intradermally
(id) or into the skin subcutaneously (sc) transfects mainly skin fibroblasts and
keratinocytes, whereas im injection largely transfects myocytes. However, direct
gene transfer into normal mature muscle is not very efficient—at best 1–2% with
plasmid DNA—although still far higher than for the adenoviral or retroviral vec-
tors (17). In addition to skeletal muscle, intra-organ injections including liver
(18), thyroid (19), heart muscle (20), brain (21), and urological organ (22) have
been demonstrated. Also, intra-tumor injection of naked DNA has induced trans-
gene expression and elicited therapeutic effect (23,24).

The mechanism of naked DNA uptake by cells in vivo is unknown. Various
methods have been explored for enhancing the uptake of purified DNA by mus-
cle. Using dry DNA pellets produces higher levels of expression than DNA in
aqueous solutions (25); preinjection of muscles with various agents, e.g., bupivi-
caine or hypertonic solutions, increases the efficiency of subsequent DNA injec-
tions (17,26,27). The disadvantages of direct injection are the low transfection
efficiency and the brief expression in most tissues. However, the initial success
of DNA delivery in vivo by direct inoculation has opened a new field to develop
better tools for gene delivery applications.

Hence a delivery system, jet injection, has been designed to deliver medica-
tions without the use of a needle. The jet gun can force DNA in solution through
a tiny orifice that creates a very fine, high-pressure stream to penetrate the skin,
depositing naked DNA in the tissue beneath. Jet injection of DNA into muscle
leads to uptake and expression of the administered gene in muscle (28) as well
as expression in skin (29). DNA priming by id or im routes using a jet injection
device, followed by recombinant modified vaccinia Ankara (rMVA) booster
generated high frequencies of virus-specific T cells and controlled a high path-
ogenic immunodeficiency virus challenge in a rhesus macaque model (30).

4. Hydrodynamics
Systemic administration of naked plasmid DNAby conventional needle injec-

tion is prone to degradation. Atail-vein injection of naked DNAinto mice resulted
in no gene expression in major organs (31) because of the rapid in vivo degrada-
tion of the DNA by nucleases, and clearance by the mononuclear phagocyte sys-
tem (e.g., Kupffer cells in the liver) (32). Hence, the “hydrodynamics gene deliv-
ery method” has been developed (28,29,33). It involves a rapid injection of a
large volume of naked DNA (e.g., 5 lg of DNA in 1.6 mL of saline solution for a
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20 g mouse, which is almost equivalent to the total blood volume of the animal)
into the tail vein in order to induce efficient gene transfer in internal organs in-
cluding the lung, spleen, heart, kidney, and liver, with the highest level of expres-
sion being observed in the liver (34,35). It is proposed that the injected DNA ac-
cumulates in the inferior vena cava and flows back to tissues that are directly
linked to the vascular system, including the liver. Plasmid DNAs encoding the lu-
ciferase and the b-galactosidase reporter genes have been shown to be expressed
in high amounts in the muscle tissue when injected intra-arterially. This gene-
transfer strategy was not only successful in rodents (36) but also in nonhuman pri-
mates (37). Although it is debatable whether this method can be used for human
gene therapy, this procedure may be a valuable alternative for in vivo transfection
of the liver in animals. With this technique, it is possible to screen many different
genes for their therapeutic activity in animal models without involving any com-
plicated surgical procedures for intra-organ gene delivery (38,39).

5. Particle Bombardment
Sanford and colleagues (40) developed an alternative method for DNA de-

livery. The genetic shotgun, “biolistic” (for biological ballistic), consists of a
cylinder with a cartridge containing a nylon projectile. It carries millions of mi-
croscopic tungsten spheres that are coated with DNA. When the cartridge is
fired at a colony of cells, the projectile shoots down the cylinder, and the gene-
carrying spheres enter the cytoplasm of the cells. DNA is gradually released,
then expressed. This method has been used to transfect plants cells such as corn,
wheat, rice, soybean (41,42), and various cultured cells, including epithelial
cells, endothelial cells, fibroblasts, lymphocytes, and monocytes (43). Biolistics
has also been used to transfect cells that are resistant to transfection by other
means, such as multinucleated muscle fibers; mammalian neurons in primary
culture; and neuronal cells, including PC12 cells (44).

The Helios gene gun currently marketed by Bio-Rad Laboratories was de-
veloped by contributions from many scientists working in both industry and ac-
ademic institutions. The gene gun uses a high-pressure, helium gas-powered,
ballistic device to drive the DNA/gold mix into the targeted cells or tissues. The
hand-held device provides rapid and direct gene transfer into a range of targets
in vivo. It has been reported that delivery of less than microgram amounts of
DNA to mouse skin using the gene gun could protect mice from influenza virus
challenge (45). Both antibody and cell-mediated immunity responses have been
induced in animals following nucleic acid vaccination with this technology.
Thus, gene- gun delivery to skin with plasmid DNA has become a promising al-
ternative to nucleic acid vaccination by intramuscular or intradermal inocula-
tion. A DNA vaccine against the hepatitis B virus, delivered by needle-free
PowderJectTM system into skin cells, has demonstrated induction of both hu-
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moral and cell-mediated immune responses in humans (46). At this point, ex-
perience with this type of gene delivery in humans is still limited, because the
gene gun made by Bio-Rad is for research use only.

6. Electroporation
This physical approach to DNA transfection is based on the finding that a

short-pulsed electric field can result in the cellular uptake of DNA. Two decades
ago, researchers discovered that briefly applying an electric field to a living cell
causes a transient permeability in the outer membrane of the cell. This perme-
ation is manifested by the appearance of pores across the membrane. After the
field is discontinued, the pores close in approx 1–30 min without significant
damage to the exposed cells.

Electroporation is the most versatile method of DNA transfection because it
has been shown to work for such a wide variety of cell types, including primary
cell from tissue isolates, plant protoplasts, and bacterial cells. Electroporation
of eukaryotic cells in vitro is performed by suspending cells in a buffered
cell–DNA mixture, which is placed in a special cuvet connected to a power sup-
ply. By varying the electric field strength and the length of time the cells are ex-
posed to the electric field, it is possible to optimize the parameters for essen-
tially any cell type. Electroporation has been used successfully since the early
1980s, and has gone through a number of improvements (47–50). With the op-
timum electric parameters, virtually all of the cells were permeablized and
mostly survived the shocking conditions. Both transient expression and perma-
nent expression of DNA were observed. The limitation that electroporation
could only be applied to cells in suspension was overcome when a new proce-
dure for in situ electroporation of cells grown on microporous membranes of
polyethylene terephthalate or polyester was reported (51). The use of dimethyl
sulphoxide (DMSO) in mammalian cells to increase the electroporation effi-
ciency has also been demonstrated (52).

In the case of in vivo electroporation, the negatively charged DNA can enter
the cells through a concentration gradient that is facilitated by electrophoretic
and electroosmotic transport (53). This technique has been applied to introduce
plasmid DNA into tissues such as skin (54), liver (55), muscle (56), and
melanoma (57). In these cases, naked plasmid DNA is injected into the inter-
stitial spaces of the tissue and the required electric pulses are applied with nee-
dle or caliper-type electrodes. Applying electric pulses can increase gene ex-
pression up to 1000-fold compared with needle injection alone. Topical gene
delivery into rat skin by electroporation following shaving and mild abrasions
has also been demonstrated (58). Rapid and localized gene expression was ob-
served in the keratinocytes in the epidermis, and skin integrity was not com-
promised. It was reported that this method could effectively deliver exogenous
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genes into human hematopoetic precursor cells (59). This offers a means to cor-
rect inborn genetic errors and to protect human stem cells from chemotherapy
damage. The effect of interleukin-12 (IL-12) gene transduction on the growth
of experimental murine tumors was studied using electroporation (60). Recently,
the development of an electroporation device (Medpulser) for human electro-
poration therapy was announced (www.genetronics.com).

Electroporation for in vivo use has yet to be fully explored. Because of the
complexity of tissue architecture, parameters such as electrode configuration,
pulse width, and field strength need to be optimized before electroporation can
be used to augment the efficiency of DNA delivery. It is also important to un-
derstand the tissue differences so such devices can be used for gene delivery to
various organs.

7. Ultrasound
A recently developed nonviral gene delivery method that makes biological

membranes transiently permeable is ultrasound; this method facilitates the trans-
fer of DNA into cells and across tissues. Applying ultrasound to a liquid leads to
the formation of vapor-filled bubbles, or cavities, in the solution. The collapse of
these bubbles can be violent enough to lead to interesting physical effects, in-
cluding DNA delivery. The formation and collapse of the ultrasound-induced
bubbles is called cavitation. It has been demonstrated that application of low fre-
quency ultrasound effectively delivered macromolecules both in vitro as well as
in vivo (61). Application of 20 kHz ultrasound to a suspension of yeast cells by
a sonicator was shown to facilitate the delivery of plasmid DNA (62). The struc-
tural integrity of the plasmid DNA remained unaffected after sonication. Low-
intensity ultrasound signals mediating differential gene transfer and transient ex-
pression of the green fluorescent protein (GFP) reporter in two human prostate
cancer cell lines, LnCaP and PC-3, were among the first ultrasound deliveries to
mammalian cells (63). Ultrasound waves have no significant adverse effects
when focused on different anatomic locations in the human body. Thus, ultra-
sound-mediated gene delivery, which raises few safety concerns, can be an al-
ternative to the viral mode of gene delivery for the treatment of respiratory dis-
orders. Ultrasound exposure in the presence of microbubble echo-contrast
agents (64) led to enhanced acoustic cavitations and resulted in higher levels of
transgene expression in vascular cells compared with naked DNA transfection
alone (65). Intratumoral injection of DNA followed by focused ultrasound re-
sulted in a 10- to 15-fold increase in the reporter gene expression (66).

8. Encapsulated Microspheres
Controlled drug-delivery technology, comprised of micro-encapsulation

techniques, application of polymer science, and site-directed drug-delivery sys-
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tems, have made great advancements in the last decade. There are many ad-
vantages to the polymer-encapsulated microsphere delivery systems: (1) DNA
can be delivered to specific sites by implantation or injection; (2) DNA is pro-
tected from degradation by nucleases; and (3) sustained release of DNA can be
continuous without repeated administration.

Microspheres—assembly of amphiphilic molcules with hydrophilic group
outside and hydrophobic group inside—are generally formed by emulsion and
internal gelation. High molecular-weight cationic polymers are more effective
than cationic liposomes in condensing DNA. Lipid-coated micro-gels combin-
ing the characteristics of liposomes and polymeric beads were described in
some of the first reports of successful DNA delivery using such encapsulated
systems (67). In this case, DNA was immobilized within chitosan coated algi-
nate microspheres with diameters ranging from 20 to 500 lm. In addition to
natural polymers, various synthetic polymers have been developed for increas-
ing transfection efficiency, biodegradability, thermo-sensitivity, and for de-
creasing cytotoxicity and immunogenicity (68). Polymers used in controlled re-
lease systems include poly-L-lysine (PLL), poly-L-ornithine, polyethyleneimine
(PEI), chitosan, starburst dendrimers, and poly-(lactide-co-glycolic acid)
(PLGA) microspheres.

Cationic polymers and liposomes (and combinations of the two) have shown
high transfection efficiencies. They enhance the cellular uptake of plasmid DNA
by nonspecific adsorptive endocytosis (69). When administered in vivo, encap-
sulated DNA is engulfed by mononuclear phagocytic cells and macrophage
cells. These cells represent a population of professional antigen-presenting cells
(APCs) that are required for the activation of specific immune responses (70).
Within days of the phagocytosis, the DNA molecules released into the cytoplasm
are expressed intracellularly and cytotoxic T-lymphocytes (CTLs) are activated
(71,72). The encapsulated DNA was shown to be directed to macrophages that
were phagocytosed, resulting in delivery of functional plasmid DNA at con-
trolled rates (72,73). The kinetics of the release of the DNA from these micros-
pheres once inside the cells have been studied and have been shown to be diffu-
sion controlled. The larger the DNA, the slower was its rate of release (74).

In an attempt to target a specific population of cells, polymers such as PLL
and PEI were covalently modified with ligands such as asialoglycoproteins (75),
carbohydrates (76–79), transferrin (80,81), antibodies (82,83), or lung-surfac-
tant proteins (84). Specific receptors for each of these ligands are present on var-
ious cell types. The results of all of these studies have demonstrated that this
strategy could be used to improve gene transfection (75–84). In addition, when
endososome-disrupting molecules were attached to cationic polymers, these
compounds were able to increase the release of the entrapped plasmid DNA
from endosomes/lysosomes (85,86). The design of ligand-conjugated poly-
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meric DNA carriers helps to overcome the obstacles of delivery of genes to spe-
cific target cells by receptor-mediated endocytosis, and escape from endosomal
degradation to obtain nuclear entry.

Plasmid DNA extracted from the PLGA microspheres retained both struc-
tural and functional integrity and can transfect cells in vitro (72). This coating
protected encapsulated DNA from degradation in the gastrointestinal tract. A re-
cently developed formulation wherein an optimized water-in-oil-in-water dou-
ble emulsion process was used for the micro-encapsulation of plasmid DNA in
PLGA was shown to incorporate a higher amount of DNA, a greater retention
of plasmid DNA integrity, and a rapid rate of DNA release (87). Tissue distri-
bution of PLGA-encapsulated plasmid DNA by an im or sc injection was stud-
ied in a murine model. The DNA could be detected for 100 d after injection, and
was distributed primarily at the site of injection and in the lymphoid organs. In-
travenous administration resulted in more widespread dissemination with long-
term persistence in the lymphoid organs and cells of the reticuloendothelial sys-
tem (88). The distribution studies support the fact that DNA can be specifically
directed to the APCs such as macrophages and dendritic cells (DCs), suggest-
ing that they have a great utility for nucleic acid immunization purposes. These
results, as well as those of other researchers, suggest that biodegradable PLGA
microspheres may be the ideal carrier to target therapeutics into phagocytic cells
such as macrophages and DCs (89–91).

9. Summary
The history of using physical methods for gene transfer is short, but the ex-

perience learned from these practices, especially those used for in vivo pur-
poses, have greatly expanded our understanding of the potential of what normal
tissues can do in expressing exogenous genes. Future progress is expected to be
made in two directions: further improvement and new inventions on physical-
delivery technology to make this technology closer to eventual clinical appli-
cations; and expansion on the applications of physical methods to more inter-
nal organs or tissues that are difficult to reach. The boundary between biological
and nonbiological approaches will be more obscured and both chemical and
physical principles will be employed more seamlessly in serving the ultimate
goal of developing simple, effective, and safe gene-based therapeutics and vac-
cines.
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Gene Delivery to Mammalian Cells by Microinjection

Robert King

1. Introduction
Microinjection—that is, the direct-pressure injection of a solution into a cell

through a glass capillary—is an effective and reproducible method for intro-
ducing exogenous material into cells in culture. The method has been in exis-
tence almost as long as there have been microscopes to observe the process.
Barber (1,2) first described the technique that forms the basis for today’s mi-
croinjection applications. Described here is a simple method for microinjecting
individual adherent cells in culture. This application may be used for microin-
jecting the myriad mammalian cell types that may be encountered in this field.

2. Materials
2.1. Cells

The best cells for microinjecting will be large, easily adherent, with a pro-
nounced nucleus, giving them a tall aspect. For these reasons, PtK1, MDBK, or
CHO, all available from ATCC (Manassas, VA), are appropriate for learning
good microinjection technique. In theory, any mammalian cell can be injected
in the manner described here, although some types provide more challenges
than others. Contractile cells such as muscle often change shape rapidly in re-
sponse to being injected (particularly when calcium is present in the medium),
and cells that do not lay flat when cultured may need to be held in place with a
second, “holding” micropipet.
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2.2. Micropipet

1. Glass capillary tubing for fabricating micropipet (e.g., Sutter Instrument
Company, Novato, CA, Cat. no. BF100-78-10).

2. Micropipette puller for preparing the glass micropipettes (e.g., Flaming-
Brown-type puller, Sutter Instrument Company, Cat. no. P-97) (see Note 1).

2.3. DNA

Any plasmid containing a cytomegalovirus (CMV) promoter-driven reporter
gene that may be assayed in individual cells (e.g., green fluorescent protein
[GFP] or b-galactosidase) may be used for monitoring the efficiency of mi-
croinjection.

1. Prepare plasmid by standard methods and purify using CsCl-ethidium bro-
mide gradient centrifugation (3).

2. Resuspend the DNA in a buffer-free solution at a concentration of up to 1
mg/mL (4).

2.4. Microinjection Apparatus

1. Microscope (e.g., Olympus IX-51 with phase contrast optics, 10�, 20�,
40�, objectives, 10� eyepieces, and three-plate moving stage [Olympus
America Inc., Melville, NY]) (see Note 2).

2. Micromanipulator (e.g., XenoWorks micromanipulator, Bio-Rad Laborato-
ries, Hercules, CA, Cat. no. 165-2802) (see Note 3).

3. Microinjector (e.g., XenoWorks “digital” microinjector, Cat. no. 165-2805
[110/120 volt] or Cat. no. 165-2806 [220/240 volt] [Bio-Rad Laboratories])
(see Note 4).

3. Methods
3.1. Cell Preparation

Inoculate the cells onto coverslips (see Note 5) in 35- or 60-mm tissue-cul-
ture plates. Use the appropriate growth medium for the cells (e.g., Dulbecco’s
Modified Eagle’s Medium; DMEM) buffered with 10–20 mM HEPES, pH 7.5
(see Note 6). Inoculate the cells at a low density so that there is minimal con-
tact between adjacent cells.

3.2. Micropipet Preparation

Immediately before use, fabricate a number of micropipets from 1-mm outer
diameter, thin-walled capillary glass with an inner filament (the filament aids
filling the very tip of the micropipet with injection solution) using a micropipet
puller according to the manufacturer’s directions.
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3.3. DNA Preparation

1. Centrifuge the purified DNA solution at 10,000–15,000g for 10 min prior
to loading the supernatant into the micropipet.

2. Using a 27G needle attached to a 1-mL syringe, load a few microliters of
DNA solution through the back-end of the micropipet.

3. Fit the micropipet to the microinjector and lower the micropipet tip into the
culture medium. Too long a delay between loading the micropipet and im-
mersing the tip in the medium may cause the liquid in the tip of the mi-
cropipet to evaporate, resulting in blockage.

3.4. Microinjection Apparatus Set-Up

1. Ensure that the micromanipulator is set with all three axes at the center of
their movement ranges. This ensures that one does not run out of travel dur-
ing an experiment.

2. Place the dish containing the cell-covered coverslips in the center of the mi-
croscope stage, select the lowest power objective available, and focus the
microscope on the cells. The plane of focus now corresponds with the bot-
tom of the dish.

3. Rack the microscope objective up a few millimeters so that the plane of
focus of the microscope is now a little above the cells.

4. Insert a microinjection pipet into the micropipet holder. Place the holder in
the clamp of the micromanipulator and, using the pitch adjustment on the
clamp, align the micropipet so that its tip projects into the optical axis of
the microscope. Take great care not to touch the micropipet tip against any-
thing—it will break very easily.

5. Look down the microscope while using the micromanipulator joystick to
position the micropipet tip in the center of the field of view. Bring the mi-
cropipet tip into focus by moving the Z-axis of the micromanipulator, not
the focus control of the microscope. The micropipet tip should now be in
the medium and a few millimeters above the cells. By focusing the micro-
scope up and down, one can view the micropipet tip or the cells.

6. Slowly and very carefully, begin to rotate the Z-axis of the micromanipu-
lator, lowering the micropipet tip toward the cells. Follow the tip down to-
ward the cells with the focus of the microscope.

7. As the cells come into focus, stop lowering the micropipet tip; if the tip
touches the coverslip, it can break.

8. Set the microinjector to provide a burst of injection pressure for as long as
the footswitch is held down (so-called “continuous-flow” injection) (see
Note 7). Also, adjust the balance pressure so that a slight trickle of solution
is always coming from the micropipet tip.
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9. Prior to injecting any cells, try a test injection to ensure that the DNA so-
lution is flowing by pressing the microinjector footswitch (see Note 8).

3.5. Injection Procedure (see Note 9)

1. Identify a target cell within the field. Microinjection is a concert of three si-
multaneous actions:

a. Twisting the Z-axis control of the micromanipulator joystick, lowering
the micropipet tip toward the cell;

b. Movement of the joystick so that the micropipet penetrates the cell (see
Fig. 1) (see Note 10); and

c. Depression of the footswitch of the microinjector to inject the DNA into
the cell. Ideally, a small quantity of no more than a few percent of the
cell’s volume will be introduced and will be visible as a tiny shockwave
passing through the cytoplasm.

2. Immediately after injection, reverse the direction of movement of the joy-
stick to withdraw the micropipet and release the footswitch.

4. Notes
1. A micropipet puller is required to fabricate consistent microinjection pipets.

The Flaming-Brown-type puller (P-97, Sutter Instrument Company) is a

Fig. 1. View through the microscope of a microinjection micropipet entering from
the right and projecting down at an approx 45° angle to impale a cultured adherent cell.



sophisticated device that can be calibrated to ensure consistency from one
micropipet to the next and produces excellent micropipets for injecting ad-
herent cells. The ideal micropipet will have an internal opening at the tip of
less than one micron and have a gentle taper from the tip to the un-pulled
section of the capillary.

2. Microscope: In general, an inverted microscope, one whose objective lenses
focus beneath a fixed stage, is best suited to microinjection. Although mi-
croinjection can be performed on an upright microscope, the short working
distance between the objective and the specimen make setting the mi-
cropipet very difficult. Other good examples of inverted microscopes suited
to microinjection are the Nikon TE 2000 (Melville, NY), the Leica DM-
IRE2 (Deerfield, IL), and Zeiss Axiovert 200 (Thornwood, NY). For inject-
ing a monolayer of cultured cells, phase-contrast optics produce the best
image.

3. Micromanipulator: There are many micromanipulators available for posi-
tioning the microinjection pipet, from simple mechanical reduction mech-
anisms to computer-controlled motorized systems that can interface with
the microinjector and microscope. The best micromanipulator will be joy-
stick-operated, comfortable to use over long periods, mechanically stable,
and able to move smoothly and responsively.

4. Microinjector: A good microinjector will have the capability to finely ad-
just the injecting pressure, be able to apply pressure (and therefore inject
solution) in discrete pulses or in a continuous stream, and have a high-pres-
sure “clean” function for clearing blockages (which are extremely com-
mon) from the tip of the micropipet.

5. Eppendorf Scientific (Westbury, NY) markets “CELLocate,” a coverslip
with an indexed grid of 175- or 55-micron squares allowing easy identifi-
cation of injected cells.

6. Carbonate-buffered medium will turn basic upon exposure to the air during
microinjection and so should not be used. Most cells will tolerate being in-
jected at room temperature, but if the process is likely to take more than an
hour or so the dish should be returned to the incubator periodically. Alter-
natively, a microscope stage incubator or warm stage insert can be used,
both of which are available from the microscope vendor.

7. The precise injection pressure required will depend on a number of factors:
the inner diameter of the micropipet tip will determine the flow character-
istics and the concentration of the DNA will affect its viscosity, the more
viscous the solution, the greater pressure will be required. Trial and error
will determine the correct pressure. Start with an injection pressure of about
20–30 psi and slowly increase from there. In general, it is better to work
with a higher pressure and spend less time with the microinjection pipet in-
side the cell (see Note 9).
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8. Under phase-contrast optics the fluid released from the micropipet should
be visible as a stream of differing contrast. If no stream is noticeable, try to
blow a small fragment of unattached cell around the dish. If no fluid flow
can be detected, then the micropipet tip may be blocked. Try cleaning the
tip with a quick blast of “clean” pressure and by raising the micropipet tip
out of the medium—breaking the surface meniscus can dislodge foreign
material.

9. In general, the success of this type of microinjection is highly dependent on
operator skill and experience. With practice, quite consistent volumes may
be delivered to each cell. The following factors should be borne in mind
during the injection:

a. Spend as short a time as possible with the tip of the micropipet inside
the cell, no more than 1 or 2 s.

b. Enter the cell in a straight line along the axis of the micropipet. Side-
ways movements will tear the cell membrane and affect the cell’s abil-
ity to repair the membrane after the injection.

c. Limit the number of injections performed for each micropipet: cyto-
plasmic material and fragments of plasma membrane will inevitably ad-
here to the glass and diminish the performance of the micropipet. After
a number of injections, the tip will either block completely or the
amount of material on the tip will stick to the contents of the cell and
destroy the cell membrane when the tip is withdrawn. Most micropipets
may be used for injecting 20–30 cells before there is a diminished per-
formance.

d. An example of solution that may be used to practice microinjection is
0.01% fluorescein-dextran (Molecular Probes) in calcium-free phos-
phate-buffered saline (PBS). Successfully injected cells may be identi-
fied by fluorescence microscopy (5).

10. Looking at the dish from the side, the tip of the micropipet should describe a
“J” shape with the bottom point of the “J” corresponding to the target being
injected, usually the perinuclear area, which is the thickest part of the cell.
Under phase contrast, the penetration of the cell can be seen clearly, since a
bright white spot appears on the surface as the micropipet tip touches the cell
membrane.

Manufacturer’s addresses:
Sutter Instrument Company
51 Digital Drive
Novato, CA 94949 USA
(415) 883 0128
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Bio-Rad Laboratories, Inc.
2000 Alfred Nobel Drive
Hercules, CA 94547 USA
(800) 876 3425

Olympus America, Inc.
2 Corporate Center Drive
Melville, NY 11747 USA
(800) 645 8160

Molecular Probes, Inc.
29851 Willow Creek Road
Eugene, OR 97402 USA
(541) 465-8300
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Delivery of DNA to Cells in Culture 
Using Particle Bombardment

William C. Heiser

1. Introduction
Numerous chemical, physical, and viral methods have been developed for

delivering genes to mammalian cells in culture. Physical methods of gene trans-
fer have the advantage of transporting the genetic material directly into the cy-
toplasm or nucleus of the cell, bypassing the need for specific membrane re-
quirements for transport into the cell. Several different instrument designs have
been described for biolistic delivery of genes (1–5), however, only two of these,
the PDS-1000/He and the Helios Gene Gun, are commercially available. Al-
though both instruments may be used for delivery of DNA into mammalian cells
in vitro, in this chapter I describe protocols using the PDS-1000/He. In experi-
ments comparing gene expression in cells bombarded using both instruments,
expression is routinely two- to three-fold higher in cells bombarded using the
PDS-1000/He (unpublished results).

2. Materials
2.1. Cell Culture

1. Cell-culture medium: e.g., Dulbecco’s Modified Eagle’s Medium (DMEM)
or Hams F-12 for adherent cells, or RPMI-1640 for suspension cells. Sup-
plement medium with serum and antibiotics as required for each cell type
(Invitrogen/GIBCO, Carlsbad, CA).

From: Methods in Molecular Biology, vol. 245:
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2. Trypsin/ethylenediaminetetraacetic acid (EDTA): 0.05% Trypsin, 0.53 mM
EDTA in phosphate-buffered saline (PBS) (Invitrogen/GIBCO).

2.2. Plasmids

Amplify plasmids according to standard methods (6) and purify by CsCl gra-
dient centrifugation or by commercial methods (e.g., Quantum Prep or Aurum
columns, Bio-Rad Laboratories, Hercules, CA). For assaying transient gene ex-
pression in tissue-culture cells, use a plasmid that expresses the firefly (Photi-
nus pyralis) luciferase gene from the cytomegalovirus (CMV) immediate early
promoter.

2.3. Particle Bombardment

1. PDS-1000/He with 1.6-lm microcarriers, stopping screens, macrocarriers,
and rupture disks (Bio-Rad).

2. 100% and 70% ethanol (prepare 70% ethanol fresh daily).
3. 50% glycerol (sterilize by filtering or autoclaving).
4. 2.5 M CaCl2.
5. 0.1 M Spermidine (free base; Sigma, St. Louis, MO, Cat. no. S-0266) (see

Note 1).
6. Helium (Grade 4.5; tank pressurized at least 200 psi above bombardment

pressure).
7. Platform vortexer (e.g., Genie-2, Scientific Industries, Bohemia, NY).
8. Ultrasonic water bath (e.g., Branson, Model 1510, Danbury, CT).
9. Vacuum source capable of evacuating the bombardment chamber of the

PDS-1000/He to 15-in Hg vacuum (vacuum systems found in most re-
search laboratories are capable of accomplishing this).

2.4. Luciferase Assay
1. Luciferase Lysis Buffer: 100 mM phosphate buffer, pH 7.8, 1% Triton X-

100, 2 mM EDTA, 1 mM dithiothreitol (DTT). Store at �20°C; stable for
1 yr.

2. Reagent A: 3.0 mM ATP, 15 mM MgSO4, 10 mM DTT, 30 mM Tricine, pH
7.8. Store at �20°C; stable for 1 yr.

3. D-Luciferin (potassium salt; Biosynth, Naperville, IL, Cat. no. L-8220).
Prepare a 10X solution in distilled water at 2 mM and store in aliquots at
�70°C; this is stable for at least 1 yr. Dilute the 10X solution to 0.2 mM
with distilled water and store at 4°C for up to 1 mo.

4. Firefly Luciferase (Promega, Madison, WI, Cat. no. E-1701). The specific
activity of this solution provides a means of converting the luminometer
reading of relative light units (RLU) to the amount of luciferase in the cell
extract. Prepare dilutions of luciferase in Luciferase Lysis Buffer contain-
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ing 1 mg/mL bovine serum albumin (BSA) and 15% glycerol (750 lL of
Luciferase Lysis Buffer, 100 lL of lg/lL BSA, 150 lL of glycerol).

3. Methods
The first three sections describe the preparation of the cells, the microcarri-

ers and macrocarriers, and the PDS-1000/He for cell bombardment. Coordi-
nating the timing for each of these steps will come with experience. Those
items that can be prepared well ahead of time include the microcarriers (Sub-
heading 3.2.1.), the macrocarriers (Subheading 3.2.2., step 1), and sterilizing
the fixed nest for the PDS-1000/He (Subheading 3.3., step 1). Begin prepar-
ing the cells (Subheading 3.1.) 1–2 d prior to bombardment. On the day of the
bombardment, clean the bombardment chamber of the PDS-1000/He and ad-
just the helium regulator (Subheading 3.3. steps 2 and 3), prepare the suspen-
sion cultures (Subheading 3.1.2., steps 2–5), precipitate the DNA onto the
microcarriers, and load the macrocarriers (Subheading 3.2.2., step 2 and Sub-
heading 3.2.3., steps 1–8). Note that the loaded macrocarriers should be used
within 1 h of loading (Subheading 3.2.3., step 8). If many macrocarriers will
be prepared, keep the DNA-coated microcarriers in ethanol (Subheading
3.2.3., step 7) and load the macrocarriers immediately before bombardment.
Subheading 3.3., steps 4–8 are the final steps to be performed to bombard each
plate of cells.

3.1. Preparation of Cells

3.1.1. Adherent Cultures

1. One day prior to bombardment, inoculate log-phase cells into 35 mm plates
so that they are 50–75% confluent the following day.

2. On the day of the experiment, aspirate the medium from the plates and
bombard the cells as described in Subheading 3.3.

3.1.2. Suspension Cultures

1. Two days prior to bombardment, dilute the cells so that they are in mid-log
phase on the day of bombardment.

2. On the day of the experiment, determine the cell density by counting the
cells in a hemocytometer.

3. Harvest the cells by transferring them to a sterile 50-mL disposable cen-
trifuge tube. Pellet the cells by centrifugation at 400g for 6–8 min at room
temperature.

4. Aspirate and discard the supernatant. Resuspend the cell pellet at a density
of 2–5 � 107 cells/mL.
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5. Immediately prior to bombardment, dispense 20 lL of the cell suspension in
a circle 22-mm in diameter in the center of a 35-mm sterile Petri dish (see
Note 2).

6. Bombard the cells as described in Subheading 3.3.

3.2. Preparation of Microcarriers and Macrocarriers

3.2.1. Microcarrier Preparation

1. Weigh 30 mg of 1.6 lm gold microcarriers in a 1.5-mL microfuge tube. Add
1 mL of 70% ethanol. Vortex for 5 min. Incubate for 15 min.

2. Centrifuge for 5 s. Remove the supernatant and discard.
3. Wash the microcarriers three times with water:

a. Add 1 mL of sterile water.
b. Vortex for 1 min.
c. Allow the particles to settle for 1 min.
d. Centrifuge for 2 s.
e. Remove the supernatant and discard.

4. Resuspend the microcarriers at 60 mg/mL by adding 500 lL of sterile 50%
glycerol (see Note 3).

3.2.2. Macrocarrier Preparation

Prepare one macrocarrier for each plate of cells to be bombarded.

1. Rinse each macrocarrier in isopropanol; insert one macrocarrier into a
macrocarrier holder. Autoclave the prepared macrocarrier holders.

2. Shortly before loading the DNA-coated microcarriers onto the macrocar-
rier, place a prepared macrocarrier holder in a desiccated dish, macrocar-
rier-side up (see Note 4).

3.2.3. Precipitating DNA onto Microcarriers and 
Loading the Macrocarriers

This section describes preparing microcarriers at a DNA/Au ratio of 1.6 with
0.5 mg of microcarriers per macrocarrier (see Note 5).

1. Vortex the microcarriers prepared in Subheading 3.2.1. for 5 min. If nec-
essary, sonicate 2–4 s in an ultrasonic water bath (see Note 3).

2. Remove 50 lL (3 mg) of microcarriers to a 1.5-mL microfuge tube (see
Notes 6 and 7).

3. While vortexing, add the following in order to the microcarriers:

a. 5 lL plasmid (1 lg/lL).
b. 50 lL CaCl2 (2.5 M).
c. 20 lL Spermidine (0.1 M).

4. Continue vortexing for 2 min.

178 Heiser



5. Centrifuge for 2 s. Remove and discard the supernatant, being careful not
to disturb the pellet.

6. Add 140 lL of 70% ethanol down the side of the tube without disturbing
the pellet. Remove the liquid and discard.

7. Add 140 lL of 100% ethanol down the side of the tube without disturbing
the pellet. Remove the liquid and discard.

8. Add 48 lL of 100% ethanol. Gently resuspend the pellet by tapping the side
of the tube several times, then by vortexing at low speed for several seconds.

9. Remove six 6 lL aliquots and transfer them to the center of a prepared
macrocarrier (Subheading 3.2.2.) (see Notes 6 and 8). Allow the ethanol to
evaporate and use these loaded macrocarriers for bombardment within 1 h.

3.3. Preparation of the PDS-1000/He and Cell Bombardment

1. Wrap the fixed nest in aluminum foil (see Note 9). For each plate of cells
to be bombarded, place one stopping screen in a glass Petri dish. Autoclave
the fixed nest and stopping screens.

2. On the day of bombardment, clean the bombardment chamber and target
shelf using 70% ethanol and a clean paper towel. Allow to air dry.

3. Adjust the helium regulator so that the output pressure is 200 psi over the
rupture disk pressure rating (see Note 10).

4. Using forceps, place a rupture disk into the rupture disk retaining cap and
tighten it onto the end of the gas acceleration tube.

5. Place a stopping screen and a loaded macrocarrier (prepared in Subhead-
ing 3.2.3.) into the fixed nest; attach the macrocarrier retaining cap. Insert
the fixed nest immediately below the rupture disk retaining cap in the bom-
bardment chamber.

6. Uncover the tissue-culture dish with the cells (from Subheading 3.1.1. or
3.1.2.) and place it on the target shelf at the closest level (~3 cm) below the
fixed nest.

7. Close the chamber door, draw a vacuum to 15 in Hg, and bombard the cells.
8. Release the vacuum from the bombardment chamber, remove the cells, add

1.5 mL of media, and return the cells to the incubator.
9. Assay transient gene expression in cells 24–48 h postbombardment.

3.4. Luciferase Assay

1. Aspirate the media from the plates.
2. Add 1.0 mL of Luciferase Lysis Buffer (4°C).
3. Incubate the plates on a tray of ice for 10–15 min; rock the plates every

5 min.
4. Tap the plates and rock back and forth to mix the cell extract (see Note 11).
5. Assay a sample of the cell extract in a luminometer (see Note 12).
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6. Convert the RLU of luciferase to the amount (ng) of luciferase in the cell
extract by preparing a standard curve using purified luciferase with a
known specific activity.

4. Notes
1. Order spermidine in 1 g units. Add 5.8 mL of sterile water to prepare a 1

M (10X) solution (the total volume should be 6.9 mL) and distribute into
1.5-mL microfuge tubes leaving a small amount of space for expansion
upon freezing. Store at �70°C. Thaw a tube when needed, dilute 1:10 with
sterile water, and distribute the 0.1 M solution into 0.5-mL microfuge tubes.
Store at –70°C. Thaw the 0.5-mL tubes as needed for daily use; discard any
unused material.

2. Draw a 22-mm diameter circle on paper to use as a template under the 35-
mm plate. Spread the cells in the 22-mm diameter area in the dish using a
sterile genomic pipet tip.

3. Microcarriers may be stored in glycerol for up to 1 mo. After vortexing,
freshly prepared microcarriers should remain in suspension without any
visible, agglomerated, sand-like particles settling out at the bottom of the
microfuge tube. Upon prolonged storage, microcarriers become agglomer-
ated and cannot be dispersed either by vortexing or sonicating.

4. Prepare desiccated dishes by sprinkling Drierite into a 60-mm Petri dish to
cover about one-half of the bottom of the dish. Place a sterile filter paper
on the Drierite and the loaded macrocarrier holder on the filter paper; keep
the lid on the Petri dish. The Petri dish provides a semi-sterile environment
and the Drierite reduces the drying time of the microcarrier/DNA solution.

5. Several variables are at play in optimizing gene delivery (3,7). In order to
express a gene, a gold particle must enter the cell. Therefore, sufficient num-
bers of particles must be delivered to penetrate a sufficient number of cells.
However, cells are killed when penetrated by too many particles. In addi-
tion, the amount of DNA that may be coated onto the surface of the gold par-
ticles is limited to about 2 lg/mg gold (i.e., a DNA to gold ratio (DNA/Au)
of 2 lg plasmid/mg gold). Figure 1 shows the results of increasing the
amount of DNA coated onto the gold microparticles. In one experiment, the
amount of microparticles was kept constant at 0.25 mg/shot. In these sam-
ples, luciferase expression increased with increasing DNA delivered up to
0.42 lg/shot (DNA/Au � 1.67). Further increasing the DNA in the coating
procedure did not result in a further increase in luciferase expression be-
cause the gold appears to have a limited number of binding sites that have
been saturated. In the other experiment, the ratio of DNA to gold was kept
constant at 1.67 lg plasmid/mg gold. In this case, luciferase expression
peaked at 0.42 lg/shot. Delivering additional DNA (and microparticles be-
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cause the DNA-to-gold ratio is constant) resulted in no further increase in
luciferase expression because of a reduced number of cells in the culture
(measured by protein/plate; data not shown). In a third experiment, the
amount of DNA was kept constant at 0.42 lg/shot (Fig. 2). In these samples,
luciferase expression increased with increasing amount of gold delivered up
to 0.25 mg/shot. Further increasing the amount of gold in the sample, while
reducing the DNA/Au ratio below 1.67, did not result in a further increase in
luciferase expression because the additional gold particles result in more
cell killing.
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Fig. 1. Effect of the amount of DNA on luciferase expression in CHO cells. CHO
cells approx 70% confluent in 35-mm plates were bombarded at 1100 psi and Target
Level 1 with 1.6-lm gold particles prepared with increasing amounts of a luciferase
plasmid expressed from the CMV immediate early promoter. In one case the DNA/Au
ratio was kept constant at 1.67. In the other case the amount of gold per bombardment
was kept constant at 0.25 mg. Luciferase expression was determined 24 h postbom-
bardment and expressed as a function of the cell number at the time of bombardment.
The values are averages of three replicates; the vertical bars represent the standard
deviation.



6. When removing aliquots of microcarriers, vortex the tube continuously at
an intermediate speed to keep the microcarriers resuspended and to maxi-
mize uniform sampling.

7. This procedure describes a method for preparing macrocarriers sufficient
for six bombardments. If more bombardments will be performed, prepare
replicate tubes rather than increasing the volume in one tube. If fewer bom-
bardments will be performed, prepare an amount of gold microcarriers in
steps 2 and 3 sufficient for at least three bombardments, wash with the
same volumes of ethanol, and resuspend the pellet in 24 lL of ethanol in
step 6. Because of the inherent variability in pipetting the gold particles,
samples should be assayed at least in triplicate (3,7).
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Fig. 2. Effect of the amount of gold per bombardment on luciferase expression in
CHO cells. CHO cells approx 70% confluent in 35-mm plates were bombarded at 1100
psi and Target Level 1 with 1.6-lm gold particles prepared with increasing amounts of
a luciferase plasmid expressed from the CMV immediate early promoter. Luciferase ex-
pression was determined 24 h postbombardment and expressed as a function of the cell
number at the time of bombardment. The values are averages of three replicates; the
vertical bars represent the standard deviation.



8. Spread the microcarriers evenly in the central ~10-mm portion of the
macrocarrier: dispense the entire aliquot in the center of the macrocarrier,
immediately draw the solution back into the tip of the pipet, then slowly
dispense the microcarriers while moving the pipet tip around the center of
the macrocarrier. Use “standard” pipet tips, not “graduated beveled” tips.
The former have a slightly wider tip and bore, facilitating DNA loading and
spreading and reducing the chance of clogging.

9. Before autoclaving, prepare the fixed nest with the stopping screen at the
middle level (the macrocarrier flight distance is ~8 mm) and adjust the gap
distance to 3/16 in (4.8 mm). These conditions have been found to be opti-
mum for bombardment of mammalian cells in the PDS-1000/He and have
been used almost exclusively for our work at Bio-Rad (7).

10. For mammalian cells, maximum expression occurs at helium pressures be-
tween 650 and 1500 psi (7). Although the optimum pressure should be de-
termined for each cell line, using either 1100 or 1350 psi rupture disks gen-
erally provides nearly optimal conditions.

11. This procedure lyses the cells sufficiently and removing the cell debris is
not necessary. Many procedures call for scraping the cells from the plates,
vortexing to disrupt the cells, then pelleting the cell debris in a microfuge.
These added steps do not result in higher luciferase activity and, in fact, the
vortexing and centrifugation steps may lead to reduced luciferase activity.

12. Using either a tube luminometer or a microplate luminometer, pipet 1–100
lL of cell extract into the luminometer tube or microplate. If the lumi-
nometer has a single injector, also pipette 100 lL of Reagent A into the tube
and set the injector to deliver 100 lL of luciferin. If the luminometer has
dual injectors, set the first injector to deliver 100 lL of Reagent A and the
second injector to deliver 100 lL of luciferin. In either case, program the
luminometer to capture light output for 10 s immediately after the luciferin
is injected. The amount of luciferin in the sample may be determined by as-
saying known amounts of luciferase and preparing a standard curve.
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Delivery of DNA to Skin by Particle Bombardment

Shixia Wang, Swati Joshi, and Shan Lu

1. Introduction
Particle bombardment or particle-mediated DNA-delivery technologies were

developed as physical gene-transfer methods for various in vivo, ex vivo, or in
vitro applications. The basic concept is to directly deliver naked DNA plasmids
into target cells by using accelerated particles as physical carriers. This tech-
nology was first established in plant gene-transfer systems and described as “bi-
olistic (biological ballistic)” in 1987 by Sanford and colleagues (1,2). Based on
the same concept, helium-driven gene-gun systems have been developed, such
as the Accell gene gun by Agracetus, Inc. (3–6) and the Helios gene-gun sys-
tem commercially available at Bio-Rad Laboratories. In this chapter, the Bio-
Rad gene-gun system is used as a model to describe the delivery of DNA to skin
by particle bombardment and the parameters affecting such gene transfer.

Particle bombardment as a physical gene-transfer approach employs a high-
velocity stream for intracellular delivery of carrier particles, which can be coated
with a number of different macromolecules, such as nucleic acids (DNA or
RNA), proteins, or peptides. Many fine, coated particles can be transferred into
hundreds or even thousands of cells in a single delivery. The efficiency of such
gene transfer can be affected by several parameters, including the size and mate-
rial of particles, the amount of the particles and DNA, the ratio of DNA to the
particles, the process of coating DNA onto particles, the acceleration driving
force, the distribution of the particles at the targeting site, and the types of tar-
geted cells and tissues. The particles involved must be non-/low toxic, non-/low
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reactive, and subcellular-sized (0.5–5 micron) spheres with sufficient density to
penetrate the skin. Pure gold beads in the desired size range have been com-
monly used because of their chemical and physical properties and commercial
availability. Purified plasmids are precipitated onto the gold beads. The
DNA/gold bead complex is coated around the inside of Teflon tubing, which is
then cut into cartridges. The cartridges are loaded into the gene gun and the
coated beads are accelerated into target cells or tissues. Parameters that lead to
optimized performance are described and discussed in this chapter.

Skin as an anatomical site normally encounters many exogenous antigens
and contains a wide range of specialized cells in the epidermal layer capable of
eliciting immune responses (7–9). The epidermal cells in a wide range of mam-
malian species can be transfected efficiently (10,11). Therefore, skin is an eas-
ily accessible site for particle-mediated DNA delivery to trigger immune re-
sponses (7). In the past decade, gene-gun delivery of DNA to cells in the
epidermis has been successfully used in many DNA vaccine studies (3,12–16).
The proteins or antigens encoded by the DNA are synthesized in the transfected
cells and are processed similarly as the other newly synthesized proteins. Once
antigens are expressed, they follow the rules of antigen processing and presen-
tation. Although the DNA can only be delivered locally via the particle bom-
bardment method, both humoral and cellular immune responses against the spe-
cific antigen encoded can be elicited (17–19). Delivery of DNA to skin by
particle bombardment has been widely used in DNA immunization and can also
be used for specialized gene therapy purposes.

Particle-mediated DNA delivery technology has been effectively applied to
transfer genes into different biological systems. A number of advantages can be
achieved by particle bombardment, as compared with traditional needle injec-
tion techniques. First, this approach can be used to directly transfer genes to a
wide range of cells by overcoming physical barriers such as the cell wall and
the stratum corneum of the epidermis. Transfer is independent of cell types, lig-
ands/receptors, and cell-surface markers or molecules. Second, co-delivering
multiple genes or components at the same sites or to the same cells can be
achieved. Therefore, particle bombardment delivery can be used to study the in-
teractions between different gene products before they are released from the
cells in which they are expressed. Third, gene-gun inoculation has been con-
sidered the most efficient DNA vaccination approach in terms of DNA amount
needed. Many studies have demonstrated that inoculations of a few micrograms
of DNA by gene gun could raise excellent immune responses in small animals
such as rabbits (20–22), mice (23–25), and guinea pigs (26) and even nonhu-
man primates (17,27,28). Thus, particle bombardment is an effective method in
a wide variety of biological systems, such as gene transfer to mammalian cells
in vivo and in vitro (29–31), gene therapy applications (31–35), and DNA vac-
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cination in experimental animal subjects (3,12,30) against a number of
pathogens, such as hepatitis B surface antigen (36–39), malaria (40–42), HIV
(13,28,43), and rabies (27,44,45).

Although it is a very effective DNA-delivery system, delivery of DNA to
skin by particle bombardment does have its limitations. First of all, it needs ex-
pensive devices and reagents such as a gene gun and gold particles. Second, the
gene gun may selectively induce very high humoral rather than cellular immune
responses (27,46,47) and also antibody isotype biases (47). It was shown that
intramuscular injection of influenza HA antigen-expressing DNA vaccines to
mice generated predominantly Th1 (IgG2a) responses, whereas gene-gun inoc-
ulation with the same DNA vaccines raised predominantly Th2 (IgG1) re-
sponses (47,48).

2. Materials
2.1. Preparation of DNA-Coated Gold Beads

1. Plasmid DNA expressing the gene of interest in TE (10 mM Tris–HCl, pH
8.0, 1 mM ethylenediaminetetraacetic acid [EDTA]) solution at a concen-
tration of 1–5 lg/lL, store at �20°C.

2. Gold beads of 0.5–5 lm diameter. For most animal species, 1 lm gold
beads should be used as the first step (Bio-Rad Laboratories, Hercules,
CA).

3. 100 mM nuclease-free spermidine (free base) (Cat. no. S-0266, Sigma, St.
Louis, MO).

4. 2 M CaCl2 solution, sterile (nuclease-free).
5. Dehydrated ethyl alcohol, 200 proof (such as Cat. no. ET107, Spectrum,

Gardena, CA).
6. 2.0-mL Eppendorf tubes.
7. Vortexer.
8. Microcentrifuge.
9. P20, P200, and P1000 Pipettemen and tips.

10. 22-mL glass scintillation vials with Teflon caps.
11. Parafilm.

2.2. Preparation of Tubing Coated With DNA/Gold Beads

1. DNA-coated gold beads prepared as described in Subheading 3.1.
2. Tefzel tubing, outer diameter 0.127-in, inner diameter 0.093 in (Bio-Rad

Laboratories).
3. Tubing prep station (Bio-Rad Laboratories).
4. Vortexer.
5. Sonication water bath.
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6. Compressed nitrogen gas (N2) (grade 4.8) with nitrogen regulator.
7. Timer.
8. 10-mL syringes with flexible adaptor tubing.
9. Tubing cutter (Bio-Rad Laboratories).

10. 22-mL glass scintillation vials.
11. Desiccant capsules.

2.3. Delivery of the Gold Beads Coated With DNA Plasmids

1. Gene gun (Bio-Rad Laboratories).
2. Compressed helium gas (grade 4.5) with helium regulator.
3. Gold bead-coated cartridges prepared in Subheading 3.2.
4. Anesthetic agents for animals.
5. Animal subjects.
6. Vacuum cleaner.
7. Electric shaver.

3. Methods
3.1. Preparation of DNA-Coated Gold Beads

Prior to coating the gold beads with DNA, the following parameters should
be determined for each study: gold bead load ratio per cartridge (GLR), DNA
load ratio per cartridge (DLR), DNA/gold beads ratio (DGR), the number of
cartridges (shots) to be used per immunization, and the number of immuniza-
tions needed. Typically as a starting point, 1 lg of DNA and 0.5 mg of gold
beads are loaded onto each cartridge, with the DNA to gold beads ratio as 2 lg
to 1 mg (see Table 1 and Note 1).

Table 1
Calculation of DNA and Gold Beads

DGR GLR DLR No. of DNA needed Gold beads 
(lg/mg) (mg/cartridge) (lg/cartridge) cartridges (lg) needed (mg)

4 0.5 2 60 120 30
2 0.5 1 60 60 30
1 0.5 0.5 60 30 30
0.5 0.5 0.25 60 15 30
4 1 2 60 240 60
2 1 1 60 120 60
1 1 0.5 60 60 60
0.5 1 0.25 60 30 60

DGR, DNA and gold beads ratio; GLR, Gold beads loading ratio; DLR, DNA loading ratio.



1. Based on the calculations in Table 1, weigh the proper amount of gold bead
powder into a microfuge tube (see Note 2).

2. Add 100 lL of 100 mM spermidine to the tube containing gold beads (see
Note 3). Vortex for about 30 s at high speed to suspend the gold beads in
the spermidine solution. Sonicate the gold/spermidine mixture for 5–10 s
to disperse any aggregated gold beads. Make sure the gold beads are com-
pletely dispersed.

3. Based on the DGR, add the proper amount of plasmid DNA to the gold-
spermidine mixture and promptly vortex on high for 15–30 s. If more than
one DNA construct will be coated on the same beads, pre-mix the DNA be-
forehand.

4. Precipitate the DNA onto the gold beads: Add 200 lL of 2 M CaCl2 drop-
wise (see Note 4) to the gold bead-spermidine-DNA mixture, while vor-
texing at medium speed. The solution should always remain inside the tube
while vortexing. Let the mixture stand at room temperature for 2–5 min to
settle. When most of the gold beads have settled, centrifuge for 8–10 s in a
microfuge at 9,000g and discard the supernatant.

5. Wash the coated gold beads four times with 1 mL of dehydrated absolute
ethanol each time. Add the ethanol and vortex briefly to resuspend, being
careful not to handle roughly as the DNA will shear. Centrifuge for 8–12 s
and remove the supernatant. The beads are sticky initially and only a short
spin is needed to pellet them (too long of a centrifugation will make it dif-
ficult to resuspend the beads).

6. After the final ethanol wash, add 100% ethanol to resuspend the DNA-
coated gold beads at 8.06 mg/mL and transfer the suspension to a 15-mL
screw-capped polypropylene tube.

3.2. Preparation of Tubing Coated With DNA/Gold Beads

After precipitating the plasmid DNA onto the gold beads, the gold beads will
be coated evenly onto the inner surface of Tefzel tubing. The ideal size of Tefzel
tubing is 0.127 in for the outer diameter and 0.093 in for the inner diameter,
which fits the cartridge holder and provides sufficient surface for coating the
gold beads. After coating, the tubing is cut into 0.5 in cartridges.

1. Insert the Tefzel tubing into the tubing prep station and blow N2 through it
at 0.3 L per min (lpm) for 30–60 min to remove any moisture.

2. When the tubing is sufficiently dried, cut it 5–6 cm beyond the right end
of the tubing prep station. Re-cap the ends of the remaining roll of tubing.
Turn off the N2 gas. Place a 2–3-cm piece of flexible rubber tubing on the
tip of a 10-mL syringe. Attach the flexible tubing to the right end of the
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Tefzel tubing while the latter tubing is still in the prep station. Pull the
Tefzel tubing from the prep station with the syringe attached.

3. Suspend the tube of gold beads by briefly immersing in a sonicating water
bath. Place the free end of the Tefzel tubing into the gold suspension and,
using the syringe, draw the gold beads into the tubing until the tubing is
about two-thirds filled.

4. Pull about 5 cm of air into the end of the tubing after the gold. Wipe excess
gold from the outside of the tubing and then gently insert the tubing back
into the prep station. Do not seat the tubing end into the nitrogen port seal
in the left end of the station. Re-cap the remaining gold suspension in the
vial to avoid evaporation and moisture.

5. Let the gold settle out of suspension in the tubing for 10 min, then slowly
draw the ethanol from the tubing with the syringe at about 5 cm per second.
Remove the syringe from the tubing and discard the ethanol. If the waste
ethanol still contains gold, increase the settling time with the next prepa-
ration.

6. Push the tubing into the seal of the nitrogen port. Turn the prep station on
to rotate the tubing at 20 rpm and allow the gold to spread over the inside
of the tubing for 1 min. Slowly turn the N2 to 0.4 lpm and dry the tubing
for 5 min as it continues to rotate. The color of the gold will become bright
metallic as it dries.

7. Cut the tubing into half-inch cartridges using the tubing cutter. Put the car-
tridges into a small vial, seal the vial with parafilm, and store at �20°C. Be
sure to label both the vial and the cap with the DNA information and the
date of preparation (see Note 5). If tubing is to be stored for later use, add
a desiccant capsule to the vial. Replace the razor blade in the tubing cutter
and wipe away any gold from the cutter box after each batch (paying spe-
cial attention to the tubing insertion hole).

3.3. Delivery of the Gold Beads Coated With DNA Plasmids

The epidermal layer of skin is a desirable site for gene-gun delivery of DNA
plasmids. The gene gun delivers the majority of the gold beads into the epithe-
lial layer, rather than to the stratum corneum or to the relatively acellular layer
underlying the dermal tissues, without excessive tissue damage. Optimal deliv-
ery parameters for each animal species is determined in part by the skin thick-
ness, the accelerating pressure, and the size of the gold beads. The depth of gold
bead delivery should be optimized for each animal species. The examples in
Table 2 show the common parameters used in our studies that affect the deliv-
ery of gold beads into skin at the proper depth. Figure 1 demonstrates the gold
bead distribution in mouse skin as a function of helium pressure. The gold beads
were evenly distributed at the epidermal layer by optimized delivery with the
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Bio-Rad gene gun when the helium pressure was 350 psi (pounds per square
inch) (Fig. 1A). The gold beads were distributed superficially and unevenly in
the mouse skin when 200 psi was used (Fig. 1B).

1. Preparation of the gene gun: Install a battery and insert a barrel liner into
the gene gun. Connect the gene gun to the helium tank regulator by the he-
lium hose. Open the helium tank main valve and adjust the regulator to the
proper output pressure. Install an empty cartridge holder and fire an empty
shot to pressurize the system.

2. Loading cartridges: Insert the cartridges into the cartridge holder, then
place the cartridge holder back into the gene gun.

3. Preparation of animals: Anesthetize the animals following the specific pro-
cedure for the species under study based on the IACUC-approved protocol at
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Table 2
Parameters for Gold Bead Delivery into Skin of Various Animal Species

Gold beads Helium 
Species Delivery sites size (lm) pressure (psi)

Guinea pig Abdomen 0.5–1.5 300–350
Monkey (Rhesus Abdomen, inner thigh 1–3 375–400

macaques)
Mouse Abdomen 0.5–1.5 300–350
Rabbit Abdomen 0.5–1.5 350–400
Rat Abdomen 0.5–1.5 300–350

Fig. 1. Distribution of gold beads on mouse dermal tissue delivered by a gene gun
with different pressure settings for partical bombardment. (A) 350 psi. (B) 200 psi.

The gold beads can be seen as black dots (magnification = �400).



each institution. The anesthesia should allow the animals to sleep for 30–60
min depending on the need. Shave the target area and vacuum the fur away.

4. Place the gene gun over the target site and fire the gene gun, then move the
cylinder to the next cartridge position. Be sure to understand the number-
ing system on the cartridge holder in order to track how many shots have
been fired.

4. Notes
1. In order to have the best DNA-delivery result, every step involved in par-

ticle bombardment should be optimized. The following are especially im-
portant in success of gene-gun delivery:

a. The diameter of the gold beads and the helium pressure. Because the
thickness of skin varies in different animal species, both parameters can
affect the depth required to deliver the majority of the gold beads into
the epidermal layer. See Table 2 for suggested starting conditions de-
livering DNA to skin in various species.

b. Moisture/humidity is very damaging to the quality of the gold bead-
coated tubing. Thus, the ethanol and tubing should be moisture-free. If the
humidity is high, it may be necessary to dry the tubing for a longer time.

c. The gold beads should be evenly distributed inside the tubing. In order
to achieve the best DNA-delivery result, the gold bead-coated tubing
with any of the following appearance may not be good to use:
i. The gold beads are lined on one side of the tubing;
ii. The gold beads are distributed as stripes in the tubing; or
iii. The color of the gold bead-coated tubing is very faint or light.

2. If 0.5 mg of gold beads is loaded into each cartridge with DGR of 2, 30 mg
of gold is needed for 60 cartridges. For each preparation, the number of car-
tridges should be limited to 30–80 shots for easy handling and optimum re-
sults. Separate preparations should be made if a larger number of shots are
needed.

3. If the volume of the DNA solution to be used in Subheading 3.1., step 3 is
between 100 and 200 lL, add 200 lL of 100 mM spermidine to the gold
beads.

4. The volume of CaCl2 should be twice the volume of spermidine.
5. Ideally, the cartridges should be made immediately after the gold beads are

coated with DNA. However, the gold bead suspension may be stored at
�20°C for a few weeks. To store the beads, seal the cap of the suspension
with parafilm to prevent the ethanol from absorbing water from the air,
which will reduce the performance of the tube-coating process.
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Biolistic Transfection of Cultured Organotypic 
Brain Slices

A. Kimberley McAllister

1. Introduction
Transfection of postmitotic neurons remains one of the most challenging

goals in the field of gene delivery. For many cell types, gene transfer using the
various methods described in this book has become a routine tool for studying
gene regulation and function. However, postmitotic neurons are not easily trans-
fected by most gene-delivery methods. Conventional techniques to transfect
neurons in intact tissue are problematic because they are often unreliable or too
time-consuming.

Recently, biolistic transfection has proven successful in transfecting postmi-
totic neurons in organotypic brain slices (1,2). Biolistics is a physical method
of transfection (3–5). In biolistics, micron-sized gold particles are coated with
plasmid DNA and then accelerated at high speeds toward target tissue. Cells
penetrated by a gold particle have a high likelihood of becoming transfected.
For the biolistic device discussed in this protocol (the Helios gene-gun system
produced by Bio-Rad), high-pressure helium accelerates the gold particles into
the tissue. Biolistic transfection is efficient, reliable, and does not require ad-
vanced molecular biological facilities for its application.

To study the signals that regulate neural development, we use organotypic
brain-slice cultures (1,2). Organotypic slice preparations are a powerful exper-
imental system as they preserve the three-dimensional architecture and local en-
vironment of neurons while allowing easy access for experimental manipula-
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tion and observation (6). Interface cultures, in particular, preserve the three-di-
mensionality of the tissue slice (6). To prepare this culture type, slices are placed
on culture inserts so that the top surface of the slice is exposed to the incubator
atmosphere while the lower surface contacts the culture medium (6). Organ-
otypic, interface slices remain healthy for weeks and continue to differentiate,
forming layer-specific connections (7,8). There are several methods for cutting
brain slices: the tissue slicer, the tissue chopper, or the vibratome. The method
that produces the healthiest slices for culturing organotypic slices of young
cerebral cortex is the tissue slicer, a device designed by Lawrence C. Katz (9)
and distributed by SD Instruments. This method of slicing is extremely fast; the
time from brain removal to placing slices in the incubator is only a few min-
utes.

Here, we provide information on optimizing the parameters for biolistic
transfection of neurons in cultured, organotypic brain slices. Biolistic transfec-
tion is a relatively simple and effective method for transfecting neurons in brain
slices, resulting in high levels of expression of reporter proteins in transfected
cells. Once optimized, biolistic transfection is a reliable and efficient method
for studying gene function in many cell types, including postmitotic neurons.
Neurons can be transfected immediately following slice preparation. In general,
biolistics consists of three steps: coating gold particles with DNA, preparing the
cartridges, and accelerating the particles into the tissue.

2. Materials
2.1. Slice Cultures

1. Agarose 1000 (Invitrogen Corp. Carlsbad, CA, Cat. no. 10975027).
2. Basal Media Eagle (BME; Invitrogen Corp., Cat. no. 21010046).
3. Hank’s Balanced Salt Solution (HBSS; Invitrogen Corp., Cat. no.

24020117).
4. Horse Serum heat-inactivated, (Hyclone, Logan UT, Cat. no. SH30074.02).
5. HEPES Buffer Solution (1 M solution; Invitrogen Corp., Cat. no.15630080).
6. Penicillin-streptomycin liquid (Invitrogen Corp., Cat. no. 15070063).
7. One glass Petri dish (painted black to ease visualization of opaque brain

slices), autoclave.
8. HEPES (Invitrogen Corp., Cat. no. 11344-033).
9. Paint brushes, size 000, rinsed in EtOH; autoclave.

10. Pasteur pipets: cut thin tips off and place pipet bulb on cut side so slices
can be sucked into large-bore end; autoclave.

11. Tissue slicer (9; SD Instruments, Grants Pass, OR): prepare winders ac-
cording to procedure enclosed with apparatus. To sterilize, rinse winders
with 95% EtOH and expose to UV for 10 min each side.
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12. Sterile tissue-culture inserts, 0.4-lm pore size (Millicell CM Inserts Cat.
no. PICM 03050, Millipore Corp., Bedford, MA or Falcon Cat. no. 3090,
Fisher Scientific Co., Pittsburgh, PA).

13. Sterile tissue culture plates (Falcon, Cat. no. 1146).
14. Sterile disposable tissue culture filter units (see Note 1; 0.2-lm filter size;

Nalgene Nalge Nunc International, Rochester, NY, Cat. no. 156-4020).
15. Fine scissors (Fine Science Tools, Foster City, CA, Cat. no.14063-09), au-

toclave
16. Blunt forceps (Fine Science Tools, Cat. no. 11006-12), autoclave.
17. Fine forceps (Fine Science Tools, Cat. no. 11251-35), autoclave.

2.2. Solutions

All solutions should be made in a sterile hood, unless indicated otherwise.

1. Culture medium for slice cultures: 50% BME, 25% HBSS, 25% Horse
serum, 33 mM D-glucose, 10 mM HEPES (from a 1 M solution stock), 100
U/mL Penicillin-streptomycin. Sterilize culture medium by running through
a sterile filter unit (see Note 1). Maintain 100 mL of media on ice for slicing
and 400 mL of media in a 5% CO2/ 37°C incubator for feeding cultures.

2. HEPES ACSF: 140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 24 mM D-glucose,
10 mM HEPES, 1 mM CaCl2. pH solution to 7.2, sterile filter using a filter
unit, and store at 2–4°C (see Note 2).

3. 1.85% Agarose: Weigh enough agarose to make a 1.85% solution (weight
to volume). Add to water. Dissolve by heating agarose solution in a mi-
crowave. Pour into a large glass petri dish (150 � 15 mm) allow to solid-
ify, cover, and store at 2–4°C for up to 2 wk. UV sterilize before use.

4. 1 M CaCl2 solution: 1 M solution dissolved in distilled H2O. This solution
does not need to be sterile.

5. PVP solutions: Dissolve 20 mg of PVP in 1 mL of fresh 100% EtOH to
make a stock solution. Then, dilute 20 lL of PVP stock into 8 mL of fresh
100% EtOH (final concentration 0.05 mg/mL) (see Note 3).

6. Spermidine solution: Dilute spermidine (free base, Sigma, St. Louis, MO,
Cat. no. S-0266) to a final concentration of 0.05 M in sterile distilled H2O.
Store the dilute solution in a refrigerator for up to 6 mo.

2.3. Biolistic Transfection

1. Bio-Rad Helios gene-gun system (Bio-Rad, Hercules, CA, Cat. no. 165-
2431): includes gene gun, tubing prep station, optimization kit, helium
hose, and high-pressure helium regulator (purchase the regulator with the
lowest possible pressure gauge).

2. 5% CaCl2.

Biolistic Transfection of Slices 199



3. 100% EtOH (fresh bottle).
4. Gold, 1.6 lm (Bio-Rad).
5. Compressed helium (Grade 4.5 [99.995%] or higher); placed beside the

laminar flow hood.
6. Compressed nitrogen (Grade 4.8 (99.998%) or higher); with a regulator that

registers a maximum of 30 psi; placed near and connected to the tubing
prep station.

7. Nylon Mesh (Small Parts Cat. no. CMN-90-D, Clear Lakes, FL).
8. Polyvinylpyrollidone (PVP; Bio-Rad).
9. Razor blades.

10. Gold-coat tubing (Bio-Rad).

2.4. Plasmids

1. Supercoiled plasmid DNAs can be purified using commercial plasmid iso-
lation kits, such as Qiagen spin miniprep kits (Qiagen, Cat. no. 27104) or
Bio-Rad midiprep kits (Bio-Rad, Cat. no. 732-6120) (see Note 4).

2.5. Animals

Cultured organotypic slices can theoretically be made from the brain of any
mammal. However, this protocol is optimized for culturing slices of cerebral
cortex from newborn ferrets and rats or mice. There are multiple vendors for
these animals and they cannot be purchased before obtaining approval from
your institutional IACUC committee. The most common vendor for ferrets is
Marshall Farms, North Rose, NY; and for mice and rats is Charles River Labo-
ratories, Wilmington, MA.

3. Methods
3.1. Slice Cultures

3.1.1. Preparation of Slicer

1. Place slice culture medium (Solution 1), HEPES ACSF (Solution 2), and
agarose (Solution 3) on ice.

2. Place dissection microscope, black Petri dish, 250-mL beaker, surgical in-
struments, culture dishes and inserts, brushes, slicer in hood. Wash every-
thing that is not sterile with 70% EtOH, and expose to UV light for 20 min.

3. Cut a slab of agarose to fit the slicer, place on removable slicer component,
and place both on ice.

4. Place winder into slicing apparatus.

3.1.2. Preparation of Slice Cultures

1. Wear gloves, wipe hands with 70% EtOH often, and wear a face mask.
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2. Anesthetize the animal, according to your IACUC protocol.
3. Rinse the animal’s head with 70% EtOH and decapitate with razor blade.
4. Transfer the head into the hood and place on paper towel.
5. Remove the brain and place in a black petri dish filled with ice-cold HEPES

ACSF. Using ice-cold solutions enhances slice health and makes the tissue
more solid and easier to handle.

6. Viewing under the dissecting microscope, remove pia from desired brain
region using fine forceps and separate the appropriate block of tissue.

7. Place the tissue onto the agarose and insert into the slicer (follow instruc-
tions from SD Instruments).

8. Activate slicer spring. The winder will slice tissue into 400 lm-thick slices
(or a different thickness, depending on winder preparation as described in
Slicer instructions from SD Instruments).

9. Unscrew winder from slicer and remove the tissue with winder.
10. Gently place the tissue and winder into a clean Petri dish with fresh, ice-

cold HEPES ACSF (Solution 2).
11. Carefully separate the slices with a paintbrush, touching the brain tissue as

little as possible.
12. Place culture inserts into the culture plates.
13. Suck the slices into the large-bore end of a Pasteur pipet and drop them onto

an insert.
14. Using a paintbrush, gently separate and flatten slices so they can’t grow to-

gether.
15. Using the thin-bore side of a Pasteur pipet, remove as much HEPES ACSF

as possible from the filter without touching the slices.
16. Place 1 mL of culture medium (Solution 1) under each insert; the medium

should wet the insert without floating the slices. Remove any bubbles from
beneath the insert.

17. Maintain slices in a 5% CO2/37°C incubator.
18. Change the medium every 3 d.

3.2. Biolistic Transfection

The details for this procedure are clearly described in the Helios Gene Gun
System Instruction Manual from Bio-Rad Laboratories. Several modifications
to these basic procedures are detailed below that enhance transfection reliabil-
ity for organotypic slice cultures (8,9).

3.2.1. Preparation of DNA-Coated Gold

1. Prepare fresh PVP solutions (Solution 5).
2. In a 1.5-mL microcentrifuge tube, mix 0.0125 g of gold (1.6 lm in diame-

ter; see Note 5) and 100 lL spermidine solution (Solution 6).
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3. Vortex and sonicate for 5 s (see Note 6).
4. Add 25 lg of DNA and vortex for 5 s.
5. Add 100 lL of 5% CaCl2 drop-wise, while vortexing.
6. Allow the gold and DNA to precipitate for 10 min, rotating the tube peri-

odically.
7. To pellet the gold, spin for 15 s at maximum speed in a microcentrifuge.
8. Remove the supernatant and discard.
9. Wash the gold particles three times with 1 mL of fresh 100% EtOH. Be-

tween each wash, spin for 5 s at maximum speed.
10. Resuspend the gold particles in 200 lL of dilute PVP solution (Solution 5)

and transfer to a 15-mL centrifuge tube.
11. Rinse all of the gold particles out of the microcentrifuge tube with 800 lL

dilute PVP solution (Solution 5) and transfer to a 15-mL centrifuge tube.
12. Add 2 mL of dilute PVP solution (Solution 5) to a final volume of 3 mL of

gold particles in PVPsolution. This solution is the DNA/PVP/EtOH mixture.

3.2.2. Preparation of Biolistic Cartridges

1. Insert a 30-in length of gold-coat tubing into the tubing prep station and
allow nitrogen to flow through for 30 min at 0.35 l per minute (lpm).

2. Turn off the nitrogen with the flowmeter on the prep station.
3. Remove the tubing from the tubing prep station. Attach a syringe to one end

of the tubing (using the adapter tubing provided by Bio-Rad).
4. Vortex the gold suspension and invert the tube twice.
5. Pull 3 mL of the DNA/PVP/EtOH mixture into the open end of the purged

gold-coat tubing using the syringe. Fill the tubing carefully, avoiding bub-
bles, until the DNA/PVP/EtOH mixture is 2 in from the syringe.

6. Keeping the tubing horizontal and the syringe attached, insert the loaded
tubing into the tubing prep station.

7. Allow the gold to settle for 5 min, keeping the syringe attached.
8. Slowly and steadily remove the PVP/EtOH solution using the syringe, leav-

ing the settled gold undisturbed. Detach the syringe and discard the solu-
tion (see Note 7).

9. Immediately turn the tubing 180° using the switch on the prep station, al-
lowing the gold to coat the tubing for 5–15 s.

10. Turn the switch on the prep station to ON to rotate the tubing for 30 s.
11. While the tubing is rotating, open the valve on the flowmeter to allow 0.35

lpm nitrogen to dry the gold onto the inside of the tubing for 5 min.
12. Turn the motor OFF. Remove the tubing.
13. Cut off any pieces of tubing not uniformly coated with gold. Use the tub-

ing cutter (provided with the system by Bio-Rad) to cut the tubing into 0.5-
in cartridges.
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14. Store the cartridges in a vial (supplied by Bio-Rad) with a dessicator pel-
let, label, and wrap with parafilm. Cartridges can be stored for 3 mo at 4°C.

3.2.3. Transfecting Slices

1. Attach a piece of 2 � 2 inch nylon mesh with tape to the barrel liner, cov-
ering all of the exposed parts (see Note 8). Sterilize this mesh and the car-
tridge holders by exposure to UV light for 30 min.

2. Insert an empty cartridge holder and a 9V battery into the Helios Gene Gun.
3. Using the special helium hose provided by Bio-Rad, attach the gene gun to

the regulator (provided with the Bio-Rad Biolistic system) on the helium
tank. To pressurize the helium hose and the reservoirs in the gun, fire a few
shots at 100 psi.

4. Load the gold-containing cartridges into the cartridge holders (provided by
Bio-Rad) and load the holder into the gene gun.

5. Attach the barrel liner with the nylon mesh to the gene gun.
6. Using sterilized forceps, place a filter insert containing slice cultures onto

a slab of agarose (presterilized by UV, Solution 3).
7. Quickly, position the gene gun above the slices at a 90° angle to the slices

and bring the end of the barrel flush with the top of the filter insert.
8. Shoot the gold into the slices at a pressure of 75–110 psi (see Note 9).
9. Quickly replace the inserts into their original medium and return to the in-

cubator.
10. Close the helium tank, release the pressure from the gene gun, and detach

the gene gun from the helium tank.
11. Remove the cartridge holder and discard the used cartridges.
12. Check for successful transfection by visualizing the gold in the slices using

a dissection microscope. The gold particles should be evenly distributed in
the slice to a depth of 300 lm. Subsequently, transfected cells should be vi-
sualized by visualizing the reporter gene (i.e., by visualizing EGFP with
fluorescence microscopy; see Notes 9 and 10).

4. Notes
1. Nalgene filters are the best choice as they have minimal detergent in their

filters. The use of filters from other companies, including Corning, can lead
to unhealthy slices, possibly owing to detergent in their filters.

2. This protocol is optimized for organotypic slices from the ferret visual cor-
tex. Cortical slice cultures from rat or mouse are more difficult to keep
healthy. Healthy slices are more often obtained when NaCl is replaced with
equimolar sucrose in the HEPES ACSF (dissection solution).

3. The PVP solution must be made fresh each day from a newly opened bot-
tle of EtOH (to avoid any water at the last step in the cartridge-coating pro-
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cedure). An alternative to using a new bottle each time is to aliquot a fresh
bottle of EtOH and freeze the aliquots at �20°C.

4. DNA amplified with the specified kits is usually pure enough to facilitate
reliable transfections. However, if transfection is unsuccessful, it is possi-
ble that the DNA might be contaminated.

5. For cortical and hippocampal neurons, 1.6 lm gold particles transfect the
greatest number of healthy neurons. It is possible that smaller diameter cells
will be optimally transfected with smaller gold particles, which are also
available from Bio-Rad.

6. The concentration of gold particles in this protocol corresponds to half the
Bio-Rad-recommended concentration. In cortical slices, the Bio-Rad-rec-
ommended amount of gold causes too much tissue damage. The concen-
tration recommended here is optimal for transfection of cortical slices.

7. The Bio-Rad manual suggests that the PVP/EtOH solution be removed with
a peristaltic pump. This is unnecessary as the solution can easily be re-
moved with the syringe without disturbing the gold.

8. The nylon mesh reduces the detrimental effects of the helium shock wave.
This is critical to the success of biolistic transfection of organotypic corti-
cal slices.

9. A number of factors affect the success of biolistic transfection. The num-
ber of neurons transfected using biolistics depends on the amount of gold
per shot, the efficiency of the expression construct, and the helium pres-
sure. These parameters must be optimized for each tissue type, and controls
must be designed to ensure that biolistic transfection does not damage the
slices. For every tissue, there is a threshold gold concentration that will re-
sult in the largest number of transfected cells without tissue damage. In-
creasing the gold concentration above that threshold can cause extensive
tissue damage in brain slices; decreasing the gold concentration too far will
result in low numbers of transfected cells. Similarly, there is an optimal he-
lium pressure for each tissue type that will provide the greatest penetration
of the slices without tissue damage. Pressures above that threshold produce
a helium shock wave that kills cells in slices; pressures below the thresh-
old prohibit transfection. Because a few cells can be transfected even in
cases with significant tissue damage, the simple observation of transfected
cells is not sufficient to ensure the health of the tissue or cells. The nylon
mesh described above minimizes this shock wave, but the helium pressure
must still be optimized and careful controls performed to ensure that bi-
olistics is not damaging the transfected cells.

10. For organotypic brain slices, the most important parameter for transfection
success is neuronal health. If slices are unhealthy, levels of transfection will
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be low. More often than not, if no transfected cells are obtained, it is the
health of the cultures that is the problem.
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Efficient Electroporation of Mammalian Cells in Culture

Peter A. Barry

1. Introduction
Electroporation exploits the fact that high-voltage electrical fields can tem-

porarily disrupt the structural integrity of cell membranes (1). When an electri-
cal pulse is delivered to cells placed between two electrodes, pores develop in
the membrane within 3 milliseconds (ms) and increase in size up to 120 nm by
20 ms (3). The presence of the pores is transient, and they reseal within a few
seconds. During this brief window of time, it is possible to introduce a wide
variety of macromolecules into mammalian tissue culture cells. Electroporation
is broadly applicable to multiple cell types, highly efficient, reproducible, and
appropriate for both transient and stable transfections.

However, electroporation conditions are cell line-dependent. Similar to
chemically mediated transfection techniques, optimal conditions must be
established for each cell line. This chapter is designed to provide the investiga-
tor with a reliable protocol that enables a high level of transfection efficiency
and gene expression. There are many variables that can influence the success of
electroporation. These include the state of cell growth at the time of electropo-
ration, the amount of transfecting DNA, size of the capacitor used to store the
charge, and the voltage of the electrical charge delivered to the cells. Although
the focus will be on transient gene expression, the strategy can also be extended
to stable transfection.
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2. Materials
2.1. DNA

1. Purify plasmids for electroporation by standard techniques (7) and deter-
mine concentration by optical density (OD) at 260 nm. Adjust DNA con-
centration to 0.5–1.0 lg/mL. Aliquot DNA samples and store at �80°C.

2. Purify genomic DNA by sodium dodecyl sulfate (SDS)/proteinase K
lysis, phenol-chloroform extraction, and ethanol precipitation (7). Adjust
DNA concentration to 0.5–1.0 lg/mL. Aliquot DNA samples and store at
�80°C.

2.2. Electroporation

1. Gene Pulser II System (Bio-Rad Laboratories, Hercules, CA).
2. 0.4 cm electroporation cuvet (Bio-Rad Laboratories).
3. RPMI 1640 (Invitrogen, Carlsbad, CA).

2.3. Analysis of Electroporation

Vectastain Elite ABC Kit and DAB Substrate Kit (Vector Laboratories,
Burlingame, CA).

3. Methods
3.1. Preparation of Cells

1. Subdivide adherent or suspension cell cultures 16–24 h prior to day of elec-
troporation (Day �1, Table 1). Approximately 4 � 106 cells will be re-
quired per electroporation sample. Adjust plating density with normal
growth medium so that the cells will be in logarithmic phase of growth at
time of electroporation (Day 0, Table 1; see Notes 1 and 2).

2. On day of electroporation, trypsinize adherent cell cultures. Pellet tryp-
sinized or suspension cell cultures in a table top centrifuge (5 min at 500g).
Wash cells two times with phosphate-buffered saline (PBS).

3. Resuspend cells in RPMI 1640 media (without supplements); count viable
cells and adjust the cell density to 1.3 � 107 cells per mL. Maintain cells
at room temperature (see Note 3).

3.2. Electroporation

1. Add DNA to bottom of labeled cuvets. Use a maximum of 10 lg (10–20
lL) of DNA per cuvet. Maintain at room temperature (see Note 4).

2. Working with three to four cuvets at a time, add 0.3 mL of resuspended
cells to the bottom of each cuvet. Gently tap cuvet to mix DNA and cells.
Avoid introducing air bubbles. Maintain at room temperature.
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3. Place a cuvet into the cuvet holder of the Gene Pulser. Adjust capacitor and
voltage settings (see Note 5). Pulse cuvet, remove, and tap gently to mix
electroporated cells. Record Time Constant of decay. Maintain cuvet at room
temperature until the batch of three to four cuvets has been pulsed.

4. Remove cells from cuvet and place into normal growth medium within a
T25 flask or a single well of a six-well plate. Rinse cuvet with growth
medium and pool with remainder of cells. Place flask in a 37°C/5% CO2
humidified incubator.

5. Complete electroporation of cells, working with three to four cuvets at a
time.

Table 1
Protocol for Electroporation

Phase Day Procedure

Pre-electroporation �1 Subdivide cells the day before electroporation so 
that cells are in the logarithmic phase of growth
at time of electroporation the next day.

Electroporation 0
cells Harvest cells, wash twice in PBS, and resuspend 

cells in RPMI 1640 media (no supplements) at a
density of 1.3 � 107 cells per mL.

Add 0.3 mL of resuspended cells per 4 mm cuvet.
Maintain at room temperature.

DNA Use 5–10 lg of super-coiled DNA per cuvet (10–20 
lL volume).

Conditions To be determined (see text).
Work with three to four cuvets at one time. Add
DNA to 

cuvet, gently tap to mix, but avoid introducing air
bubbles.

Pulse each cuvets, tapping the cuvet after pulsing to 
redistribute the cells. Keep cells at room
temperature.

After pulsing the batch of cuvet, immediately 
transfer contents of cuvette to a T25 flask or well
of a six-well plate containing normal growth
media.

Post-electroporation �2 Either harvest cells for transient assay, immuno-
cytochemistry, Western blot, RNA analysis.
Alternatively, place cells in selective media.



6. Maintain cells at 37°C for 24–48 h (Day �2, Table 1) then assay transient
gene expression. Note that the optimal time for expression will need to be
empirically determined and will depend on both the cell line and the gene
being delivered.

3.3. Analysis of Electroporation

1. Determine viable cell number. This can be accomplished using a variety of
techniques, such as staining cells with a vital dye and counting cells in a
hemocytometer.

2. For transient transfections, harvest cells for enzymatic assays, RNA, pro-
tein, or immunocytochemistry, according to recommended protocols (see
Note 6). For stable transfections, remove growth medium, and replace with
appropriate selective medium.

4. Notes
1. Maintain stocks of cells in relation to the size of the experiment; 4 � 106

cells are recommended per DNA sample or electroporation condition as a
starting cell number. The number of cells can be adjusted downward if the
sensitivity of the experimental assay is sufficient.

2. Optimal electroporation requires that cells be in an active state of growth
at the time they are prepared for pulsing. If cells approach stationary phase,
electroporation efficiency drops (data not shown). Cells can be subdivided
more than 1 d in advance as long as the plating density is accordingly re-
duced.

3. RPMI 1640 works exceedingly well as an electroporation medium, even
for those cells normally cultured in a different growth medium. No sup-
plements (e.g., serum, penicillin/streptomycin) are added to the RPMI for
electroporation. Other basal growth media should also work well. Optimal
capacitor and voltage settings may be slightly different from those observed
with RPMI 1640 owing to differences in formulations. It should be empha-
sized that cells are returned to their normal growth medium after pulsing.

4. There is an upper limit to the amount of DNA that should be used for elec-
troporation; 10–20 lg results in a high efficiency of transfection and strong
gene expression. Use of greater amounts can reduce cell viability and gene
expression (data not shown).

5. Optimal electroporation conditions should be empirically determined for
each cell line. Key factors that will influence the interpretation of the re-
sults will be the level of gene expression, efficiency of gene uptake, and
cell viability after electroporation. A typical experiment involves slight ad-
justments in the capacitor size and voltage using a constant amount of
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DNA. This is illustrated for Jurkat cells (a human T-lymphoid cell line)
(Table 2, only voltage adjustments are presented).

6. As an example, Jurkat cells were transfected with plasmids containing the
chloramphenicol acetyltransferase (CAT) gene under the transcriptional
control of the HIV-1 promoter (pHIVLTR/CAT) and the HIV-1 tat gene
driven by the SV40 promoter (pSV/tat) (2). Cells were analyzed at 48 h for
CAT activity (5). The results demonstrate that pulsing Jurkat cells with 200
and 250 volts and the 960 lF capacitor produced the highest level of CAT
expression. A similar approach has been used to identify efficient electro-
poration conditions for a variety of mammalian cells (Table 3).

The level of transgene expression is generally a function of the effi-
ciency of DNA uptake by electroporated cells. Electroporation conditions
that result in high levels of gene expression (e.g., 200 volts, Table 2) are
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Table 2
Optimization of Electroporation Conditions for 
Jurkat Cells (960 lF)

Voltage Time constant (ms) CAT Activity (cpm)

100 38 6,120
150 32 595,600
200 34 2,171,840
250 31 2,185,100
300 30 162,320

Table 3
Optimal Electroporation Conditions for Mammalian Cellsa

Cell line Capacitor (lF) Voltage (kilovolts)

Chinese hamster ovary (CHO) 960 0.25
CEMx174 960 0.2
GCT 960 0.2
HeLa 500 0.3
HuT78 960 0.25
L929 500 0.35
MRC-5 960 0.3
U373 960 0.3
BALB/c 500 0.4
Cos7 960 0.3
Vero 960 0.3

aIn all cases, electroporation is in 0.4-cm cuvets with 0.3 mL of cells.



associated with the highest percentage of cells that express input DNA.
This can be readily assayed by electroporation of a reporter plasmid for
which the presence of the expressed protein product can be assayed by a
simple fluorescent assay (e.g., enhanced green fluorescent protein; EGFP)
(4) or immunocytochemical stain (e.g., human cytomegalovirus [HCMV]
immediate-early [IE] 1 protein [2]).

a. For transfection analysis by EGFP expression, transfect cells with a plas-
mid-expressing EGFP under the transcriptional control of a constitutive
promoter, such as that of the SV40 early promoter. If the investigator has
access to an inverted fluorescent microscope, the EGFP-expressing cells
can be visualized directly in the tissue culture flask without prior fixation.
Otherwise, cells should be plated on chamber slides (Fisher Scientific,
Pittsburgh, PA) after pulsing. Two days after electroporation, fix cells for
30 min in 2% paraformaldehyde (in PBS) then extensively wash them
in PBS. Mount slides with a cover-slip using Fluoromount G (Electron
Microscopy Sciences, Fort Washington, PA) as a mounting medium. Vi-
sualize EGFP-expressing cells under fluorescent light using single-by-
pass filters (Omega Optical, Brattleboro, VT). Compare the number of
fluorescent cells per microscopic field under fluorescent light with the
number of cells under visible light. Alternative reporter plasmids can be
substituted for EGFP. For example, b-galactosidase has the advantage of
an enzymatic stain that can be detected with visible light (6).

b. For immunocytochemical detection of gene expression, plate cells either
on multiwell dishes (e.g., 96-well) or chamber slides. After 44–48 h
(Day �2) wash cells twice with PBS and fix cells. The choice of fixa-
tive and antibody staining parameters depends on the particular antibody
preparation. For HCMV IE1 protein, fix cells in cold methanol:acetone
(1:1) for 30 min. Remove fixative and allow plates to dry. Rehydrate
cells by three washes in PBS and then incubate in 3% hydrogen perox-
ide-distilled water. After washing in PBS, incubate cells for 2 h (25°C)
in anti-HCMV IE1 (clone MAb810, Chemicon, Temecula, CA), diluted
1:1,000 (in PBS-0.1% Tween-20, PBS-T). Following three washes in
PBS-T, incubate cells in secondary antibody (biotinylated goat anti-rab-
bit, 1:800; Vector Laboratories) for 1 h at room temperature. Wash the
slides three times in PBS-T, and add avidin-biotin complex-peroxidase
(ABC) (Vector), followed by diaminobenzidine (DAB) (Vector) as a
substrate until there is sufficient color development. Depending on the
level of gene expression, intense staining may be observed within 5 min
at room temperature. Terminate the reaction by rinsing the cells in dis-
tilled water. Visualize cells using a microscope.
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For many of the cell types listed in Table 3, optimal electroporation conditions
can result in 50–75% of the viable cells expressing the transgene (data not
shown). Conversely, inefficient conditions (e.g., 100 volts, Table 2) will result
in a very low percentage of cells expressing input DNA.

There is a trade-off between efficiency of electroporation and cell viability.
Conditions that result in the majority of cells expressing input DNA are usually
accompanied by large increases in cell death. Rates of cell mortality can range
between 25 and 75% of the pulsed cells (data not shown). Too extreme a set of
conditions (such as 300 volts for Jurkat cells, Table 2) results in a very high
level of cell killing, ultimately reducing the level of CAT activity. Determining
what constitutes “optimal” electroporation conditions will depend, in part, on
the experimental goal. If the investigator wishes to compare expression between
two or more plasmids, it probably is not necessary to achieve the highest elec-
troporation efficiency. As a result, a number of cells lower than 4 � 106 could
be used for pulsing. Conversely, if there is a need to transfect the majority of
cells, then the pulsing parameters that establish the highest efficiency should be
identified.
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Delivery of DNA to Skin by Electroporation

Nathalie Dujardin and Véronique Préat

1. Introduction
The easy accessibility and the large area of the skin make it a potential tar-

get for gene therapy (1) while its immune activity makes it an efficient site of
DNA vaccination (2). Despite these potential advantages for the delivery of
DNA into the skin, a significant physical barrier impedes the transfer of large
molecules, including DNA, into the epidermal cells. First, transdermal transport
of molecules is limited by the low permeability of the stratum corneum, the out-
ermost layer of the skin. Only potent lipophilic low molecular-weight (�500)
drugs can be delivered by passive diffusion at therapeutic rates. Hence, the
transdermal penetration of hydrophilic and/or high molecular-weight mole-
cules, including DNA, requires the use of methods to enhance skin permeabil-
ity and/or to provide a driving force acting on the permeant. Both chemical
(e.g., penetration enhancer) and physical (e.g., iontophoresis, electroporation,
or sonophoresis) methods have been used but their efficacy remains low for the
transport of macromolecules through the stratum corneum. Besides the stratum
corneum, a second barrier to the penetration of DNA in the target cells of the
skin is the cell membrane.

Electroporation consists of applying short high-voltage pulses that create
aqueous pathways across lipid bilayers. It has been shown to (1) increase the
transport of molecules, including macromolecules, through the stratum corneum
(3–5); and (2) enhance the permeability of the skin and the subcutaneous tissue
(6–7). Hence, electroporation could be a promising method to deliver genes into
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the skin either when the DNA is applied topically on the skin (topical delivery)
or when the DNA is injected in the skin (intradermal delivery).

This chapter describes the method to deliver DNA into skin in vivo using
electroporation to enhance the permeability of stratum corneum or skin cells
following topical or intradermal delivery of a plasmid.

1.1. Transdermal Delivery by Electroporation

Transdermal gene delivery consists in topically applying DNA on the skin
before electroporation (8–10). Owing to the barrier function of the skin, the
transfection efficiency is rather low and is mainly restricted to the epidermis.

1.2. Intradermal Delivery Using Electroporation

Intradermal gene delivery consists of injecting DNA either intradermally or
subcutaneously. Pulses are applied to enhance the transfection efficiency
(11–16).

The various protocols of electroporation investigated in DNA delivery into
skin after topical and intradermal delivery are summarized in Tables 1 and 2,
respectively.

2. Materials
2.1. Transdermal Delivery (10)

1. Animal model: 2-mo-old hairless male rats (Iffa Credo, France) housed in
standard cages at room temperature on a 12 h light and 12 h dark cycle,
with access to standard laboratory food and water ad libitum (see Note 1).

2. Anesthesia: diethylether (see Note 2).
3. Instrumentation: pulse generator that produces rectangular waves such as

PA-4000 (Cyto Pulse Sciences, Columbia, MD). During a pulse, the elec-
trical behavior is measured with an oscilloscope (Model 54602B, Hewlett-
Packard, Belgium) (see Note 3).

4. Electrodes: a skin-fold is made with a clip containing two small reservoirs
(100 lL) and platinum electrodes of 1 cm2 (99.99% purity, Aldrich Chemie,
Belgium). The electrodes are placed at the outer surface of each reservoir
at a distance of 6 mm including skin-fold (see Note 4).

5. Plasmid: the plasmid pEGFP-N1 (4.7 kb) (CLONTECH, Germany) encod-
ing the green fluorescent protein (GFP) under the transcriptional control of
a cytomegavirus (CMV) promoter is used as a marker of the transfection
efficiency (see Note 5).

6. Plasmid preparation: GigaPrep Kit for plasmid preparation (Qiagen, Inc.,
The Netherlands).
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Table 1
Topical DNA Delivery in Skin by Electroporation

Pulses conditionsa DNA Electrodes Model Results References

3X—120V—10 or pM-MuLV-SV-LacZ Plate caliper Hairless LacZ expression (8,9)
20 ms (ED) (40 lg) electrodes mice mainly in the dermis
(pressure 9 min) (1 cm2 each) xenograft (370 lm depth) 

200–700 cells 
transfected /mm2

10X—1000V—100 ls (SW) pEGFP-N1 (50 lg) Platinum Hairless rats Decrease in expression (10)
10X—335V—0.5 ms (SW) electrodes within 1 wk
10X—335V—5 ms (SW) with reservoir Expression in epidermis 

and a clip only

ED, Exponential decay pulse; SW, square wave pulse.
aNumber of pulses � Voltage � Pulse duration.
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Table 2
DNA Delivery in Skin by Electroporation After Intradermal Delivery

Pulses conditionsa DNA Electrodes Model Results References

2X—400–600 V/cm— pSV3neo Two flat Newborn mice Transfection efficiency: (11)
100–300 ls Neomycin resistance stainless- → fibroblast 1.2–7 � 10�4

(2–12.5 lg) pHEB4 (10–12 lg) steel (2 cm2) culture Cell immortalisation
E1A region of adeno-
virus 2 to immortalize 
cellsi

10X—252–378 V— pUT531 (pSV40-bgal) Two flat Murine Maximum b-gal positive (12)
5 ms (SW) stainless- melanoma cells and b-gal activity 

steel (2-cm at 336 V
length, 
4.2 mm 
distance)

6X—1750 V/cm— p-EGFP-C1 (100 lg) Two rows of Pig EP enhances luciferase (13)
100 ls pND2lux (100 lg) seven pins expression 20–40 fold 

(7 mm) over free DNA injection 
GFP expression in 

dermis
4X � 4X pDND2Lux (100 lg) Two flat-plate Mice Luciferase expression: (15)

perpendicularly with electrodes 8X, 100 V/cm—20 ms 
or without 1 expo- with caliper � 8X, 1500 V/cm, 50 ls 
nentially enhanced � 8X, 750 V/cms—
pulse (EEP) 50 ls � 1X— 

40–750 V/cm—
20 ms EEP
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8X—1500 V/cm— pCMV-Luc (100 lg) Two flat Mice Luciferase expression: (16)
100 ls or 8X— pIRES-mu IL-12 stainless- 1500V—100 ls 
100 V/cm— (50 lg) steel plates �100 V—20 ms
20 ms (SW) with forceps EP: 10-fold enhancement 

Three parallel of IFN-γ plasma level 
wires with 1- 2 mm � 1 mm � flat
or 2-mm gap electrodes

6X—1750 V/cm—
100 ls PND2lux, pEGFP, Calliper plate Mice Luciferase expression: (14)

lacZ PCMV-HBS(s) Pin Yorkshire pigs 83-fold increase with EP
Distribution of gene 

expression: dermis
Antibody response en-

hanced by EP Shift from
Th2 to mixed Th1/Th2
response with EP

EEP, exponentially enhanced pulse; EP, electroporation; SW, square wave.
aNumber of pulses � Voltage � Pulse duration



7. Confocal Laser Scanning Microscope: Biorad MRC 1020 confocal unit
equipped with an argon-krypton laser and mounted on a Zeiss Axiovert
135M-inverted microscope (Bio-Rad Laboratories, Hercules, CA).

8. Scotch Crystal Tape (3M, St. Paul, MN).

2.2. Intradermal Delivery (16)

1. Animal model: female C57bl/6 mice 9–10 wk old (see Note 1).
2. Anesthesia: inhalation of mixture of 3% isoflurane and 97% oxygen (see

Note 2).
3. Instrumentation: a pulse generator that produces rectangular waves such as

a PA-4000 (Cyto Pulse Sciences) or a T820 (BTX, San Diego, CA) (see
Note 3).

4. Electrodes: Two flat stainless steel plates (0.5 � 0.5 cm) mounted on the
end of forceps (see Note 4).

5. Plasmid: plasmid pCMV-Luc� containing the firefly luciferase cDNA under
the control of the CMV promoter, and pIRES-mu IL-12, containing the
murine IL-12 cDNA under the control of the CMV promoter (see Note 5).

6. Plasmid preparation: MegaPrep Kit for plasmid preparation (Qiagen).
7. Electromyography paste: Spectra 360 electrode gel (Parker Laboratories,

Orange, NJ)
8. Tissumizer (Tekmar, Cincinnati, OH).
9. Homogenization buffer: (50 mM K3PO4, 1 mM ethylenediaminetetraacetic

acid [EDTA], 1 mM diothiothreitol [DTT], 10% Glycerol and Reporter
Lysis buffer (Promega, Madison, WI).

10. Luminometer: Microtiter plate luminometer (Dynex Technologies, Chan-
tilly, VA).

11. Luciferase detection: assay luciferase expression using a Luciferase Detec-
tion Kit with CoA-luciferin as a substrate (Promega).

12. Interferon-c (IFN-c) ELISA Kit to assay IL-12 activity (R&D Systems,
Minneapolis, MN).

3. Methods
3.1. Transdermal Delivery (see Table 1)

1. Anesthetize the animal by placing it in a chamber charged with di-
ethylether. When anesthetized, place its nose in a diethylether atmosphere
if it must be anesthetized longer than a few minutes (see Note 1).

2. Strip the abdominal skin 20 times with Scotch crystal tape (see Note 6).
3. Clamp a fold of the abdominal skin between the two reservoirs and elec-

trodes using the clip.
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4. Dilute the plasmid in 10 mM phosphate buffer, pH 7.4 (50 lg/100lL) (see
Note 5). Fill the cathodal compartment with the plasmid solution (100 ll).
Place 100 ll of phosphate buffer in the anodal compartment.

5. Immediately apply ten 100 ls pulses with a field strength of 1600V/cm
(1000V for an electrode gap of 6.25 mm) (see Note 7).

6. Mark the treatment site by applying an alcoholic crystal violet solution
(0.1%) around the electroporated area.

3.2. Intradermal Delivery (see Table 2)

1. Anesthetize the animal by placing it in an induction chamber infused with
a mixture of 3% isoflurane and 97% oxygen for several minutes. After it is
anesthetized, fit with a standard rodent mask and continue delivering 2.5%
isoflurane in oxygen (see Note 2).

2. Dilute the plasmid in sterile saline to the appropriate concentration (100
lg/50 lL for pCMV-Luc�, 50 lg/50lL for pIRES-mu IL-12).

3. Inject the plasmid intradermally into the left flank of the mice with a 31-
gauge needle (see Note 8).

4. Place the plate electrodes on each side of the injected area, and pinch the skin
containing the injection area between two plate electrodes. Use electrocar-
diography paste to assure sufficient contact between the electrodes and skin.

5. Administer eight 100 ls pulses at a nominal field strength of 1500V/cm 2
min after the injection (see Note 7).

6. Mark the treated area with a permanent-marking pen.

3.3. Detection of Gene Expression in the Skin (see Note 5)

3.3.1. Localization of GFP Expression (10)

1. After 1–7 d, preferably after 48 h, kill the rat by cervical dislocation and
remove the skin in the electroporated zone with scissors and forceps touch-
ing only the border of the sample.

2. Place the skin sample in a sample holder consisting of two microscopy
slides separated by pieces of microscopy slides glued on the slides with nail
varnish. Add a few drops of phosphate-buffered saline (PBS) in the sample
holder (7).

3. Observe immediately by Confocal Laser Scanning Microscopy using a fil-
terblock, which selects the 488-nm laser line to illuminate the specimen and
transmits emitted light with a wavelength in the 522–535 nm range. Per-
form optical sectioning parallel to the skin surface (xy planar section), at
different focal planes (z) below the surface of the skin (20–100 lm, de-
pending on the depth of penetration).
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3.3.2. Quantification of Reporter Gene Expression (see Note 5)

3.3.2.1. LUCIFERASE (16)

1. Forty-eight hours after plasmid delivery, kill the rat by cervical dislocation
and remove the treated skin sample with scissors.

2. Homogenize in homogenization buffer and Reporter Lysis buffer using a
Tissumizer.

3. Quantify luciferase activity in extracts using a Luciferase Detection Kit and
a luminometer. Prepare a skin sample from an untreated area as a control.
Subtract this background luminescence from each treated sample.

4. Report luciferase expression as total Relative Light Units (RLU) per sam-
ple volume.

3.3.2.2. IL-12 (16)

1. Draw blood (200–500 lL) from the tail vein at multiple time points after
treatment. Centrifuge blood for 3 min at 5000 rpm at 4°C. Collect serum
and store at �20°C.

2. Measure IFN-c plasma levels to evaluate the efficacy of IL-12 expression
using an ELISA kit as described by the manufacturer.

4. Notes (see Tables 1 and 2)
1. Animals Species. Delivery of DNA to skin by electroporation is in the

preclinical phase. Most of the studies have been performed in rodents (rats
and mice) but experiments with pigs and macaques have been done as
well (13–14). For transdermal delivery, the use of hairless rodents or pig is
recommended. Xenografts of human skin can also be transplanted onto
nude mice (9).

2. Anesthesia. Different methods can be used to anesthetize the animals: (a)
diethylether inhalation, (b) an inhalation of mixture of 3% isoflurane and
97% oxygen, (c) intraperitoneal injection of pentobarbital (60 mg/kg, iv)
subcutaneous injection of ketamine hydrochloride (22–50 mg/kg) with
or without xylazine (2.5–6.5 mg/kg) and/or acepromazine maleate (0.75
mg/kg). In humans, high voltage pulses have been applied to skin treated
with a local anesthetic.

3. Electroporation Device. The electroporation device can deliver either ex-
ponentially decaying pulses or square pulses. Exponentially decaying
pulses provide a longer driving force for the transport the DNA, but their
duration depends on the electrical properties of the skin and electroporation
environment (17). Hence, most of the recent work has been performed with
square wave pulses to get a better reproducibility of the pulse parameters.
For routine work, any square wave generator can be used. For optimization
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of the pulsing conditions, more versatile device should be selected. The
electrical parameters of the pulses must be controlled with an oscilloscope
to monitor the voltage and duration of the pulses and preferably to meas-
ure skin resistance during and after pulse administration.

4. Electrodes (see Tables 1 and 2). Different materials and design of elec-
trodes have been used for topical and intradermal delivery of DNA in skin
by electroporation. For topical delivery, a skin-fold is made with a clip con-
taining a small reservoir (100 lL) and platinum electrodes (10) or caliper
brass electrodes (8–9). For intradermal delivery, three electrode designs
have been used. Two flat-plate stainless steel electrodes coated with elec-
trocardiography paste to obtain a good electrical contact are placed around
the injection site making a fold (12,14–16). Three parallel wires with a 2-
mm gap between the wires placed over the injected area, which must be
electroporated without fitting the skin between the electrodes, have also
been used (16). Alternatively, needle electrodes can be employed. These
electrodes consist of two rows of seven, 7-mm pins (1 � 5.4 mm gaps),
which penetrate 2.5 mm into the animal’s skin (13–14)

5. Plasmids (see Tables 1 and 2). When delivered topically or intradermally
with electroporation to enhance the transfection efficiency, DNA is deliv-
ered as a naked plasmid. CMV-promoter-driven plasmids are usually em-
ployed. Depending on the purpose of the experiment, plasmids encoding,
different types of genes can be used: (a) reporter genes for the localization
or the quantification of gene expression (b) therapeutic genes for the treat-
ment of local or systemic disease, or (c) genes for DNA vaccination whose
protein is capable of generating an immune response.

Plasmids used: A list of plasmids investigated in the delivery of DNA in
skin by electroporation is summarized in Tables 1 and 2. pGFP can be used
to localize gene expression in the skin by confocal microscopy (10) or by mi-
croscopy of skin cryosections (14). LacZ (e.g. pNDb-gal), is often used as a
reporter gene to localize gene expression by immunohistochemistry or stain-
ing with a substrate, 5-bromo-4-chloro-3-indolyl-b-D-galactoside (X-Gal),
which is hydrolyzed by the enzyme b-galactosidase to generate galactose
and soluble indoxyl molecules that in turn are converted into insoluble in-
digo (8–9,12). Enzymatic activity can also be quantified (12). Luciferase
(e.g., pND-lux) is the most sensitive quantitative reporter gene used. Its en-
zymatic activity in the skin can be measured with a luminometer (13,15–16).

Genes encoding therapeutic proteins have also been investigated. Ex-
pression is usually monitored by measuring the protein concentration in the
plasma by ELISA (16).

Taking advantage of the immune activity of the skin (2), intradermal im-
munization with DNA vaccines (e.g., plasmid encoding the hepatitis B sur-

Delivery of DNA by Electroporation 223



face antigen) have been performed. The IgG titers are measured in the
plasma by ELISA. Whether a Th1 or Th2 response is induced can be as-
sessed by measuring IL4 and IFN-γ plasma level or the IgG1/IgG2a ratios.

Formulation of the plasmid: The plasmid is diluted with water, saline, or
buffer. Typically, 50–100 lg DNAdissolved in 50–100 lL are injected or ap-
plied on the skin. The naked plasmid can be mixed with a competitive nucle-
ase inhibitor (e.g., aurintricarboxilic acid) to enhance its expression (13).

Kinetics of expression: Gene expression is usually quantified 24–48 h
after DNA delivery at the time of maximum expression. A time course of
gene expression can be performed to determine the duration of gene expres-
sion and to determine when the maximum level of expression occurs (usu-
ally, 1–2 d). Although expression after topical delivery to the epidermis is
usually limited to 7–10 d owing to epidermis turnover, longer expression
may be achieved with viral gene delivery or by delivery of DNA to the der-
mis (18).

6. Skin Treatment for Transdermal DNA Delivery. Because the target cells for
gene expression are in the epidermis, the stratum corneum can be partly re-
moved to reduce the main barrier to DNA permeation. This may be
achieved by abrasion, brushing, or tape stripping, which removes all or part
of the stratum corneum depending on the number of strips used (10). Pre-
treatment of the skin with 70% isopropyl alcohol can act as an absorption
promoter and decrease DNA degradation by bacterial DNase (8).

7. Electroporation Protocols. The efficacy of gene delivery and transdermal
transport is influenced by the characteristics of the pulses: duration (ls-ms),
number, frequencies, and waveform (6,17,19). The optimization of gene
transfer by electroporation after local DNA injection has been extensively
studied in different tissues, including the skin, by varying pulse voltage (or
electric field) and pulse duration (6,12,13). The number of pulses is limited
to 4–10 pulses. Two types of pulsing conditions have been compared: (a)
low-voltage, long pulses, typically 100–200 V/cm, 10–20 ms; and (b) high-
voltage, short pulses, typically 1000–1750 V/cm, 100 ls. In contrast to mus-
cle, high-voltage pulses seem to be more efficient than low voltage pulses
for gene transfection of skin (15,16).

8. Intradermal Injection. To verify that the injection is an intradermal injection,
that is, it is localized in the dermis, add black India ink to the plasmid. After
removing the skin, the ink localization can be observed visually or histolog-
ically on vertical cryostat section of the skin stained with hematoxylin-eosin.
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In Vivo DNA Electrotransfer in Skeletal Muscle

Guenhaël Sanz, Saulius Šatkauskas, and Lluis M. Mir

1. Introduction
Appropriate electric pulses can reversibly permeabilize living cells both in

vitro and in vivo. Since the pioneering work of E. Neumann and colleagues (1),
cell electroporation (also often termed cell electropermeabilization) has become
the most frequent method for cell transfection. Indeed, it easily applies in vitro
to bacteria, yeast, animal, and plant cells. In vivo, the use of the DNA electro-
transfer method is rapidly expanding because of its simplicity and efficiency.
First attempts to transfer DNA in vivo to muscle cells were published in 1998
(2,3). This led in 1999 to an extended study on the determination of optimal
conditions for DNA electrotransfer in skeletal muscle in mice, rats, rabbits, and
even primates using a reporter gene (4). The same year, the first “therapeutic”
gene (the erythropoïetin gene) was transferred to mouse muscle in vivo by Riz-
zuto and colleagues (5). In the last 2 years, several publications have used the
conditions described in ref. (4) and have shown the wide applicability of this
method for the electrotransfer of a large number of genes in different muscles
(6–8). DNA electrotransfer to skeletal muscle could lead to broad potential ap-
plications in the therapeutic field (metabolic disorders correction, vaccination,
systemic secretion of angiogenic or antiangiogenic factors, etc.) and for physi-
ological, pharmacological, and developmental studies.

These applications of DNA electrotransfer (now also termed electrogenether-
apy) in the skeletal muscle are sustained by several advantages of this approach:
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1. Electrotransfer drastically increases the efficiency of intramuscular gene
transfer, resulting in a two-log enhancement of gene expression.

2. Electrotransfer strongly decreases variability between individual subjects.
This variability is one of the largest impediments to the use of intramuscu-
lar gene injection and the delivery of the electric pulses overcomes this
problem.

3. Electrotransfer results in increased time of expression of the electrotrans-
ferred genes. This allows the possibility of long-term disease correction by
a repeated but infrequent treatment.

The principles of electrotransfer to muscle have now been determined with
precision using combinations of high-voltage, short duration (HV) electric
pulses and of low-voltage, long duration (LV) electric pulses (9,10). The recent
results of our team (10) clearly demonstrate that in vivo DNA transfer with elec-
tric pulses is a four-step process:

1. Injection and distribution of the DNA in the tissue.
2. Target cell permeabilization (HV pulse).
3. Probably an improved DNA distribution in the permeabilized tissue (see

Note 1).
4. DNA transfer facilitated by DNA electrophoresis in the tissue (LV pulse).

In this chapter we describe in detail the experimental protocol for DNA elec-
trotransfer to skeletal muscle in the mouse leg using the gene coding for lu-
ciferase as a reporter gene. The notes provide suggestions to extend the method
to other experimental situations.

2. Materials
2.1. Mice

Various animal models can be used to examine electroporation of muscle tis-
sue. We have used the immunocompetent C57Bl/6 black mice (R. Janvier, Or-
léans, France, or IFFA Credo, L’Isle d’Arbesle, France) that are 8 wk of age or
older. Maintain mice in animal housing facilities under conventional conditions.
Feed them with usual laboratory diet and water given ad libitum. Allow the mice
to adapt at least 1 wk in their new animal housing facilities before starting ex-
perimentation. Many other strains of mice, rats, and rabbits (see Note 2) may
be used following the protocols described here (see in particular Subheading
3.3. and Note 11).

2.2. DNA

Prepare plasmids using standard procedures. If possible, use preparations
containing a high percentage (70–80%) of supercoiled DNA (see Note 3), and
no RNA detectable by gel electrophoresis. DNA can be prepared using kits for
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DNA purification providing endotoxin-free material (see Note 4). For luciferase
detection, the plasmid used was the pXL3031 (pCMV-Luc�) containing the cy-
tomegalovirus promoter (nucleotides 229-890 of pcDNA3, Invitrogen, Carls-
bad, CA) inserted upstream of the coding sequence of the modified cytosolic lu-
ciferase gene.

2.3. Chemicals

For the electrotransfer itself, it is necessary to have the following:

1. Alcohol 70% for disinfecting and for wetting the shaved legs (muscles be-
neath the skin become more visible).

2. Electrocardiography paste, or any other conductive gel. Put some amount
of paste in a small Petri dish so it is easy to deposit some gel on the elec-
trodes by dipping them in the gel.

3. Anaesthetics like Ketamine (Ketalar, Panpharma Parke Davis, Courbevoie,
France) and Xylazine (Rompun, Bayer Pharma, Puteaux, France).

For the whole of the experiment, it is also necessary to have, strictly de-
pending on the electrotransferred gene, all the chemicals necessary to detect the
product resulting from the expression of this gene.

For muscle homogenization and evaluation of luciferase expression these
products are:

4. Cell Culture Lysis reagent (Promega, Charbonnières, France): dilute 10 mL
of reagent with 40 mL of distilled water and add one tablet of Protease in-
hibitor cocktail (Boehringer Mannheim, Mannheim, Germany).

5. Luciferase Assay Substrate (Promega).

2.4. Equipment for Intramuscular DNA Injection

Hamilton syringes (50 lL, Cat. no. 1705RN, or 100 lL, Cat. no. 1710RN,
Hamilton, Bonaduz, Switzerland) with needles (16 mm, 26S gauge, pst 4, taper
N, Cat. no. 80497/00, Hamilton). These syringes permit precise delivery of very
small volumes and allow direct intramuscular injection through the skin.

2.5. Electric Pulses Generator

PS15 electropulser (Jouan, Nantes, France): a square wave electric-pulse
generator permitting adjustable voltage, pulse length, and pulse frequency (see
Note 5). The electrical parameters of the delivered pulses may be recorded with
a digital oscilloscope (Hitachi VC-6025, Tokyo, Japan).

2.6. Electrodes

The most convenient external electrodes consist of two parallel flat stainless
steel rectangles, with rounded inferior edges to avoid any possible tip effect at
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the level of the contact between the electrodes and the skin (see Note 6). They
are held by an insulating template, which sets the electrode gap (usually 6–8
mm), and allows safe electrical connection to the generator PS15. Typical di-
mensions of the electrode edge that will be applied on the skin are 1 cm width
and 0.5 mm thickness. The electrical contact with the skin is ensured by a film
of electrocardiography paste spread on the electrode edges and internal surface.
Because the pulses generally used for DNA electrotransfer are short, it is pos-
sible to disregard electrolysis as a problem. Thus, any type of insulating mate-
rial combined with metal electrodes will be convenient. It is, however, impor-
tant that the electrodes are completely parallel in order to get a uniform
electrical field distribution.

2.7. Equipment for Muscle Homogenization 
and Luciferase Activity Determination

1. FastPrep system (FastPrep120, Qbiogene, Inc., Illkirch, France).
2. Berthold Lumat LB 9501 luminometer (EG&G, Berthold, Evry, France).

3. Methods
3.1. Preparation of the DNA

On the day of the experiment, adjust DNA concentration with physiological
saline (0.9% NaCl) or PBS, pH 7.2, to 3 lg to 15 lg of DNA in 30 lL. Prepare
sufficient DNA for injection into each tibial cranial muscle. Microfuge tubes
with a wide opening are convenient for preparing these dilutions. Keep the
DNA solution at 4°C.

3.2. Preparation of the Electric Pulses Generator

1. Plug in the generator and the oscilloscope and verify the connections.
2. Adjust the pulse duration to 20 ms, and the repetition frequency to 1 Hz.
3. For the first experiment, wait to set the voltage applied after fixing the dis-

tance between the electrodes (see Subheading 3.3., step 4). If the distance
between the electrodes is already known, adjust the electric-field strength
(that is the ratio of the delivered voltage to the distance between the elec-
trodes) to 200 V/cm. This electric-field strength has been shown to be opti-
mal for DNA electrotransfer in muscles both in mice and in rats (4). This
field strength is also quite adequate for DNA electrotransfer in rabbit mus-
cle, but appears to be too low in mice younger than 4 wk (unpublished data).

3.3. Anesthesia and Final Preparation of the Animals

All mice included in a given experiment should be of similar age and im-
munological status and should be treated on the same day in order to have the
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same physiological conditions for each animal. For each experiment include
about 10 tibialis cranialis muscles (see Note 7) in each experimental group, i.e.,
five mice if you use both legs independently, or 10 mice if only one leg is used.
Conduct all experiments following the local and national recommendations for
animal experimentation elaborated by the local (or national) Ethics Committees
on Animal Care and Experimentation.

1. Prepare an anesthetic mixture of Xylazine (7.5–10 mg/kg) and Ketamine
(75–100 mg/kg): add 0.5 mL of Xylazine (2%) to 9.5 mL of Ketamine (10
mg/mL) (see Note 8). This mixture can be kept at 4°C for 1 wk. Anesthe-
sia with this drug combination generally lasts 1–1 1/2 h, with maximal ef-
fect after about 10 min.

2. Inject the anesthesia intraperitoneally: for mice weighing 20 g, inject 200
lL. Weigh a few mice before starting to anesthetize the animals in order to
adjust the dose (anesthetic in excess can kill the mice). Note that male mice
are more sensitive to the anesthetic than are female mice, and that nude
(nu/nu) mice are less sensitive to the anesthetic than are most immuno-
competent mice.

3. Using an electric shaver, shave the legs over the muscle to be electropo-
rated, and all around, avoiding skin scrapes.

4. Using a caliper, measure the width of the leg of the mice used, in order to
adjust the distance between the electrodes and the voltage setting. For mice
legs, the distance between the electrodes usually is between 4.2 and 5.3 mm. 

3.4. DNA Administration

1. Inject the DNA (3–15 lg in 30 lL saline) (see Note 9) directly into the tib-
ialis cranialis muscle (see Note 7), and proceed to the electric pulse deliv-
ery. Electrotransfer efficacy does not depend on the period between intra-
muscular DNA injection and electric pulse delivery, provided that this
period is shorter than 4 h (11). This result indicates that rapid extracellular
degradation of the injected DNA does not occur in muscle tissue. This slow
degradation contributes to the homogeneity and predictability of the ex-
pression of the electrotransferred genes (see Note 10) and it makes the
overall procedure easier to perform. However, for practical reasons, it is
recommended to deliver the electric pulses as soon as DNA injection is per-
formed.

3.5. Preparation of the Electrodes

Electrical contact with the shaved leg skin must be ensured by means of con-
ductive paste.
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1. Spread a thin film of electrocardiography paste on the internal face of the
electrodes. To improve the contact between the electrodes and the leg skin,
put some gel on the leg.

2. Place the electrodes at both sides of leg, at the level of the injection site (see
Note 11).

3.6. Electric Pulse Delivery

At defined times after DNA injection (e.g., 25 s, or 1 min, depending on the
experiments), apply the transcutaneous electric pulses through the two stainless
steel plate electrodes, placed at each side of the leg (see Subheading 3.5., step
2). For that purpose:

1. Hold firmly the mouse in one hand.
2. Hold the electrodes with the other hand.
3. Apply a run of eight electric pulses to the muscle. Avoid changing the elec-

trode position during the run in spite of the muscular contraction occurring
at each pulse. Start the run either by pressing a pedal (device available in
Jouan generator and in Genetronics Medpulser) or have an assistant to push
the pulse button on the generator.

3.7. Analysis of Expression of the Electrotransferred Gene

For analysis of Luciferase activity (see Note 12), sacrifice the mice either 2
or 7 d after DNA transfer.

1. Sacrifice the animal using CO2 gas.
2. Remove the skin over the electroporated area.
3. With a pair of small surgical scissors excise the muscle in toto and transfer

it to an appropriate vessel, depending on the protocol used to detect the ex-
pression of the electrotransferred gene (see Note 13).

4. Using the FastPrep system, homogenize the muscles in 1 mL of Cell Cul-
ture Lysis reagent supplemented with Protease inhibitor cocktail.

5. Pellet the cellular debris by centrifugation at 5000g for 15 min at 4°C. Assess
luciferase activity in 10 lL of supernatant, using a Berthold Lumat LB 9501
luminometer, by measuring the light produced for 10 s, starting from 1 s
after the addition of 50 lL of Luciferase Assay Substrate (Promega) to the
supernatant (see Note 14).

6. Prepare a standard curve over a wide range of concentrations (from 50
pg/mL to 1 lg/mL) using purified firefly luciferase protein (Boehringer
Mannheim).

7. Convert relative light units (RLU) to amount of luciferase and express re-
sults as pg luciferase per muscle or ng per muscle � SEM (see Note 15).
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4. Notes
1. It has been reported that improved DNA distribution and increased gene ex-

pression can be achieved by pre-injecting (prior to the DNA injection) ei-
ther a sucrose solution, which forces the generation of spaces between mus-
cle fibers (12); or a hyaluronidase solution, which breaks down components
of the extracellular matrix and provides some permeability of the connec-
tive tissues without total disruption (13). It has also been reported recently
that poloxamer 188 protects muscle fibers from the deleterious effects of
the electric pulses, allowing an increase in the expression of the electro-
transferred genes (14). Because these recent reports have not yet been du-
plicated, these modifications are not included in the protocol described in
this chapter.

2. If immunodepressed animals are used, e.g., “nude” nu/nu mice, keep these
immunodeficient mice in sterile cages with filtering covers.

3. It has been reported that using supercoiled DNA results in the maximum
level of expression of the electrotransferred genes. However, no systematic
studies comparing efficacy of supercoiled, single-nicked, and linear DNA
have been performed.

4. If DNA is purified by means of cesium chloride gradients, carefully remove
all traces of cesium chloride.

5. Other electric pulses generators can be used. The essential constraint is that
the equipment used must be able to deliver square wave pulses, and not ex-
ponentially decaying ones. Indeed, it seems necessary to maintain the ap-
plied voltage for a given duration in order to achieve electrophoretic trans-
port of the DNAwithin the tissue (see Introduction). Controlling the duration
of the pulse at a sustained voltage is mandatory.

6. Plate and needle electrodes are commercially available (e.g., by BTX, San
Diego, CA or IGEA, Carpi, Italy). However, in particular for small labora-
tory animals, designing simple electrodes for your particular need may be
a good alternative. Guidelines to elaborate such devices can be found in
Jaroszeski et al. (15).

7. In mice, the tibialis cranialis is a muscle that is easily discerned beneath
the skin. In the leg, the tibial bone is seen as a white line and the tibialis
cranialis muscle is located besides the tibia, on the external part of the leg.
Wetting the leg with alcohol increases the visibility of the tibial bone and
of the tibialis cranialis muscle if the shaving is not complete.

8. Alternatively, add 0.5 mL of Xylazine (2%) to 2 mL of Ketamine (50
mg/mL) and 7.5 mL of sterile water.

9. The amount of DNA to be injected depends on the strength of the gene pro-
moter and on the gene product level that must be reached to get either a
good signal or a therapeutic effect.
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10. When the product of the gene is a protein secreted in the blood, quantifica-
tion of its production can be followed without sacrificing the animal, by
taking blood samples at regular times after the DNA electrotransfer and an-
alyzing the presence of this product in the blood.

11. When working with animals larger than mice or rats, or with muscles larger
than the murine tibialis cranialis, it is also possible to use implanted stain-
less steel needle electrodes. The efficiency of needle electrodes for DNA
electrotransfer to rat muscle is similar to that of external plate electrodes.
A description of the procedure for the gluteal muscle is given here.

a. Prepare needle electrodes from 22G hypodermic needles. These are sin-
gle-use and easily replaced, held by insulating plates and directly con-
nected to the generator. Other needle-based devices are extensively de-
scribed in Jaroszeski et al. (15).

b. Holding the electrode-device, dip the tips of the mounted needles in ink.
c. Make an incision over the gluteal muscle with surgical scissors; alter-

natively, reach the muscle by inserting the needle electrodes through the
skin.

d. Insert the needles into the muscle, trying to make the direction of the
electrical field perpendicular to the long axis of the fibers.

e. Administer the run of pulses and withdraw the needles. When compar-
ing pulsed with unpulsed samples, the needles can be inserted on both
sides but pulses delivered on one side only.

f. After sacrificing the animal, look for the ink marks on the muscle. Hold
the animal so that the muscle is in more or less the same position as
when you performed electroporation.

g. Cut the muscle between the ink marks with a pair of small surgical
scissors.

h. Take out the sample and transfer to a plastic tube.

12. In spite of the large reduction in variability conferred by DNA electro-
transfer (in comparison to the injection of naked DNA), there is still some
variability. In the case of products secreted into the blood stream, it is pos-
sible to reduce this variability by transferring the DNA to both legs. This
will also result in higher levels of the circulating product. In this case, there
is no difference if the two injections are given first followed by the two runs
of electric pulses, or if each one of the injections is directly followed by the
electric pulse delivery. However, it is more practical to inject both legs first
and then pulse one leg after the other. Note that electrotransfer allows the
fine modulation of foreign gene expression by varying the amount of DNA
injected and/or the electric pulse characteristics and/or the volume of tissue
exposed to the electric pulses. Indeed, only local effects were obtained, in
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agreement with the known local permeabilizing effects of appropriate elec-
tric pulses. Adjustment of these parameters allows fine control over gene
expression, making it more likely to achieve the desired investigative or
therapeutical goals.

13. Histochemical and/or immunohistochemical procedures can also be used to
detect electrotransferred gene expression. In this case, remove, fix, and slice
the muscles. Appropriate staining, e.g., by indirect immunohistochemistry,
can be performed either in toto or on the sections.

14. A Walac Victor2 luminometer (PerkinElmer Life Sciences, Courtaboeuf,
France) can also be used to assess luciferase activity, by integration of the
light produced during 1 s.

15. If data is to be expressed in terms of pg or ng of product per gram of tis-
sue, before sacrificing the animal, weigh the tubes that will be used for the
muscle, excise the muscle, transfer it to the tube, and re-weigh the tube and
muscle to determine the weight of the muscle. Results may also be ex-
pressed in pg or ng of product per gram of protein. In this case, the ho-
mogenate must be assayed for protein content.

Acknowledgments
We gratefully acknowledge all our colleagues for the work done in collabo-

ration with them and for the fruitful discussions that have improved, step by
step, all the protocols described here.

References
1. Neumann, E., Schaefer-Ridder, M., Wang, Y., and Hofschneider, P. H. (1982) Gene

transfer into mouse lyoma cells by electroporation in high electric fields. EMBO J.
1, 841–845.

2. Mir, L. M., Bureau, M. F., Rangara, R., Schwartz, B., and Scherman, D. (1998)
Long-term, high level in vivo gene expression after electric pulse-mediated gene
transfer into skeletal muscle. C.R. Acad. Sci. III 321, 893–899.

3. Aihara, H. and Miyazaki, J. (1998) Gene transfer into muscle by electroporation in
vivo. Nat. Biotechnol. 16, 867–870.

4. Mir, L. M., Bureau, M. F., Gehl, J., Rangara, R., Rouy, D., Caillaud, J. M., et al.
(1999) High-efficiency gene transfer into skeletal muscle mediated by electric
pulses. Proc. Natl. Acad. Sci. U.S.A 96, 4262–4267.

5. Rizzuto, G., Cappelletti, M., Maione, D., Savino, R., Lazzaro, D., Costa, P., et al.
(1999) Efficient and regulated erythropoietin production by naked DNA injection
and muscle electroporation. Proc. Natl. Acad.Sci. USA 96, 6417–6422.

6. Bettan, M., Emmanuel, F., Darteil, R., Caillaud, J. M., Soubrier, F., Delaere, P., et
al. (2000) High-level protein secretion into blood circulation after electric pulse-
mediated gene transfer into skeletal muscle. Mol. Ther. 2, 204–210.

DNA Electrotransfer in Skeletal Muscle 235



7. Kreiss, P., Bettan, M., Crouzet, J., and Scherman, D. (1999) Erythropoietin secre-
tion and physiological effect in mouse after intramuscular plasmid DNA electro-
transfer. J. Gene Med. 1, 245–250.

8. Vilquin, J. T., Kennel, P. F., Paturneau-Jouas, M., Chapdelaine, P., Boissel, N., De-
laere, P., et al. (2001) Electrotransfer of naked DNA in the skeletal muscles of an-
imal models of muscular dystrophies. Gene Ther. 8, 1097–1107.

9. Bureau, M. F., Gehl, J., Deleuze, V., Mir, L. M., and Scherman, D. (2000) Impor-
tance of association between permeabilization and electrophoretic forces for intra-
muscular DNA electrotransfer. Biochim. Biophys. Acta 1474, 353–359.

10. Satkauskas, S., Bureau, M. F., Puc, M., Mahfoudi, A., Scherman, D., Miklavcic, D.,
and Mir, L. M. (2002) Mechanisms of in vivo DNA electrotransfer: respective con-
tribution of cell electropermeabilization and DNA electrophoresis. Mol. Ther. 5,
133–140.

11. Satkauskas, S., Bureau, M. F., Mahfoudi, A., and Mir, L. M. (2001) Slow accumu-
lation of plasmid in muscle cells: supporting evidence for a mechanism of DNA up-
take by receptor-mediated endocytosis. Mol. Ther. 4, 317–323.

12. Davis, H. L., Whalen, R. G., and Demeneix, B. A. (1993) Direct gene transfer into
skeletal muscle in vivo: factors affecting efficiency of transfer and stability of ex-
pression. Hum. Gene Ther. 4, 151–159.

13. McMahon, J. M., Signori, E., Wells, K. E., Fazio, V. M., and Wells, D. J. (2001)
Optimisation of electrotransfer of plasmid into skeletal muscle by pretreatment
with hyaluronidase: increased expression with reduced muscle damage. Gene Ther.
8, 1264–1270.

14. Hartikka, J., Sukhu, L., Buchner, C., Hazard, D., Bozoukova, V., Margalith, M., et
al. (2001) Electroporation-facilitated delivery of plasmid DNA in skeletal muscle:
plasmid dependence of muscle damage and effect of poloxamer 188. Mol. Ther. 4,
407–415.

15. Jaroszeski, M. J., Heller, R., and Gilbert, R. (2000) Electrochemotherapy, Electro-
genetherapy, and Transdermal Drug Delivery. Humana Press, Totowa, NJ.

236 Sanz et al.



19

Electrically Mediated Plasmid DNA Delivery 
to Solid Tumors In Vivo

Mark J. Jaroszeski, Loree C. Heller, Richard Gilbert, and Richard Heller

1. Introduction
Electroporation is a physical method that delivers plasmid DNA in a variety

of tissues. This technology is currently gaining recognition and acceptance in
the scientific community as evidenced by the number of studies using in vivo
electroporation published each year. One potential application for this method
is to deliver DNA to the cells that comprise tumors.

Although electroporetic DNA transfer is a relatively new technology, some
very encouraging results have been published (1–8). Enough investigations
have been conducted to indicate that this technology can be implemented in a
wide variety of tumors (9–19). These investigations also indicate that success-
ful implementation in a particular host/tumor system is dependent on the details
of the electroporation method used. More specifically, the electrode and elec-
trical parameters used to facilitate the delivery of DNA to tumor cells are two
important factors. One efficient strategy for researchers interested in using elec-
troporation is to first optimize delivery with respect to these two factors in their
particular system using DNA coding for reporter molecules before delivering
DNA that codes for functional/therapeutic molecules.

This chapter provides a protocol that describes methods for delivering plas-
mid coding for the reporter molecule luciferase to tumors in two specific
host/tumor models. One of these systems is a murine subcutaneous tumor model,
and the other is a rat model with an established tumor in the liver. The protocol
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addresses both subcutaneous and internal tumors because they are two common
locations for experimental tumors. This protocol is intended to serve as a starting
point for researchers who wish to apply/optimize electroporetic DNA transfer to
a particular host/tumor system.

2. Materials
1. Animals: C57Bl/6 mice that are 7 wk of age or older (Harlan, Indianapo-

lis, IN). Sprague Dawley rats (Harlan) that are 175–200 g in weight. Stan-
dard housing and feeding are sufficient (see Note 1).

2. Tumorigenic Cells: B16-F10 melanoma cells (ATCC CRL-6475, American
Type Culture Collection [ATCC], Rockville, MD) grown in McCoy’s 5A
medium supplemented with 10% (v/v) fetal bovine serum FBS and 90
lg/mL gentamycin. N1S1 rat hepatocellular carcinioma cells (ATCC CRL-
1604, ATCC) grown in Swimms S-77 medium supplemented with 4 mM L-
glutamine, 0.01% Pluronic F68, 9% (v/v) FBS, and 90 lg/mL gentamycin.

3. Anesthesia: Isoflurane (Abbott Laboratories, North Chicago, IL) and an ap-
propriate vaporizer to administer the inhaled anesthetic.

4. Electroporation Pulse Generator: Direct-current pulse generator that pro-
duces rectangular waves such as those available from BTX, Inc. (San Diego,
CA), Bio-Rad Laboratories (Hercules, CA), or CytoPulse Sciences (Colum-
bia, MD).

5. Oscilloscope: Philips PM3375 oscilloscope (Philips, Eindhoven, Nether-
lands) is used as a digital storage device to monitor administered electric
pulses. This device or an equivalent instrument is recommended but is not
essential.

6. Electrode: Several different electrodes are commercially available (BTX,
Inc.). These include penetrating needle type electrodes and parallel-plate
electrodes that do not penetrate tissue. Custom electrodes are the choice of
many researchers (see Note 2).

7. Plasmid DNA: Plasmid containing DNA coding for luciferase. pRc/CMV
(Invitrogen, San Diego, CA) with a luciferase coding sequence inserted has
yielded excellent results.

8. Plasmid Preparation Kits: MegaPrep (Qiagen, Inc., Valencia, CA).
9. Luminometer: MLX microtitre luminometer (Dynex Technologies, Chan-

tilly, VA) or similar device.
10. Homogenization Buffer: 25 mM Tris-HCl, pH 7.8, 2 mM dithiothreitol

(DTT), 2 mM ethylenediaminetetraacetic acid (EDTA), pH 8.0, and 10%
glycerol. Prepare immediately before use and store on ice.

11. Luciferase Assay Buffer: 25 mM glycylglycine, pH 7.8, 15 mM phosphate
buffer, pH 7.8, 15 mM MgSO4, 4 mM EGTA, 2 mM ATP, 1 mM DTT, and
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100 lM luciferin (PharMingen, San Diego, CA). Prepare immediately be-
fore use and store on ice.

12. Luciferase Standard: A commercial firefly luciferase solution (Promega,
Madison, WI) in homogenization buffer containing 1 mg/mL bovine serum
albumin (BSA). Prepare immediately before use and store on ice.

13. Tissue Homogenizer: Tissuemizer (Tekmar, Cincinnati, OH) or similar.

3. Methods
3.1. Plasmid DNA Delivery

3.1.1. Plasmid DNA Delivery to Subcutaneous Tumors

1. Induce anesthesia by placing mice into a chamber charged with 2% isoflu-
rane in oxygen until the animal is unconscious. This should require about
2 min.

2. Transfer the animal to work table and fit with a standard rodent mask sup-
pled with 2% isoflurane.

3. Shave one flank of the animal using standard animal clippers.
4. Inject 50 lL of saline solution containing 1 � 106 B16 cells subcutaneously

into the shaved region of skin. A 1-cc syringe with a 25-gauge needle works
well for this type of injection.

5. Monitor animals until fully recovered from anesthesia and return all in-
jected animals to normal housing for a period of time to allow the tumor to
grow to the desired size. Typically, 7–10 d are required for tumors to reach
a size of 5–7 mm in diameter.

6. Prepare plasmid DNA using the Qiagen, or similar, preparation kits in ac-
cordance with the manufacturer’s instructions (see Note 3).

7. Induce anesthesia as described in step 1 after the tumors have grown to the
desired size. Then, inject plasmid DNA directly into each tumor. The opti-
mal concentration of DNA is application dependent. A 50-lL injection vol-
ume containing 100 lg of DNA has resulted in high luciferase expression
in this model for tumors that are about 6 mm in diameter. These quantities
can be varied to optimize delivery for any given tumor. A 25-gauge needle
attached to a 1-cc syringe is well suited for intratumor injection.

8. Apply an appropriate electrode to the tumor immediately after injecting
DNA (see Note 2). Then, administer direct current pulses to the tumor using
an electroporation power supply. For this animal model, pulses that have
electric field strengths of 1500 V/cm and durations of 100 ls work well
(13). Multiple pulses are typically applied and can be monitored using an
oscilloscope to verify the output of the electroporation-pulse generator.
This step can be adapted to optimize delivery for any particular tumor type.
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Pulses with electric-field strengths ranging from about 200–1500 V/cm and
pulse widths ranging from approx 100 ls to 20 ms have resulted in deliv-
ery to tumors.

9. Monitor the mice until they are fully awake, then return them to normal
housing conditions to allow time for expression of the luciferase reporter
molecule.

3.1.2. Plasmid DNA Delivery to Internal Tumors

1. Induce anesthesia by placing rats into a chamber charged with 3% isoflu-
rane in oxygen until the animal is unconscious. This should require about
2 min.

2. Transfer the animal to a surgical table and fit with a standard rodent mask
supplied with 2.5–3% isoflurane.

3. Shave the abdomen of the animal and clean the abdominal area with beta-
dine solution.

4. Surgically expose the median liver lobe by making a 3 cm transverse inci-
sion approximately 0.5 cm caudal to the xiphoid process.

5. Apply pressure, gently by hand, to the chest in order to force the median
liver lobe out of the incision for treatment.

6. Inject 50 lL (1 � 106) of N1S1 cells subcapsularly into the median hepatic
lobe of the rat. A-1 cc syringe with a 30-gauge needle works well for this
type of injection.

7. Close the animals by inserting the liver back into the abdomen, suturing the
abdominal muscles, and stapling the overlying skin. Return all injected an-
imals to normal housing conditions for 8 d to allow the tumors to grow to
a size of 5–7 mm in diameter.

8. Prepare plasmid DNA using the Qiagen, or similar, preparation kits in ac-
cordance with the manufacturers instructions (see Note 3).

9. Repeat steps 1, 2, 4, and 5 to gain surgical access to the tumors; remove
the surgical staples from each animal prior to repeating step 4.

10. Inject tumors with plasmid DNA in solution. Fifty lL of solution contain-
ing 100 lg of luciferase plasmid produces excellent results in tumors that
are approx 100 mm3 in volume (approx 6 mm in diameter). A 30-gauge nee-
dle and 1-cc syringe work well for this. The optimal quantity of plasmid is
application-dependent, so a broad range of DNA quantities should be in-
vestigated for optimizing delivery to other tumor systems. Injecting a vol-
ume of plasmid DNA solution that is greater than 50% of the tumor volume
can result in rupturing the tumor capsule and/or surface of the liver. This
will result in leakage of the solution from the tumor, which will reduce de-
livery efficiency.
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11. Apply an appropriate electrode to the tumor immediately after injecting
DNA. Then, administer direct current pulses to the tumor using an electro-
poration power supply. Penetrating needle electrodes are preferred as they
insure that the deep tumor margin receives treatment (see Note 2). For this
model, pulses that have electric-field strengths of 1000–2000 V/cm and du-
rations of 100 ls work well (12). Multiple pulses are typically applied and
can be monitored with an oscilloscope to verify the output of the electro-
poration generator. It is possible to adapt this step to optimize delivery to
any particular tumor type by investigating the expression that results from
different combinations of field strength and pulse width. Generally, pulse
widths in the microsecond range are useful for field strengths that are higher
than 750–1000 V/cm. Longer pulse widths, in the millisecond range, tend
to be more practical for lower field strengths.

12. Close the animals as described in step 8 of this section, and house the an-
imals to allow time for luciferase expression.

3.2. Tumor Harvesting and Detection of Luciferase Expression

1. Humanely euthanize animals at a desired time point after delivering
the plasmid DNA. Generally expression is present starting 24 h after treat-
ment.

2. Excise the B16 melanomas and place them in tubes (25-mL round-bottom
plastic tubes) that have their individual tare weights recorded. Immediately
place the samples on dry ice for rapid freezing as each tumor is harvested.
Follow the same procedure for N1S1 tumors, with the exception that the
liver must be surgically exposed in order to excise the tumor. Skin should
be trimmed from the melanomas and normal liver tissue should be trimmed
from the N1S1 tumors before placing the samples into the tubes.

3. Weigh each tube and determine the tissue weight by subtracting the tare
weight of each tube. Record these weights for use in the analysis. Store the
weighed tubes containing the tumors at �70°C until analysis is performed.

4. To prepare cell extracts for luciferase assays, place all tubes on ice. Add 1
mL of homogenization buffer to each tube and then homogenize each sam-
ple using a tissue homogenizer. Keep samples on ice after homogenization.

5. Transfer an aliquot of each homogenized sample into one well of a white
96-well plate. A 30 lL aliquot is a good starting point, but this quantity may
need to be adjusted for different types of experiments. Also, prepare a stan-
dard curve using appropriate quantities of luciferase standard to cover the
range of expected luciferase activity in the samples.

6. Analyze for luciferase activity using a microplate luminometer: inject 150
lL of luciferase assay buffer, then measure the light output for 10 s.
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7. Express luminometer data in units of pg luciferase per mg of tumor using
the data from each sample, the results from the wells that contained the lu-
ciferase standards, and the tumor weights.

4. Notes
1. Mice younger that 7 wk of age may present problems as they have very fine

hair, so it is difficult to shave the flank area prior to inducing subcutaneous
tumors. Rats weighing 175–200 g or greater are recommended because
their median liver lobe is thick enough to withstand surgical manipulation.
Smaller rats have thinner lobes, which are more difficult to manipulate
without tearing.

2. Choosing an appropriate electrode for a particular model system is critical.
Currently, two basic styles are commercially available. The first style is es-
sentially two parallel plates mounted on an apparatus, such as the ends of
forceps or Vernier calipers, that allows them to be moved apart and together.
The plates are simply clamped on two sides of the tumor prior to adminis-
tering electric pulses. The second commercially available variety employs
needles that penetrate tissue. This type of design inserted into the tumor pro-
vides greater assurance that the deep tumor margin will be treated. Very sim-
ple models of each type are commercially available. Many researchers make
their own needle and plate electrodes (4,7,9–14,16,19,20) to suit their par-
ticular needs.

3. Alternatively, prepared plasmid coding for luciferase can be purchased
from commercial sources.
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Hydrodynamic Delivery of DNA

Joseph E. Knapp and Dexi Liu

1. Introduction
The study of gene expression and regulation relies on the introduction of

DNA into cells, which can be accomplished by a procedure called transfection.
In vitro studies with transfected cells expressing the introduced genes (trans-
genes) have provided many valuable insights into gene function. However, in
vitro transfection methods cannot provide the complete range of responses pos-
sible in intact organs and tissues, which have unique anatomy and consist of dif-
ferent cell types. Thus, in vivo studies in whole animals remain a critical ele-
ment in gene-function studies. The effective and efficient in vivo delivery of
DNA into whole animals has presented significant challenges. Although much
work continues to be carried out to improve the more commonly used viral and
nonviral vectors for gene delivery, recent progress in the application of naked
DNA methods (1–4, and the chapters in this volume) has offered valuable al-
ternatives. The obvious utility of direct introduction of DNA into tissues with-
out the requirement for a viral vector has stimulated development of several al-
ternative delivery methods. Of these, the hydrodyamics method (5–8) offers a
simple, convenient means for the expression of significant levels of transgenes
in the organs, especially the liver, of mice.

The hydrodynamics method involves the rapid injection of a large volume
(approximately the blood volume) of a saline solution of DNA into mice via the
tail vein. Although this rather simple procedure can achieve transfer of DNA
into several organs, its real utility is its ability to provide a quick and efficient
means for a high level transfection of liver hepatocytes. It is believed that the
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intravascular pressure developed by the injection provides a driving force to af-
fect the efficient transfer of DNA into the perivascular hepatocytes. Although
the effect of the injection of such a large volume of fluid into animals might be
expected to cause significant damage, the animals recover physically from the
injection in 5–10 min. They continue to thrive and gain weight even after mul-
tiple injections. Importantly, no organ damage has been detected histiologically
and only mild, transient elevations in liver enzyme levels (alanine aminotrans-
ferase) have been observed (5). The elevated alanine aminotransferase level re-
turns to normal within 3 d. Depending on the particular plasmid construct, gene
expression can reach a maximum between 4–8 h after injection and the trans-
genes can remain transcriptionally active for more than 6 mo (7,9–11). The hy-
drodynamics method described here:

1. Is convenient, simple, and efficient.
2. Is applicable to linear, circular, or polymerase chain reaction (PCR) derived

DNA.
3. Does not require elaborate equipment or surgical procedures.
4. Does not cause injury to the test animals.

The objective of this chapter is to provide investigators with the information
necessary to carry out this procedure and to adapt it to their own needs. The
procedure can be easily mastered and does not require the development of spe-
cial skills. The method provides a rapid, convenient, and valuable tool for gene
function analysis, protein expression, and gene therapy studies in whole ani-
mals.

2. Materials
1. DNA: prepare by any of the applicable standard methods (12) (see Note 1).

Purify plasmid DNA amplified in Escherichia coli or other microbial
source by either ion-exchange column or CsCl-ethidium bromide gradient
centrifugation (see Note 1). Store DNA as a concentrated solution in saline
at �20°C.

2. Saline solution: 0.9% NaCl in water. Filter-sterilize and store in at 4°C.
Warm to room temperature prior to use.

3. Three-cc syringe and 27-G1/2 needle (Becton Dickinson, Franklin Lakes,
NJ) (see Note 2).

3. Method
1. Weigh mice to be injected. Calculate the volume of solution to be injected

individually for each mouse on the basis of 0.09 mL/g of body weight.
2. To the calculated volume of room temperature saline solution add the ap-

propriate amount of concentrated DNA solution to provide 10–100 lg DNA
(see Note 3).
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3. Suitably restrain (see Note 4) the test animal, locate the tail vein (see Note
5), and inject the DNA solution over a period of 5 s by means of a sterile,
3-cc syringe and 27 G1/2 needle (see Note 6).

4. Animals should recover from the injection in 5–10 min and transgene ex-
pression can be maximal in 4–8 h post-injection, depending on the promoter,
transgene, and regulatory elements present in the construct (see Note 7).

4. Notes
1. The DNA used can be circular, linearized, or PCR-amplified. For gene ex-

pression studies, a promoter at the 5� end and polyA signal at the 3� end
need to be added to the transgene. DNA containing introns as well as exons
can also be used. An upper limit in the size of DNA that is transferable by
this method has not been established. We have been successful in transfer-
ring DNA as large as 25 Kbp. We have not observed obvious differences
between DNA purified by CsCl-ethidium bromide gradient centrifugation
or endotoxin-free ion-exchange column methods.

2. We have found that a 3-cc syringe is the most convenient size for work with
mice. Although other syringe types can be used, we have routinely employed
3-cc, latex-free disposable syringes. Although we routinely use 27-G1/2 nee-
dles, other needles can also be used. Needles of smaller gauge number re-
quire a slower push on the syringe plunger to deliver the injection and make
the injection more difficult to control. Larger gauge number needles require
excessive pressure on the plunger to provide the proper injection rate.

3. Although the upper limit for the amount of DNA that can be delivered is
likely in the range of several milligrams, we have found that 10–100 lg are
sufficient for routine work in mice. It is best to prepare the solution for in-
jection by diluting a small volume of cold, concentrated DNA solution to
the required volume with room temperature saline just prior to injection. In
this way, any deleterious effects of injecting a large volume of cold solu-
tion are prevented.

4. Although animals may be anesthetized to facilitate administration of the in-
travenous dose, we have found that simply restraining the animals in a sim-
ple, commercially available acrylic tube restrainer is a convenient and ef-
ficient alternative.

5. Although with experience tail vein injections become easy and routine, we
have found that warming the animals briefly (1–2 min) under an infrared
heating lamp enhances visualization of the tail vein and allows for easy in-
sertion of the needle.

6. The injection volume and speed have been optimized and are a balance be-
tween efficiency of DNA delivery and safety for the experimental animals.
Exceeding either the limit on volume or injection speed will result in sig-
nificant organ damage in the animals.
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7. These procedures have been applied to the study of expression of different
transgenes (5–11) and regulatory elements (9,10) for gene expression. Fig-
ure 1 shows the dose-response curve with respect to the amount of plasmid
(pCMV-Luc) DNA injected and the level of luciferase gene expression. A
significant level of luciferase protein 8 h post-injection was detected in all
internal organs, including the lung, heart, liver, spleen, and kidney, when
the amount of plasmid DNA injected was as low as 0.2 lg per mouse. The
luciferase protein in all examined organs increased with increasing the
amount of plasmid DNA injected and reached a saturation level at approx-
imately 5 lg of pCMV-Luc plasmid DNA per mouse. Further increases of
the DNA dose up to 25 lg increased the level of transgene expression in
kidney by sixfold, but did not result in a significant increase in luciferase
protein level in other organs. The amount of luciferase protein expressed at
a dose of 5 lg of pCMV-Luc plasmid DNA per mouse is 300 ng per mg of
extracted protein from the liver, 0.1 ng from kidney, 0.06 ng from spleen,
0.04 ng from lung, and 0.03 ng from heart. For liver, this level represents
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Fig. 1. DNA Dose-dependent luciferase gene expression. Various amounts of plas-
mid DNA (pCMV-Luc) were injected into each mouse within 5 s. The level of luciferase
gene expression was determined 8 h post-injection in liver (�), kidney (�), spleen (�),
lung (�), and heart (N

K). Error bars represent s.e.m. from three mice (5).



45 lg of luciferase per gram of liver in a mouse with a body weight of
18–20 g. More than 1000-fold higher level of transgene expression in the
liver than in other organs suggests that the liver is the major site for trans-
gene expression (5).

Figure 2 shows the site and percentage of cells transfected in the liver
using a dose of 25 lg of plasmid DNA containing LacZ gene (pCMV-
LacZ). About 40% of liver cells were identified as b-galactosidase positive.
The transfected cells were mainly hepatocytes identifiable by their polygo-
nal shape and round nuclei. The transfected cells are grouped around the
hepatic vein and located at the perivenular region in the cell plate.
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Naked DNA Gene Transfer in Mammalian Cells

Guofeng Zhang, Vladimir G. Budker, James J. Ludtke, and Jon A. Wolff

1. Introduction
Gene therapy—the goal of which is to cure inheritable and acquired diseases

by supplying genetic information to various tissues—is a promising therapy of
the new millennium. To date, many strategies have been attempted to cure a dis-
ease by adding a foreign gene or correcting a mutation in the genes. The suc-
cess of these gene-therapy strategies is largely dependent on the development
of a vector that delivers and efficiently expresses a therapeutic gene in a spe-
cific cell population. Viral vectors are potentially efficient, although nonviral
vectors have some advantages in that they are typically less immunogenic and
easier to prepare. Direct, nonviral gene transfer into the whole organism re-
mains a desirable goal for gene therapy because it avoids laborious and costly
cell culture; the gene could be administered as easily as a drug.

After the demonstration that cationic lipids can mediate the efficient transfer
of genes into cells in culture (1), we tried to evaluate the ability of cationic lipids
to mediate direct gene transfer into animals (2). In muscle, it was the control
group injected with naked mRNA that contained foreign gene expression (chlo-
ramphenicol acetyl transferase, CAT). Similar results were subsequently
demonstrated using plasmid DNA (pDNA) expression vectors. A new window
has been opened since then and many attempts have been made for making vac-
cines (3–5), and for enhancing intramuscular transfection efficiency by using
electroporation (6–8) or ultrasound (9,10). In our laboratory we continue to
work on in vivo gene transfer by using naked DNA and have created an in-
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travascular administration method which produces high levels of foreign gene
expression with naked DNA in liver (11) and muscle (12).

2. Materials
2.1. Reagents

1. Normal saline: 0.9% sodium chloride in deionized water filtered through a
0.2-lm filter. The normal saline is made in our laboratory and we do not
recommend use of commercial solutions because they usually contain
preservatives. With large injection volumes, the preservative can cause an-
imal death.

2. Mannitol solution: 15% mannitol in normal saline filtered through a 0.2-lm
filter.

3. Ringer’s solution: 820–900 mg of NaCl, 25–35 mg of KCl, and 30–36 mg
of CaCl2 in 100 mL of deionized water filtered through a 0.2-lm filter.

4. Heparin, 1 u/lL (Elkins-Sinn, Inc., Cherry Hill, NJ).
5. Papaverine (Sigma-Aldrich, St. Louis, MO) 20 mg /mL dissolved in Brij

99 solution (Sigma-Aldrich). Prepare Brij 99 solution by dissolving 60 mg
of Brij 99 in 1 mL of deionized water.

6. Endotoxin-free plasmid DNA, commercially prepared (Bayou Biolabs,
Harahan, LA or Aldevron, Fargo, ND).

7. Ketamine, xylazine, isofluorane, and metofane for anesthesia.

2.2. Tools

1. Micro Tying Forceps (curved).
2. Forceps (Ewald, serrated).
3. Scissors (114 mm).
4. Needle holder.
5. Micro-vessel-clamps:

a. Kleinert-Kutz microvessel clip, 1 � 6 mm (Pilling Surgical, Horsham,
PA, Cat. no. 65145). This clamp is suitable for blocking all of the ves-
sels in the mouse and for most vessels in the rat.

b. Curved clamp, 16 mm (Accurate Surgical & Scientific Instruments Cor-
poration, Westbury, NY, Cat. no. ASSI.R3V). This clamp is larger and
stronger than the microvessel clip; it is useful for blocking gluteal ves-
sels when delivering plasmid DNA to the rat hindleg through the artery.

c. Cooley Pediatric Derra Clamp, 7-inch (Pilling Surgical, Cat. no.
354815). This clamp is used for blocking the vena cava downstream
from the hepatic vein.

6. Retractors, made from 4.75 cm long giant Gem paper clips. First, straighten
the clip, then shape it into a flat-bottomed “U,” with about 1.5 cm between
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each arm of the “U.” Bend the bottom of the “U” at a 90° angle about 1.5
cm from the bottom of the “U.” Make another 90° bend about 0.5 cm from
the bottom such that the side view of the retractor now looks like a flat-bot-
tomed “J.” Connect a strand of suture silk to the end of each arm. The
strands can be taped on the table to hold the retractor at the proper position.

7. Fiber optic illuminator.
8. Loop (4-7 X magnification).
9. Suture Silk.

10. Gelfoam, 4 mm � 4 mm squares (Pharmacia and Upjohn Co., Kalamazoo,
MI).

11. Cotton-tipped applicators.

3. Methods
The following sections describe methods of delivering pDNA to various or-

gans of the mouse, rat, and monkey. A basic familiarity with the anatomy of
these animals is required. Detailed anatomical descriptions of mice and rats can
be found in the atlas by Popesko et al. (13) and of the monkey in the text by
Bast et al. (14).

3.1. Intravascular Delivery of Naked pDNA to Liver

After our laboratory had developed novel transfection complexes of pDNA
and amphipathic compounds and proteins, we sought to deliver them to hepa-
tocytes in vivo (15,16). Our control for these experiments was naked pDNA and
we were once again surprised that this control group had the highest expression
levels (11,17). We will describe intra-portal, intra-hepatic, and intra-tail vein in-
jection methods separately. Because the intra-bile duct and intra-portal injection
methods are similar, they will be described concurrently.

3.1.1. Intra-Portal and Intra-Bile Duct Delivery of pDNA to Mouse Liver

This procedure describes a step-by step method for intra-portal pDNA deliv-
ery. See Note 1 for modifications required for intra-bile duct delivery.

1. Use 25–30 g ICR mice. Anesthetize the animal by intramuscular injection
of ketamine (80 mg/kg) and xylazine (2 mg/kg). Metofane or isoflurane in-
halation (delivered by placing saturated cotton ball inside a closed con-
tainer with the mouse) may also be used if necessary.

2. Make a mid-saggital incision from the xiphoid process to the lower one
third of the abdomen to open the abdominal cavity. For the purpose of
clearly exposing the liver, pull the xiphoid process in the cephalic direction
with a hemostat and tape the tail on the table. Pull both sides of the ab-
dominal wall laterally using retractors.
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3. Carefully cut the front part of falciform ligament from the front edge to the
inferior vena cava to enable clamping of the vena cava and hepatic vein.

4. Hold a curved microvessel clamp using a forceps and place it on the infe-
rior vena cava and hepatic vein through the upper side of the liver. There
are several branches of the hepatic vein that feed into the vena cava; place
the clamp as close to the liver and as deep as possible. If the clamp does
not block all of the hepatic veins, the transfection will not be successful.

5. Immediately after blocking the hepatic vein, inject the portal vein. The por-
tal vein is easily found by pushing the intestine to left side of the abdominal
cavity or by putting the intestine to the left and outside of the abdominal cav-
ity. Fix the portal vein using a cotton-tipped applicator. Use a 1-mL syringe
with a 30-G needle to inject 1 mL of a 15% mannitol solution containing 2.5
U of heparin and 10–100 lg pDNA into the portal vein at 2–3 ml/min.

6. Place a piece of gelfoam (4 mm � 4 mm) on the injection site before re-
moving the needle; maintain pressure on the gelfoam using the applicator.
Bleeding should stop 1–2 min after removal of the needle.

7. Remove the clamp 2 min after DNA injection. Close the abdominal cavity
by suturing.

3.1.2. Intra-Hepatic Delivery of pDNA to Liver

This method describes a step-by-step method for intra-hepatic delivery of
pDNA to mouse liver. See Note 2 for modifications required to make the
method suitable for use in rats.

1. Anesthetize 25–30 g ICR mice, then open the abdominal cavity as de-
scribed in Subheading 3.1.1., steps 1 and 2.

2. Carefully cut the front part of falciform ligament from the front edge to the
inferior vena to enable clamping of the vena cava downstream of the he-
patic vein.

3. Separate the inferior vena cava upstream of the renal vein, because there is
not enough space in mouse for blocking and injection between the renal
vein and liver.

4. Put two clamps on the inferior vena cava both upstream and downstream
of the hepatic vein to block blood flow. Carefully push down the liver using
a cotton tipped applicator to expose the vena cava; then clamp the vena
cava. Quickly push up the liver to expose the upstream part of the inferior
vena cava; put a clamp on it upstream of the renal vein (see Note 3).

5. Use a 1 mL syringe with a 30-G needle to inject 1 mL of 15% mannitol so-
lution containing 2.5 U of heparin and DNA. We usually use approx 100
µg DNA, but have used a range of 10–200 µg (see Note 4). Insert the nee-
dle into the inferior vena cava in the anterograde direction of blood flow
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and advance it until the tip of the needle passes over the right renal vein. It
may help to bend the needle at a 30–40° angle in order to make it possible
to keep the front part of the needle parallel with the vena cava, thereby de-
creasing the possibility of damaging the back wall of vena cava and caus-
ing leakage owing to needle movement during injection.

6. Place a piece of gelfoam on the injection site and apply pressure with a cot-
ton-tipped applicator while removing the needle. Keep the gelfoam in place
until the clamps are removed 2 min after injection and the bleeding has
stopped.

7. Suture the abdominal cavity closed.

3.1.3. Intra-Tail Vein Delivery of pDNA to Mouse Liver

A method of systemic administration of pDNA solution to the liver in mouse
was developed concurrently in two independent laboratories (18,19). We will
mention our method briefly.

1. Anesthetize the mouse using isofluorane inhalation. To deliver anesthesia,
saturate a cotton ball with isofluorane, and place inside a closed container
with the mouse. Watch carefully for apnea. Do not inject any drug for anes-
thesia because the liver that normally catabolizes most anesthesia drugs
may be in stroke temporarily after injection of a large volume of solution
and toxicity of anesthetics may be much higher. If an animal receives a drug
injection for anesthesia, it may have difficulty recovering and in some cases
may die.

2. Warm the tail with warm water or a heat lamp to make the vessel dilate.
Usually 50–60°C water is suitable.

3. Hold the distal part of the tail using the thumb and ring finger to pull the
tail straight. The index and middle fingers hold the root of the tail to block
blood flow.

4. Using a 3-mL syringe with a 27-G needle, inject 2–3 mL of Ringer’s solu-
tion containing pDNA through the tail vein within 7–10 s (see Note 5).

3.2. Intravascular Delivery of pDNA to Other Internal Organs

Following successful expression in liver, we attempted to transfect various
other organs. We have found that the intravascular injection technique is widely
applicable as a basic method for gene transfer in vivo. Many types of cells can
take up and express pDNA following intravascular delivery; it appears that it is
a general characteristic of mammalian cells in vivo. Therefore, if pDNA comes
into contact with somatic cells, there is a possibility that it will be taken up and
expressed regardless of the delivery method employed. There are large varia-
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tions from organ to organ with respect to the structure, blood supply, cell bio-
logical characteristics, and so on. The optimum conditions for gene transfer will
therefore vary from organ to organ. Strategies for optimization are mentioned
below and in notes.

3.2.1. Intravascular Injection of pDNA to Mouse Kidney

This section describes a step-by-step method for the intravascular injection
of pDNA into the mouse kidney. See Note 6 for modifications required to make
the method suitable for rats.

1. Anesthetize 25–30 g ICR mice, then open the abdominal cavity as de-
scribed in Subheading 3.1.1, steps 1 and 2.

2. After exposure, separate the inferior vena cava both upstream and down-
stream of the renal veins. Also separate the inferior phrenic and spermatic
vessels.

3. Use two clamps to block the inferior vena cava; place one downstream of
the renal vein (between renal vein and liver), and the other upstream and
0.5 cm away from renal vein. Also block the inferior phrenic and spermatic
vessels to create high pressure.

4. Prepare a 1-mL syringe containing 0.4–0.6 mL of Mannitol solution con-
taining 2.5 U of heparin and pDNA (usually 10–100 µg) and with a 30 G
needle bent at a 30° angle. Insert the needle into the inferior vena cava up-
stream of the renal vein. Advance the tip close to, but not over, the junction
point of the renal vein and the inferior vena cava.

5. Inject the pDNA at a rate of about 1 mL/20 s.
6. Use a piece of gelfoam to stop bleeding and remove clamps 2 min post-

injection. No special care is routinely needed after closing the abdominal
cavity.

3.2.2. Intravascular Delivery of pDNA to Mouse Intestine

This section describes a step-by-step method for pDNA delivery to mouse in-
testine. See Note 7 for minor modifications required to make the method suit-
able for rats.

1. Anesthetize 25–30 g ICR mice, open the abdominal cavity, and expose the
intestines as described in Subheading 3.1.1., steps 1–3.

2. Locate the superior mesenteric vein by pushing the intestine to left side of
the abdomen. Separate the vessel and block the vein just before its juncture
with the splenic vein using a microclamp.

3. Insert a 30-G needle into the mesenteric vein in the retrograde direction of
blood flow. Inject 1–2 mL of mannitol solution containing 2.5–5 U of he-
parin and 100 µg/mL of DNA in a 3 mL syringe at high velocity.
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4. Place a piece of gelfoam on the injection site before pulling the needle out
and maintain pressure using a cotton tipped applicator. Release the clamp
2 min later. Suture the abdominal cavity closed.

3.2.3. Intravascular Injection for Ovary Gene Transfer in Rat

1. Anesthetize the rat by intramuscular injection of ketamine (80–100 mg/kg)
and xylazine (2 mg/kg).

2. Make a medial incision about 4 cm long on the lower part of the abdomen
and expose the internal organs using retractors.

3. The ovary receives its blood supply from two sources, the ovarian artery
and the uterine artery, and there is rich collateral circulation between these
two systems. Select one vessel from the ovarian artery, ovarian vein, or
uterine vein for delivering DNA solution; the uterine artery is too thin to be
used. Separate and clamp all vessels before injection. Place the clamps as
close to the ovary as possible, with the exception of the vessel selected for
injection, which should be blocked at a point far away from the ovary in
order to leave enough space for injection.

4. Inject 0.3–0.5 mL of mannitol containing 100 µg/mL of pDNA at high ve-
locity.

5. Place a piece of gelfoam on the injection site before pulling the needle out
and maintain pressure using a cotton-tipped applicator. Release the clamp
2 min later. Suture the abdominal cavity closed.

3.2.4. Intravascular Injection for Testis Gene Transfer in Rat

1. Anesthetize the rat, then open the abdominal cavity and expose the internal
organs as described in Subheading 3.2.3., steps 1 and 2.

2. DNA may be delivered to the testis by one of two routes:

a. Block the testicular artery and vein at a position far away from the testis
to allow room for injection. Also block the artery and vein of the deferent
duct. Using a 1-mL syringe with a 30-G needle, quickly inject 0.5 mL of
mannitol solution containing pDNA (100 µg/mL) into the testicular ar-
tery or vein.

b. Clamp all blood outflow and inflow of the testis at a position as close to
the testis as possible. Using a 1-mL syringe and a 30-G needle, quickly
inject 0.5 mL of mannitol solution containing pDNA (100 µg/mL), into
a vessel located on the surface of the testis.

3. Place a piece of gelfoam on the injection site before pulling the needle out
and maintain pressure using a cotton tipped applicator. Release the clamp
2 min later. Suture the abdominal cavity closed.
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3.3. Intravascular Delivery of pDNA to Skeletal Muscle

The intravascular delivery of naked pDNA to muscle cells is attractive par-
ticularly because many muscle groups would have to be targeted for intrinsic
muscle disorders such as Duchenne muscular dystrophy. In addition, an in-
travascular approach would avoid the limited distribution of pDNA through the
interstitial space following intramuscular injection. Muscle has a high density
of capillaries (20) that are in close contact with the myofibers (21). Delivery of
pDNA to muscle via capillaries puts the pDNA into direct contact with every
myofiber and substantially decreases the interstitial space the pDNA has to tra-
verse in order to access a myofiber. However, the endothelium in muscle capil-
laries is of the continuous, nonfenestrated type and has low solute permeability,
especially to large macromolecules (22). Based on our success with intravascu-
lar injection of naked DNA to liver, arterial delivery of DNA to rat muscle was
attempted with very positive results. High levels of reporter gene expression
were found throughout the hindleg and foot muscles (12). This intra-arterial in-
jection technique has since been applied to large animals such as rabbit, mon-
key, and dog.

3.3.1. Intra-Artery Delivery of pDNA to Rat Hindleg Muscle

1. Anesthetize a 130–160 g rat by intramuscular injection of ketamine
(80–100 mg/kg) and xylazine (2 mg/kg).

2. Make a medial incision from the upper two-thirds to the caudal edge of the
abdomen to open the abdominal cavity. Use two retractors, one to pull the
right abdominal wall to the right side, and the other to pull the left abdom-
inal wall and internal organs to the left side.

3. Using a cotton-tipped applicator and forceps, push the peritoneum and con-
nective tissues away from the front of iliac artery until it is clearly visualized.
Separate the external iliac artery and vein from the surrounding tissue using
curved micro tying forceps and place a suture silk around the two vessels.
Separate the caudal epigastric vessels (artery and vein), internal iliac vessels,
vessels of deferent duct, and caudal gluteal vessels using the same method.

4. Clamp these separated vessels to block blood inflow and outflow of the
hindleg. Pay great attention to separating and clamping the gluteal vessels.
These vessels are very deep and are not easily visualized. These vessels
also have extensive collateral vessels. If damage occurs to these vessels or
the blockage is not complete, it will dramatically affect the transfection ef-
ficiency. Block the external iliac last, as close to the origin of the artery as
possible to allow enough space for injection.
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5. Fix the external iliac artery by pulling the two ends of the suture silk that
was placed there previously. Using a 3-mL syringe with a 30 G needle, in-
ject 3 mL of normal saline containing 0.5 mg of papaverine into the artery.

6. Five minutes later, insert a 25- or 27-G butterfly needle into the external
iliac artery through the original hole used for the papaverine injection. If
the butterfly needle is not inserted into the papaverine injection hole, there
will be extensive leakage through the hole. Attach a 10-mL syringe to the
butterfly needle and inject 10 mL of normal saline containing 500 lg of
pDNA (the dose can be varied widely) within 7–15 s.

7. Place a piece of 6 mm � 6 mm gelfoam on the injection site and maintain
pressure while removing the needle using a cotton-tipped applicator. Re-
move the clamps 2 min after injection and maintain the pressure on the
gelfoam until all bleeding has stopped. No special care is needed after su-
turing the abdominal cavity (see Note 8).

3.2.2. Intra-Arterial Delivery of pDNA to Monkey Skeletal Muscle

1. Anesthetize a 6–14 kg monkey by intramuscular injection of ketamine
(10–15 mg/kg im) followed by isofluorane inhalation (2–3% by face mask).

2. For a forearm injection, make a 3 cm long longitudinal incision on the skin
along the inside edge of the biceps brachii and 2 cm above the elbow. For a
lower-leg injection, make the incision on the upper edge of popliteal fossa.

3. Use a retractor to expose the vessels. Separate the brachial artery or popli-
teal artery from the surrounding tissue and veins using forceps.

4. Insert a 20-G catheter into the brachial or popliteal artery anterogradely and
ligate it in place with a suture (see Note 9).

5. Block blood flow in the forearm or lower leg using a blood pressure cuff
that surrounds the arm or leg proximal to the injection site. Inflate the
sphygmomanometer above 300 mm Hg and then inject 30 mL of normal
saline containing 5 mg of papaverine into the catheterized vessels.

6. Keep the blood flow blocked; 5 min after papaverine injection, rapidly in-
ject the DNA solution (about 1.5% of body weight) into the vessel using an
air pump driven by nitrogen gas. Deliver 120–150 mL of DNA solution into
the arm or 150–180 mL into the leg. The injection typically takes 30–60 s
(see Note 10).

7. Place a piece of gelfoam on the injection site and maintain pressure until
the catheter is removed and the bleeding has stopped (or, if necessary, until
the artery has been repaired). Two minutes after injection, deflate the sphyg-
momanometer belt and suture the incision.
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4. Notes
1. The same procedure is suitable for intra-bile duct injection except that (1)

the bile flow is occluded by a clamp at the end of the bile duct to prevent
the DNA solution leaking into the duodenum, and (2) the DNA solution is
injected into the bile duct retrogradely. When pDNA in 1 mL of hyperos-
motic solution was injected into the bile duct, the expression was usually
the same or better than intraportal injection. However, the alanine amino-
transferase (ALT) level in serum (indicating liver trauma) was higher than
with the intraportal delivery method. Very good expression can often be
achieved after injecting small DNA volumes using the intra-bile injection
method, but there is wide variability. When the DNA solution is delivered
through the bile duct without occlusion of the hepatic vein, both the gene
expression and ALT levels are lower.

2. The intra-portal, intra-hepatic, and intra-bile duct injection methods have
been successfully used in rats and the results are comparable to the mice
data. We will not mention the methods separately here because they are
identical to those used in mice except that 10 mL of DNA solution, a 25-G
butterfly needle, and a 10-mL syringe are used. A modification has also
been tried in which a 24-G catheter and tourniquet are used instead of a 25-
G butterfly needle and metal clamp. A Rommel tourniquet is put on the in-
ferior vena cava at the position between the renal vein and liver. A catheter
is then inserted into the inferior vena cava upstream of the renal vein but
passed beyond the tourniquet. When this procedure is followed, DNA so-
lution is delivered only to the liver; no solution is delivered to the kidneys.

3. Several points should be noted for the intra-hepatic injection in mouse.
First, the portal vein can be free or clamped when performing the intra-he-
patic injection, but if the portal blood flow is blocked, higher expression
can be reached. Second, the DNA solution perfuses not only the liver, but
also the kidneys because the clamp is located upstream of the renal vein.
This is the reason that we advance the needle to pass over the renal vein to
cause most of the DNA solution to reach the liver. Third, the order of
clamping at the vessels can affect the transfection efficiency. If the first
clamp is put on the vena cava downstream of hepatic vein, the liver will be
filled up by the blood coming from both the portal system and the lower
part of the inferior vena cava system. This causes the pressure in the liver
to increase prior to injection, so higher ultimate pressures can be reached,
resulting in higher transfection efficiencies. However, if the upstream
blocking occurs first, the pressure in the inferior vena cava downstream of
the clamp is decreased because the blood coming from the lower part of the
body was blocked. In this case the pressure difference between inferior
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vena cava and portal system is increased and the blood is quickly drained
from the liver, resulting in decreased pressure in the liver and lower trans-
fection efficiencies.

4. Solution volume, injection velocity, and complete occlusion of blood flow
are three key factors for achieving successful gene transfer in our intravas-
cular delivery protocol. Alteration of any one of these three factors will sub-
stantially affect the transfection efficiency. Combining this surgical ap-
proach with improved plasmid vectors has enabled uncommonly high levels
of foreign expression in which more than 15 µg of luciferase protein/liver
was produced in mice and more than 50 µg of luciferase/liver in rat. Equally
high levels of b-galactosidase expression were obtained; more than 5%
of hepatocytes had intense blue staining. b-galactosidase expression was
rarely seen in other type of cells. Expression of luciferase or b-galactosidase
was almost evenly distributed in hepatocytes throughout the entire liver
when any of the three routes were injected.

5. The amount of solution volume is variable according to the body weight.
Use the following equation to calculate DNAvolume: solution volume (mL)
� (animal body weight in grams � 5)/10. The amount of pDNA may be var-
ied over a wide range; the maximum we have used is 300 µg per injection
and the minimum is 1 ng per injection. The expression is DNA dose-de-
pendent, but we achieve very good expression using 1 ng of luciferase gene
per injection.

6. The same protocol can be used for gene transfer to rat kidney (23). How-
ever, because the renal artery and vein are longer and thicker, a single kid-
ney is usually selected as a target. If the renal vein is selected for gene de-
livery, the vein must be clamped at the juncture point of renal vein and
inferior vena cava. The renal artery can be kept free or blocked. If the ar-
tery is selected, both artery and vein should be blocked. It is important to
remember that, when the left kidney is selected as target organ, the inferior
phrenic and spermatic vessels should be clamped as well.

7. Intravascular gene transfer to rat intestine is somewhat different from that in
mice. Usually we select a 5 cm segment of intestine as the target for gene
transfer. The two ends of the targeted segment of intestine are clamped, in-
cluding the intestine itself and the collateral vessels that connect the target
segment and the neighboring area. The main trunk of the artery and vein that
supply the target or drain blood from the segment should be clamped, as well
as any branches that are concerned with the collateral circulation between
the segment and neighboring area. DNA solution is injected through the ar-
tery anterogradely or through the vein retrogradely. The volume of DNA so-
lution is varied according to the length of selected intestine segment (100 µg
for a 5-cm segment).
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8. Additionally, our data show that immunosuppression promotes long-term
expression following intra-arterial delivery of pDNA to rat muscle (24).
Other groups have demonstrated long term gene expression in liver using
liver-specific promotors (25). These are exciting advances that hold great
promise for use in gene therapy.

9. A modification has been made in large animals for the intra-arterial injection
of pDNA (unpublished). A long cannula (F-6) is inserted from the proximal
part of the brachial, femoral, or external iliac artery, past the position of the
blood pressure cuff to the distal portion of the artery. The blocking and in-
jection are same as that described above. The modified method eliminates
leakage because the incision is far away from the injection site and the
tourniquet prevents back-flow. This method has produced exciting results in
monkey muscle (24). The luciferase expression averages 991 ng/g muscle
for the forearm and 1692 ng/g for lower leg 1–2 wk post-injection. In the rat,
luciferase expression averages 780 ng/g. X-gal staining produced similar re-
sults. The highest percentage of b-galactosidase-positive cells achieved
using this method has been 37% and the lowest is about 1%, averaging 6.3%
in the forearm and 7.3% in the lower leg muscle.

10. For most organs, if high pressure is obtained inside the vessels, highly ef-
ficient gene transfer occurs. It is possible that the high pressure enables
pDNA extravasation, and the pDNA is then taken up and expressed by the
cells (26). Alternatively, the high pressure may directly affect the mem-
brane of targeted cells so as to enable pDNA uptake. Regardless of the
mechanism, the intravascular injection offers an efficient and safe method
for gene delivery to many organs.
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Microparticle Delivery of Plasmid DNA
to Mammalian Cells

Mary Lynne Hedley and Shikha P. Barman

1. Introduction
Polypeptides with therapeutic benefit and those for which a cellular and hu-

moral immune response is desirable can be produced by injection of plasmid
DNA into muscle (for review, see ref. [1]). The safety and efficacy of the DNA-
based approach has resulted in several clinical trials with plasmids encoding cy-
tokines, alloantigens, cancer antigens, and antigens from pathogens (2–8), but
in most cases the results from these studies have been less than inspiring. Data
collected to date would suggest that the success of this method requires higher
levels of transfection and sustained expression than are achievable with plasmid
in the absence of a delivery system. Furthermore, the efficacy of DNA vaccines
will depend on the presentation of DNA encoded antigen by activated profes-
sional antigen-presenting cells (APCs) such as Langerhans cells, macrophages,
and dendritic cells (DCs) (1).

Given the results from current studies with unformulated DNA in humans, the
rationale for formulating plasmid DNA in microparticles includes achieving sus-
tained, therapeutic concentrations of a polypeptide, and targeting DNAuptake by
phagocytic cells with particles less than 10 lm in diameter (9–11). Advantages to
the encapsulation approach include the potential for controlled release of DNA
from particles, elimination of frequent dosing regimens, and protection of
DNA from serum components. The selection of biodegradable, biocompatible
polymers that are inert, safe, and do not compromise the bioactivity of the DNA
will further enhance the applicability of these systems. A synthetic polymer use-
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ful in this regard is poly(lactide-co-glycolide) (PLG), which has a history of safe
use in humans (12). Small molecule, peptide- and protein-sustained release sys-
tems that utilize PLG microparticles as a delivery vehicle are commercially avail-
able, including Lupron Depot® (TAP), Neutropin Depot® (Genentech), Zoladex®

(Zeneca), Decapeptyl® (Ipsen Biotech), and Prostap SR® (Lederle).
Microencapsulation of DNA must not only address the criteria of a DNA de-

livery system as described earlier, but must include critical parameters that per-
mit the production of defined size particles and the preservation of plasmid
structure postformulation. Particles containing DNA can be large, as may be re-
quired for the expression of therapeutic proteins, or less than 10 lm in size so
as to promote uptake by APC. Maintaining plasmid structure throughout the
process results in a product with potentially enhanced biological activity and a
longer shelf life. A successful procedure for DNA encapsulation will need to be
economical at scale, allow for high drug loading, and be aseptic in nature, be-
cause terminal sterilization is not possible with this type of formulation. Tech-
niques for the incorporation of plasmid DNA into PLG microparticles have been
described (13–16). Plasmid DNA released from PLG microparticles over time
is functional and is expressed in cells (17). Administration of the particles to
mice elicits an immune response to the encoded antigen (13,14,18,19,20) and
patients immunized with encapsulated plasmid DNA mount a significant im-
mune response to the encoded antigen (21,22).

In this chapter, detailed methods and protocols are provided for producing
PLG-encapsulated DNA via a water/oil/water (w/o/w) encapsulation proces-
sand for microparticle characterization. Protocols are also provided for meas-
uring gene expression, and immune responses to the encoded antigen (antibody
and T-cell responses). b-galactosidase (b-gal) was chosen as the reporter anti-
gen for these studies because the plasmid and the tools to test b-gal expression
and specific immune responses are commercially available.

2. Materials
2.1. Small-Scale Production of �10-lm Microparticles Containing
Plasmid DNA (see Notes 1–3)

1. Silverson SL2T homogenizer equipped with 16-mm ID slotted mixing head
(Silverson, East Longmeadow, MA).

2. Ring stand and clips to hold the homogenizer.
3. Freeze dryer (Labconoco Freeze dryer 4.5).
4. TE buffer: 10 mM Tris-HCl, pH 8.0, 1 mM ethylenediaminetetraacetic acid

(EDTA), pH 8.0.
5. TE with 303 mM sucrose.
6. 1.2 mg plasmid DNA dissolved in 0.3 mL of TE/303 mM sucrose (see

Note 4).
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7. 0.2 g PLG (Resomer® RG502, 50:50 random D,L lactide-co-glycolide,
~12,000 Da; Boehringer Ingelheim, Germany).

8. Dichloromethane high-performance liquid chromatography ([HPLC]-
grade, J.T. Baker, Phillipsburg, NJ).

9. Polyvinyl alcohol (PVA, mwt ~30-50,000, Sigma, St Louis, MA).
10. 1% PVA solution: 1% w/v PVA/303 mM sucrose in DI water (see Note 5).
11. 0.05% PVA solution: 0.05% (w/v) PVA/303 mM sucrose in DI water (see

Note 5).

2.2. Lab-Scale Production of �10-lm Microparticles Containing
Plasmid DNA (see Note 6)

1. Silverson SL2T homogenizer equipped with 16-mm ID homogenizing
probe (Silverson).

2. Silverson L4RT homogenizer equipped with in-line mixer head.
3. Pump 1, MasterFlex L/S drive (Cat. no. 7554-90) equipped with Master-

Flex EasyLoad pumping head (Cat. no. 75118-00, Upchurch Scientific,
Seattle WA).

4. Pump 2, MasterFlex standard drive (Cat. no. 7520-00) equipped with Ea-
syLoad II pumping head (Cat. no. 77200-50, Upchurch Scientific).

5. Five-mm ID viton tubing for pump 2 (Masterflex Cat. no. 6412-25, Up-
church Scientific) (see Note 7).

6. One-mm ID viton tubing for pump 1 (Masterflex Cat. no. 6412-14, Up-
church Scientific) (see Note 7).

7. Rind stand and clips to hold the homogenizers.
8. VWR adjustable jack.
9. Freeze dryer (Labconoco Freeze dryer 4.5).

10. 10.6 mg plasmid DNAdissolved in 1.6 mLTE/303 mM sucrose (see Note 4).
11. 1 g PLG (Resomer® RG502, 50:50 random D,L lactide-co-glycolide,

~12000 Da; Boehringer Ingelheim).
12. Dichloromethane (J.T. Baker, HPLC-grade)
13. PVA (mwt ~30–50,000, Sigma).
14. 1% PVA solution: 1% w/v PVA/303 mM sucrose in DI water (see Note 5).

2.3. Measuring DNA Encapsulation

1. TE buffer: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0.
2. Chloroform (J.T. Baker).

2.4. Measurement of DNA Supercoiling 

See Note 8 for a more quantitative measure of supercoiling.

1. 50X TAE buffer (Boston Bioproducts, Ashland MA).
2. Ethidium Bromide solution (Sigma)
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3. 0.8% agarose gel made with TAE buffer (final concentration 1X) and Ethid-
ium Bromide (5 lL/100 mL gel)

4. 10X agarose gel loading buffer (Boston Bioproducts)

2.5. Microparticle Sizing (see Note 9)

1. Multisizer II Coulter counter with a probe suitable for analyzing 1–10-lm
sized particles (aperture 30 lm; Beckman Coulter, Inc., Palatine, IL).

2. Three-lm standard beads (Cat. no. 17143, Polysciences,Warrington, PA).
3. Isoton II diluent (Cat. no. PN 8546719, Beckman-Coulter).

2.6. In Vitro Release of DNA from Particles Over Time

1. Dulbecco’s Phosphate-Buffered Saline Solution: (PBS, Cat. no. 59321-
500M; JRH Biosciences, Kansas City, KS).

2.7. Analysis of b-Gal Specific Expression (see Note 10)

1. Oven.
2. Microtome.
3. Balb/c mice, females, 6–10 wk of age (The Jackson Laboratory, Bar Har-

bor, ME) (see Note 11).
4. Isoflurane (Abbott Lab, North Chicago, IL).
5. PBS solution (Cat. no. 59321-500M, JRH Biosciences).
6. 0.25% glutaraldehyde (J.T. Baker).
7. Xylene (Cat. no. X3P, Fisher Scientific).
8. 0.2% X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside; Promega,

Madison, WI).
9. 10% neutral buffered formalin (Cat. no. 0133, Fisher Scientific, Pittsburgh,

PA).
10. Hematoxylin Solution (Cat. no. HHS-32, Sigma).
11. Eosin Y solution (0.1% w/v, Cat. no. HT110-3-32, Sigma).
12. Permount (Cat. no. 1000-4, Sigma)

2.8. b-Gal Specific Enzyme-Linked Immunosorbent Assay (ELISA)

1. ELISA plate reader.
2. Balb/c mice, females, 6–10 wk of age (The Jackson Laboratory, Bar Har-

bor, ME) (see Note 11).
3. 96-well plates (Dynatech Laboratories, Chantilly, VA, Cat. no. 011-010-

3455).
4. b-gal protein (Calbiochem Novabiochem, Pasadena, CA, Cat. no. 345788).
5. Normal mouse serum (NMS; see Note 12).
6. b-gal-specific monoclonal antibody (MAb) (Calbiochem Novabiochem,

Cat. no. 0B02-100UG).
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7. Horseradish peroxidase-conjugated antibodies specific for mouse IgG
(heavy � light-chain specific) (Cat. no. 6175-05, Southern Biotechnology,
Birmingham, AL).

8. ABTS substrate (Zymed, San Francisco, CA, Cat. no. 00-2011).
9. Dulbecco’s PBS (Cat. no. 59321-500M, JRH Biosciences).

10. PBS/0.05% Tween-20 (PBST, Cat. no. P-3563, Sigma).
11. Bovine serum albumin (BSA, Sigma).

2.9. T-Cell Assays

1. Cell Harvester, filter mats, and bag sealer (Harvester Model no. MACH,
Tomtec, Hamden, CT).

2. Liquid Scintillation Counter (Cat. no. 1205, Wallac, Atlanta, GA).
3. Centrifuge (Beckman Coulter Model G5-CR).
4. X ray source to irradiate cells (AXR Minishot 160 Model M160NH) (see

Note 13)
5. Balb/c mice, females, 6–10 wk of age (The Jackson Laboratory) (see

Note 11).
6. The synthetic peptide, TPHPARIGL, representing the naturally processed

H-2 Ld restricted epitope spanning amino acids 876-884 of b-galactosidase
(b-gal peptide; see Note 14).

7. The synthetic peptide, IPQSLDSWWTSL, the H-2 Ld epitope corres-
ponding to residues 28–39 of hepatitis B surface Ag (HBV peptide) (see
Note 14).

8. Fetal calf serum (FCS), (Cat. no. 12106-78P, JRH Bioscience).
9. RPMI-1640 (JRH Bioscience) supplemented with 2% or 10% FCS

(RPMI-2 and RPMI-10), 2 mM L-glutamine (Invitrogen, Baltimore, MD)
streptomycin (Invitrogen) at 100 g/mL, penicillin at 100 U/mL (Invitrogen)
and 5.5 � 10�2 mM 2-mercaptoethanol (Cat. no. 21985-023, Invitrogen).

10. Trypan Blue (Invitrogen).
11. T-cell enrichment columns and buffers for CD3 or CD8 T cells (R&D Sys-

tems, Minneapolis, MN)
12. Interferon-γ (IFN-γ) ELISPOT kit, includes 10X wash buffer (Cat. no.

EL485, R&D Systems).
13. 1X wash buffer (10X buffer is included in the ELISPOT kit, Cat. no.

EL485, R&D Systems).
14. RPMI-10 containing 2.5 mg/mL Concanavalin A (ConA) (Cat. no. L7647,

Sigma).
15. RPMI-10 containing 3 mg/mL Ovalbumin (OVA, Cat. no. A5503, Sigma).
16. RPMI-10 containing 3 mg/mL b-galactosidase (Cat. no. 345788, Cal-

biochem Novabiochem).
17. 3H-TdR (Cat. no. 24066, ICN Biomedicals, Inc, Philadelphia, PA).
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3. Methods
3.1. Small-Scale Production of �10-lm Microparticles 
Containing Plasmid DNA

1. Dissolve 0.2 g of PLG in 7 mL of dichloromethane (DCM) in a 17x 100-
mm, 14 mL polypropylene tube at ambient temperature (see Note 15).

2. Pour 50 mL of 1.0% PVA solution into a 100-mL polypropylene beaker.
Have a 250-mL polypropylene beaker containing 100 mL of 0.05% PVA
with a 1.5-in stir bar ready on a stir plate.

3. Pour the dissolved PLG/DCM into a 50-mL polypropylene graduated cylin-
der that has been sawed off at the 35 mL mark.

4. Set the homogenizer to speed setting 10 (approx 10,000 rpm).
5. Pipet 1.2 mg of DNA in 300 lL TE/sucrose solution into the PLG/DCM

and homogenize for 2 min at room temperature to create the water-oil emul-
sion. Turn off the homogenizer, remove the probe from the emulsion, and
place the graduated cylinder in ice.

6. Immediately place the beaker containing the 50 mL of 1.0% PVA solution
on an adjustable stand and raise the stand so that the probe of the homog-
enizer is in the solution and near, but not touching, the bottom of the beaker.
Turn on the homogenizer (setting 10) and quickly pour in the water-oil
emulsion. Homogenize for 1 min to create the water-oil-water emulsion.
Begin timing the moment the DNA/PLGA emulsion is poured into the
PVA.

7. Quickly pour the water-oil-water emulsion into the 100 mL of 0.05% PVA
solution that is in the 250-mL polypropylene beaker on the magnetic stir-
plate (this solution should be stirring during the addition of the emulsion).

8. Evaporate the organic solvent (dichloromethane) by stirring the particles at
room temperature for 2 h under a chemical hood (see Note 16).

9. Pour the microparticle suspension into a 250-mL polypropylene centrifuge
tube and centrifuge at 336g for 15 min at ambient temperature (see Note 17).

10. Remove the supernatant carefully with a 50-mL polypropylene disposable
pipet. Do not remove all of the supernatant because this may result in a loss
of microparticles. Approximately 1 mL of fluid should remain in the tube.

11. Gently resuspend the pellet in the residual fluid with a rounded spatula to
avoid breaking the microparticles. Reconstitute with 40 mL of deionized
(DI) water. Transfer the suspension to a 50-mL screw-capped tube. Wash the
250-mL tube with 10 mL of DI water and transfer that 10 mL into the 50-mL
tube. Repeat the centrifugation process/reconstitution twice (see Note 18).

12. After the final wash, resuspend the pellet in 5 mL of DI water.
13. Cover the top of the 50-mL tube with a Kimwipe® and secure the Kimwipe

with a rubber band.
14. Insert the tube into liquid nitrogen to freeze the microparticle suspension.
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15. Place the tube into a 900-mL fast-freeze flask and dry for a minimum of 15
h under vacuum on a lab freeze dryer (�100 mm Hg).

16. After drying, remove the Kimwipe and cap the tube. Keep the cap loose and
store in an airtight container with desiccant at �20°C (see Note 19).

3.2. Lab-Scale Production of �10-lm Microparticles 
Containing Plasmid DNA

1. Calibrate the Masterflex pumps. Calibrate pump 1 with 1-mm ID viton tub-
ing at a flowrate of 46 mL/min and pump 2 with 5-mm ID viton tubing at
a flow rate of 1 L/min.

2. Dissolve 1 g of PLG in 17 mL of DCM in a 50-mL sterile polypropylene
centrifuge tube (see Note 15). Cap the tube to prevent solvent evaporation.
Continue to invert the tube until all of the polymer dissolves.

3. Place a 50-mL polypropylene beaker in an ice tub and set the tub on an ad-
justable jack. Lower the tip of the Silverson homogenizer shaft (SL2T) Po-
sition to approximately 3 mm of the bottom of the beaker. Add ice to the
ice tub just to the top of the beaker.

4. Install the in-line mixing assembly to the Silverson L4R homogenizer drive
unit as directed in the manufacturer’s instructions. Attach 5-mm viton tub-
ing to the in-line mixer’s inlet and outlet ports as shown in Fig. 1. Prime

Fig. 1. Set up for production of w/o/w emulsion. A schematic of the in line mixer is
depicted. Location of 1-mm and 5-mm viton tubing is indicated.



the in-line mixer with a 1% PVA solution. Insert the end of the 5-mm ID
viton inlet tubing into a beaker containing 1 L of 1% PVA solution and the
end of the 5-mm viton outlet tubing into a 4-L pyrex beaker.

5. Pour 18 mL of DCM into a 50-mL polypropylene graduated cylinder. Cover
the graduated cylinder with foil.

6. Draw the DNA solution (10.6 mg dissolved in 1.6 mL TE/303 mM sucrose)
into a 3-mL syringe with an 18-G needle.

7. Pour the PLGA/DCM solution from the 50 mL polypropylene tube into the
50-mL polypropylene beaker in the ice bucket and start the timer (T �
0:00:00, in h:mm:ss). Turn on the SL2T homogenizer to 10,000 rpm.

8. At T � 0:00:30, inject the DNA solution over a span of 5 s into the PLGA/
DCM solution. Continue homogenization until T � 0:04:00. At this time,
quickly pour 18 mL of DCM from the graduated cylinder into the 50-mL
beaker containing the emulsion. At T � 0:04:30, turn off the homogenizer.
Hold the 50-mL beaker by hand. Slide out the jack and remove the beaker
from under the homogenizing probe.

9. Place the 50-mL beaker on the bench next to pump 1. Turn the pump speed
of pump 1 to 46 mL/min but do not turn on the pump. Place the inlet end
of the 1-mm ID viton tubing into the 50 mL beaker.

10. At T � 0:05:30, turn on pump 2 and set the Silverson (L4R) homogeniz-
ing speed to 6000 rpm.

11. At T � 0:05:35, turn on pump 1.
12. When the emulsion in the 50-mL beaker is gone, wait 5 s, then turn off both

pumps and the Silverson L4R. The w/o/w emulsion should be in the 4-L
beaker.

13. Immediately place a 2.5-in magnetic bar into the 4-L beaker. Place the
beaker on a magnetic stir plate and stir for 30 min at room temperature.
After 30 min, heat the stirring solution to 37°C. Continue to monitor the so-
lution so that it does not exceed this temperature.

14. After 2.5 h of stirring, dispense the milky dispersion evenly into four 250-
mL polypropylene centrifuge tubes. Centrifuge the tubes at 336g for 10 min
(see Notes 16 and 17). Gently pour off the supernatant.

15. Resuspend the particles in each tube with 5 mL of DI water using a spat-
ula, then add an additional 35 mL of DI water to each tube and resuspend
by gentle flicking with a rounded spatula. Do not vortex the particles (see
Note 18). Transfer the particles from each 250-mL tube to a 50-mL screw-
capped polypropylene centrifuge tube. Wash each of the 250-mL tubes with
10 mL of DI water and transfer to the 50-mL tubes.

16. Centrifuge the particles as in step 14 and repeat the wash two more times.
After the final wash, suspend the particles in each tube with 5 mL of water and
cover the tubes with a Kimwipe. Secure the Kimwipe with a rubberband.
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17. Insert the tubes into a bath of liquid nitrogen to freeze the suspensions.
18. Place the tubes in a 900-mL fast-freeze flask and dry for 15 h under vac-

uum on a lab freeze dryer (�100 mm Hg).
19. After drying, remove the Kimwipes and cover each of the tubes with a

screw cap. Keep the caps loose and store in an airtight container (with des-
iccant) at �20°C (see Note 19).

3.3. Measuring DNA Encapsulation

1. Weigh approx 2.5 mg microparticles in a colorless microcentrifuge tube.
Note the exact amount as it is needed to calculate the encapsulation effi-
ciency.

2. Add 200 lL of TE buffer and resuspend microparticles by gently flicking
the tube.

3. Add 500 lL of chloroform and rotate end-over-end for 90 min on a tube ro-
tator at ambient temperature.

4. Centrifuge at 1400g for 5 min (see Note 20).
5. Remove 100 lL of the upper aqueous phase and transfer to a new tube con-

taining 400 lL of TE buffer (dilution factor � 5).
6. Set the UV spectrophotometer to a wavelength of 260 nm and blank the

spectrophotometer with 500 lL of TE buffer.
7. Pipet 500 lL of the diluted sample into the quartz cuvet and read absorbance.

Reading should be between 0.1 and 0.5 (Beer-Lambert’s range of linearity).
Calculate the concentration of DNA in the microparticle sample (expect

to recover approximately 2–4 lg DNA/mg of particles from the small scale
batches and 4–7 lg DNA/mg of particles from the lab scale batches)

where e � 50 , w � weight of the microparticles in mg, and
b � optical path length (1 cm).

3.4. Measurement of DNA Supercoiling

1. Extract the DNA from microparticles and quantify as in Subheading 3.3.
2. To a volume containing 200 ng of DNA, add an appropriate amount of 10X

loading buffer to achieve a concentration of 1X loading buffer.
3. Prepare a sample containing 200 ng of unencapsulated control DNA with

loading buffer.
4. Load the DNA into wells of a 0.8% agarose gel and electrophorese in 1X

TAE until bromophenol blue has migrated two-thirds of the way down the
gel.

5. Visualize on a UV lightbox and photograph if desired.

lg cm
Absorbance unit ml

�
�
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6. Estimate amount of supercoiling pre- and post-encapsulation by comparing
the two samples (see Note 21).

3.5. Microparticle Sizing

1. Dispense 1 lL of 3 lm standard beads into a 50-mL polypropylene cen-
trifuge tube containing 45 mL of Isoton II diluent and invert the tube five
times.

2. Place the 50-mL polypropylene centrifuge tube underneath the aperture of
the Coulter Multisizer II and adjust the platform height to immerse the aper-
ture in the solution.

3. Press the “RESET” key to free any previous data stored in the instrument’s
memory. Turn the RESET/COUNT knob on the sampling stand to RESET.
Wait 30 s.

4. Observe the coincidence meter on the screen. When the concentration is
correct, the meter will read between 0% and 15%. Coinicidence is a meas-
ure of the percentage of counts that represent two or more particles passing
through the aperture at a single time. If the coincidence is too low, add more
particles and if it is too high, prepare the solution again starting with less
sample.

5. Press the START key and after collecting at least 50,000 counts, press the
STOP key.

6. Press “RESET” to clear data from instrument’s memory.
7. Remove the tube containing particles and place a 100-mL beaker underneath

the aperture to catch the wash waste. Flush the aperture with distilled water.
8. Add 40 mL of Isoton II diluent to a 50-mL polypropylene tube. Add a 1 lL

sample to be tested (at ~50 mg PLG particles/mL), cap the tube, and invert
the tube 5 times.

9. If visible particles are seen in the solution, continue to vortex until those
particles vanish. If large particles continue to exist in the solution sonicate
the sample for 1 min (see Notes 17 and 18 regarding clumping).

10. Place the sample to be analyzed on the sample stand and adjust the plat-
form height to immerse the aperture in the solution.

11. Follow steps 4 and 5.
12. Use the software provided with your instrument to print or store the results

as average diameter (for number and volume) of the particles.

3.6. In Vitro Release of DNA from Particles Over Time

1. Weigh three 2.5-mg samples of microparticles containing DNA in 1.5-mL
microcentrifuge tubes. Note the exact weight of the particles. Calculate the
amount of total DNA in the weighed particles as described in Subhead-
ing 3.3.
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2. Weigh three 2.5 mg samples of microparticles containing no DNA in 1.5-
mL centrifuge tubes. It is necessary to perform the DNA release on these
blank samples (see Subheading 3.3) because, at later time points, degra-
dation of the PLG creates a byproduct that has an absorbance at 260 nm.

3. Add 1000 lL of PBS to each of the tubes.
4. Place tubes on an end-to-end rotator, and place the rotator in a 37º C incu-

bator.
5. At each timepoint (1 h, 1 d, 3 d, 5 d, 7 d, 14 d, 21 d, etc.), remove the tubes

from the incubator. Centrifuge the tubes at 5000g for 5 min.
6. Remove 800 lL of the supernatant from each of the pelleted samples and

place the supernatant in a new tube.
7. Add 800 lL of PBS to each of the sample pellets. Reconstitute the pellets

gently with a rounded spatula and replace the tubes in the incubator until
the next time point.

8. Directly measure the Absorbance (260 nm) of the supernatant. Use PBS to
zero the spectrophotometer.

9. Calculate the amount of DNA in the release buffer and then the % DNA re-
leased for that time interval:

(DNA released � Total DNA in tube) � 100, wherein:

For the first time interval:

DNA released (lg) � (Absorbancesample � Absorbanceblank) 
� (ε × b) × 1 mL

where ε � 50 (lg*cm/Absorbance*mL), and b � 1 cm for a 1 cm cuvet.

For the subsequent time intervals:

DNA released (lg) � {[(Absorbancesample � Absorbanceblank) 
� (ε × b)] × 1 mL} � (0.2 × lg DNA
released from previous time point)

3.7. Analysis of b-Gal Specific Expression

3.7.1. Immunizations

1. Suspend the microparticles in saline to achieve a dose of 30 lg DNA per
animal in 50–200 lL. Minimizing the volume is preferable. Appropriate
controls include saline-injected animals or blank microparticle injected an-
imals, or most appropriately, vector (lacking the b-gal insert) containing
microparticles.

2. Lightly sedate the animals with Isoflurane according to the institution’s an-
imal safety review committee accepted procedures.
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3. Draw up the solution in a 3/10 cc insulin syringe with a 28-G1/2 needle.
Inject half (up to 50 lL/muscle) of the formulation into each of the two tib-
ialis anterior muscles and the other half (up to 50 lL/muscle) into each of
the two gastrocnemius muscles of each animal. The tibialis is above the
foot and below the knee joint (across the shin in comparison to a human)
and the gastrocnemius is behind the tibialis.

3.7.2. Expression Analysis

1. On d 6 post-immunization, sacrifice the mice and douse the injected leg with
70% ethanol. Remove leg at hip by cutting with sharp, 12-cm scissors. Make
an incision through the skin down the length of the leg, being careful not to
cut muscle layer below. Peel away skin with forceps and remove. Identify
the injected muscles (residual microparticles may still be visible) and excise
the injected muscles. Rinse the muscles one time in 10 mL of PBS.

2. Fix the muscles by submerging in 3 mL of 0.25% glutaraldehyde at room
temperature for 45 min.

3. Wash three times with 10 mL of PBS each time.
4. Stain the muscles by submerging in a 0.2% solution of X-gal at 37°C for

16 h with shaking. Protect from light.
5. Fix the stained muscles by submerging in 10% neutral buffered formalin

for 24 h.
6. Wash the muscles three times in PBS.
7. Section the muscles at a thickness of 6 lm using a microtome and place on

a glass slide. Dry the muscle sections overnight at 37°C.
8. Place the slides in a 60ºC oven for 1 h.
9. Immerse the slides in xylene three times for 4 min each time.

10. Immerse the slides in 100% ethanol two times for 2 min each time.
11. Counterstain the slides by immersion in Hematoxylin solution for 1 min

and then in Eosin Y solution for 20 s.
12. Dehydrate the slides by immersing 10 times in 95% ethanol, repeat two more

times with a fresh solution of 95% ethanol. Continue by immersing the slides
10 times in 100% ethanol. Repeat with a fresh solution of 100% ethanol.

13. Clear the slides by immersing 10 times in two changes of xylene.
14. Place a drop of Permount onto tissue, and apply coverslip.
15. Examine under a microscope and photograph if desired.

3.8. b-Gal Specific ELISA

1. Immunize mice as described in Subheading 3.7.1.
2. At defined time points, bleed mice from the retro-orbital sinus using a 9-in

Pasteur pipet. Approximately 60 lL of serum should be obtained from a
single bleed in which 150 lL of blood was collected.
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3. Transfer the blood to a microcentrifuge tube and centrifuge at 600g (see
Note 22) for 15 min to separate the sera from the red blood cells. Remove
the top serum layer and place into a new microcentrifuge tube for storage.

4. To each test well of a 96-well tissue-culture plate, add 50 lL of a solution
of b-gal protein (2 lg/mL in PBS). Incubate the 96-well plate for 3 h at
room temperature or overnight at 4°C.

5. Wash the plates two times with PBST. Fill the test wells with 150 lL of
PBS containing 1% BSA and incubate at room temperature for 2 h.

6. Flick off the blocking buffer and wash two times with at least 200 lL of
PBST per test well.

7. To the appropriate wells, add 100 lL of antibody diluted appropriately in
PBS containing 1% BSA and incubate at room temperature for 1.5 h or at
4°C overnight.

a. Negative control: NMS or antiserum.
b. Positive control: b-gal specific MAb. Test five-fold dilutions of 1:500 to

1:62,500.
c. Test samples: Dilute 1:100 to 1:12,500 at five-fold dilutions.

8. Wash plates four times with PBST. Fill the wells to the top each time.
9. Add 100 lL per test well of horseradish peroxidase (HRP)-conjugated an-

tibodies specific for mouse IgG (H�L) diluted 1:5000 in PBS and incubate
at room temperature for 3 h or at 4°C overnight.

10. Wash the plates four times with PBST. Fill the wells to the top each time.
11. Add 100 lL of ABTS substrate and incubate 20 min.
12. Add 50 lL of stop solution (1% sodium dodecyl sulfate [SDS] in distilled

water) and measure the absorbance at 405 nm on the ELISA plate reader.

3.9. T-Cell Assays

3.9.1. T-Cell Enrichment for Proliferation Assay (see Note 23).

1. Immunize the animals following the protocol in Subheading 3.7.1.
2. Harvest spleens from immunized animals 2 wk post-injection. Place the

freshly removed spleen in a 10 � 10-cm Petri dish containing 10 mL of
RPMI-2.

3. Gently tease apart the spleen by crushing between two frosted, sterile glass
slides to generate a single cell suspension and pipet cells into a 15-mL
sterile, polypropylene centrifuge tube. Wash the Petri dish with additional
RPMI-2 and add the wash to the tube.

4. Centrifuge for 10 min at 200g (see Note 24).
5. Decant the supernatant, disrupt the cell pellet by running the tube alongside

test tube rack. Resuspend the cells in 1.5-mL of sterile distilled water and
let sit for 8 s to lyse red blood cells. Quickly add 12 mL of RPMI-2.
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6. Centrifuge for 10 min at 200g and then resuspend the cells in 1 mL of 1X
column buffer.

7. For each spleen, prepare a mouse T-cell enrichment column by washing
with 8 mL of 1X column buffer.

8. Load the 1 mL of cell suspension onto the top of the column and incubate
at room temperature for 10 min.

9. Elute the cells from the column into a 15-mL sterile polypropylene cen-
trifuge tube with 8 mL of 1X column buffer.

10. Centrifuge at 200g for 10 min. Resuspend the pellet in 2 mL of RPMI-10.
Count the live cells using a hemocytometer and adjust the cell concentra-
tion to 2 � 106/mL with RPMI-10.

3.9.2. Preparation of Antigen-Presenting Cells (APCs) for T-Cell
Proliferation Assay (see Note 25)

1. Harvest the spleens from uninjected, control, age-matched, female syn-
geneic mice, prepare a single cell suspension, and lyse the red blood cells
as described in Subheading 3.9.1., steps 4–6.

2. Centrifuge at 200g for 10 min and resuspend the cells in 5 mL of RPMI-
10. Count the cells in a hemocytometer using trypan blue to distinguish live
from dead cells and adjust the cell concentration to 2 � 107 cells/mL with
RPMI-10.

3. Place tubes on ice and X-ray irradiate APCs with 3000 rad. Using an AXR
Minishot 160 Model M160NH, a 3000 rad accumulated dose is delivered
by irradiating cells for 18 min with a 150kV, 3mA X-ray beam at a distance
of 5.7 in from the X-ray tube aperture.

4. Centrifuge the cells for 10 min at 200g. Resuspend in RPMI-10. Repeat the
wash step one time.

5. Re-count the live cells as above and adjust the cell concentration to 2 � 106

with RPMI-10.

3.9.3. T-Cell Proliferation Assay

1. Add 100 ll of effector cells (2 � 105) prepared in Subheading 3.9.1. and
100 lL of APCs (2 � 105) prepared in Subheading 3.9.2. to each well of
a 96-well, flat-well, tissue-culture plate (each sample, mixture of APC and
effector cell and stimulator (ConA, OVA, protein, or media), should be
plated in triplicate)

2. To the test sample triplicate wells, add 50 lL of RPMI-10 containing 150
lg/mL of b-gal protein.

3. To the positive control triplicate wells, add 50 lL of RPMI-10 containing
12.5 lg/mL of ConA.

4. To the negative control triplicate wells, add 50 lL of RPMI-10 containing
150 lg/mL OVA.
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5. To the unstimulated control triplicate wells, add 50 lL of RPMI-10 con-
taining no antigen or mitogen.

6. Incubate the plates at 37°C in an incubator with 5% CO2 for 72 h.
7. Pulse the cells in each well with tritiated thymidine by adding 50 lL of

RPMI-10 containing 1 lCi of 3H-TdR.
8. Continue to incubate plates at 37°C in an incubator with 5% CO2 for 20 h.
9. Harvest the cells on a Cell Harvester according to the manufacturer’s in-

structions. Place the filter mat in a scintillation bag, add 10 mL of scintil-
lation fluid to the bag, ensure that the entire filter is wet with the fluid, and
seal the bag with a bag sealer.

10. Count samples in a betaplate reader (see Note 26).

3.9.4. Preparation of CD8�T Cells for Elispot Assay (see Note 27)

1. Harvest spleen cells 4–12 wk post-injection and prepare a cell suspension
according to the protocol in Subheading 3.9.1., steps 2–6. Adjust the con-
centration of cells to 2 � 108 spleen cells in 1 mL of 1X column buffer.

2. Mix 1 mL of cells with 1 mL of MAb cocktail designed for the purification
of CD8 T-cell subsets. This cocktail is provided with the T-cell purification
columns. Incubate at room temperature for 15 min.

3. Add 10 mL of 1X column buffer and centrifuge the cells at 200g (see Note
24) for 15 min. Repeat the wash one time and resuspend the pellet in 2 mL
of 1X column buffer.

4. Wash the mouse T cell CD8 columns with 10 mL of 1X column buffer and
apply the cells to the column. Incubate at room temperature for 10 min.
Elute the cells with 10 mL of 1X column buffer.

5. Centrifuge the cells at 200g for 10 min. Resuspend the pellet in 2 mL of
RPMI-10, count the live cells on a hemocytometer, and adjust the concen-
tration to 2 � 106 cells/mL.

3.9.5. Preparation of Antigen-Presenting Cells (APCs) for the Elispot
Assay (see Note 28)

1. Harvest the spleens from uninjected, control, age-matched, female syn-
geneic mice. Prepare a single cell suspension and lyse the red blood cells as
described in Subheading 3.9.2., steps 2–6, except following the last wash,
resuspend the cells in 5 mL of RPMI-10. Count the cells in a hemocytome-
ter and adjust the cell concentration to 2 � 107 cells/mL with RPMI-10.

2. Divide the APC cells equally into three tubes and treat as follows:

a. To one-third of the cells, add b-gal peptide in RPMI-10 to final concen-
tration 50 lg/mL.

b. To the second tube (the negative control), add HBV peptide in RPMI-
10 to a final concentration of 50 lg/mL.

c. To the third tube, add nothing.
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3. Incubate cells at 37°C in a 5% CO2 incubator for 3 h. Gently resuspend the
settled cells every 30 min.

4. Place the tubes on ice and X-ray irradiate APCs with 3000 rad. Using an
AXR Minishot 160 Model M160NH, a 3000R accumulated dose is deliv-
ered by irradiating cells for 18 min with a 150kV, 3mA X-ray beam at a dis-
tance of 5.7 in from the X-ray tube aperture.

5. Centrifuge the cells for 10 min at 200g. Resuspend in RPMI-10 and repeat
the wash step one additional time.

6. Re-count the live cells as in step 1 and adjust the cell concentration to 
2 � 106 in RPMI-10.

3.9.6. Elispot Assay

This assay is designed to enumerate T cells that secrete interferon-� (IFN-γ)
in response to antigen. It is performed with a kit from R&D Systems and all of
the specialized reagents indicated below are included in the kit. Kits are avail-
able to test human and mouse cells.

1. Add 200 lL of RPMI-10 to each well of the Elispot plate and incubate for
30 min at room temperature. Alternatively, condition the Elispot plates with
RPMI-10 according to the maunfacturer’s instructions. Discard the media.

2. Immediately add 100 lL (2 � 105) each of effector cells and APCs to the
wells. Note that each sample should be performed in triplicate. Each effec-
tor cell population should be incubated with each APC population (i.e.,
those pulsed with b-gal peptide/protein, negative control peptide/protein, or
APC pulsed with nothing).

3. To the wells containing APCs pulsed with nothing, add 50 lL of a 25
lg/mL ConA solution to the wells containing effecter cells and APCs. This
will serve as a positive control for T-cell activity.

4. Incubate the plate at 37°C in a 5% CO2 incubator for 24 h.
5. Discard the culture medium and wash the wells by filling each well with

200 lL of 1X wash buffer and flicking off the wash buffer into the sink. Re-
peat for a total of four washes.

6. Add 100 lL of IFN-γ detection antibody into each well and incubate at 4°C
overnight.

7. Discard the antibody and the wash wells by filling each well with 200 lL
of 1X wash buffer and flicking off the wash buffer into the sink. Repeat for
a total of four washes.

8. Add 100 lL of streptavidin-AP to each well and incubate for 2 h at room
temperature.

9. Discard strepavidin-AP, wash wells by filling each well with 200 lL of 1X
wash buffer and flicking off the wash buffer into the sink. Repeat for a total
of four washes.
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10. Add 100 lL of BCIP/NBT chromogen to each well and incubate for 1 h at
room temperature (protect from light).

11. Discard the chromogen solution from the microplate and rinse each test
well of the plate with distilled water thoroughly. Remove the flexible plas-
tic support from the bottom of the microplate, rinse the bottom of the plate
with distilled water, and blot it on a paper towel. Allow the microplate to
dry completely under a hood.

12. Cells secreting IFN-γ are indicated by purple spots in each well. Spots can
be enumerated by eye with a dissecting microscope, but this is tedious and
subject to variation depending on an individual reader. Computerized plate
reading can be easily and inexpensively performed by outside vendors. One
such company is ZellNet Consulting, New York, NY (Website: www.zell-
net.com; phone: 212-744-9526). Additional companies can be found by
contacting R&D Systems customer service department.

4. Notes
1. Although a number of microencapsulation methods have been developed

to date, the most commonly used method for the encapsulation of water-
soluble drugs in synthetic biodegradable polymers is the water-oil-water
(w/o/w) method (12,23). In this method, the drug is dissolved in a buffered
or plain aqueous solution, then added during homogenization or sonication
to an organic solution containing the polymer. This mixing event promotes
the formation of a fine emulsion in which the drug-containing water
droplets are suspended in the organic oil in which polymer is dissolved. The
w/o emulsion is added, again with intense mixing, to a large volume of an
aqueous quench solution containing a surfactant such as poly(vinyl alco-
hol) to create the w/o/w emulsion. The resulting mixture is stirred to evap-
orate the solvent. The solvent is removed from the particles by initial ex-
traction to saturation in the aqueous medium, then gradual evaporation. The
rate of solvent removal depends upon the temperature of the quench water
and the saturation solubility of the solvent in quench medium, among other
parameters. The particles are concentrated, and dried or lyophilized. The
final characteristics of the microparticles containing DNA are strongly in-
fluenced by several factors including the initial concentration of polymer,
the homogenization speed, and the rate of solvent removal (24).

2. Alternative methods that have been used to encapsulate plasmid DNA in-
clude spray drying (25) and phase coacervation (26,27), but these will not
be discussed here.

3. This scale is suitable for in vitro characterization of particles and small scale
animal studies. Blank particles can be prepared following any of the proto-
cols by simply omitting DNA from the solution. Expect to recover approx
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150–180 mg dried particles with an encapsulation of 2–4 lg DNA/mg dried
particles.

4. The plasmid should be endotoxin free. Good quality b-galactosidase plasmid
with a certificate of analysis is available from Aldevron, LLC (Fargo, ND).

5. Make this solution fresh each time and filter it through a 0.2-lm filter.
6. This scale is suitable for in vitro characterization of particles and large-

scale animal studies. Expect to recover 700–800 mg of dried microparticles
with an encapsulation of 4–7 lg DNA/mg dried particles.

7. Viton tubing must be used as tubing made of other material will be dis-
solved by the dichloromethane.

8. This can be done quantitatively by high-performance liquid chromatogra-
phy (HPLC) analysis (28). In general this requires a HPLC system
equipped with an autosampler, and an 8-lL flow-through photodiode array
UV detector set at 260 nm. Columns include a reverse-phase HPLC column
(TSK-GEL DNA-NPR, 4.6 mm � 7.5 mm, 2.5 lm (Toso-Haas, Mont-
gomeryville, PA), and a guard column (TSK-GEL, DEAE-NPR, 4.6 mm �
5.0 mm, 5.0 lm). Column equilibration buffer is: 0.56 M NaCl, 50 mM Tris,
pH 9.0. The DNA sample (extracted from microparticles as described in
Subheading 3.3.) is loaded onto the column and the column is developed
with a linear gradient of 0.56 M to 1.2 M NaCl in 50 mM Tris, pH 9.0, over
approx 10 column volumes at a flow rate of 0.5 mL/min.

9. Sizing can also be done under a microscope. Place a drop of suspended par-
ticles on a sizing slide (1–100 lm scale) and determine the size of at least
200 particles. Calculations can be done to arrive at a rough estimate of the
percentage of particles that fall within a given size range

10. Note that although the methods provided here have been optimized for de-
tecting b-gal specific expression, the steps can be adapted for most reporter
proteins. For more specific information regarding these assays and sugges-
tions for modifications, an excellent reference is Current Protocols in Im-
munology (29).

11. To measure expression, groups of 3–5 animals are suitable. For measure-
ment of antibody responses, 8–10 per group is preferred. For measurement
of T-cell responses, 3–5 per group is preferred. Note that the source of an-
imals is not particularly important, as long as it is reliable and has been rec-
ognized as an approved vendor by the institution’s animal care committee.

12. Use only serum from nonimmunized female BALB/c mice, 8–10 wk old
that has been batched and pre-tested in the ELISA.

13. In the absence of an X-ray source, similar results can often be obtained by
treatment of the APCs with mitomycin C (29) or a γ-irradiation source.

14. Peptides can be ordered from a variety of sources. We use Multiple Peptide
Systems, (San Diego, CA). Allow a 4–6 wk turnaround time. Acquire pep-
tides at a purity of more than 90% from the vendor.
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15. Do not use polyethylene or polystyrene tubes because dichloromethane will
dissolve both of these materials.

16. The solution can be stirred for a longer time if desired. Do not leave the
particles longer than 6 h.

17. In a typical tissue-culture centrifuge (Beckman GS-6R), 336g is equivalent
to 1500 rpm. This is a crucial step. If the particles are centrifuged too hard
(i.e., too fast or too long), they will be difficult to resuspend and the final
dried particles will be clumpy and difficult to analyze.

18. Ensure that the particles suspend well. If they are clumpy here, it is likely
that they will be clumpy post-drying. One reason for clumpiness is that the
dicholoromethane has not been completely removed. Try stirring longer
than 2 h. It is also possible to warm the solution to about 30°C while stir-
ring the particles to remove dichloromethane. However, do not start the
warming process until an hour of stirring has occurred. It is also a good idea
to weigh the empty 50-mL tubes (with the cap on). After drying the parti-
cles, replace the cap as directed, and re-weigh. The difference is the weight
of the particles. This is easier than trying to scoop all the particles out of
the tube to weigh them (if you are interested in total recovery weight).

19. Particles can be stored for up to 1 mo at �20°C.
20. 1400g is 14,000 rpm (maximum speed) in a standard microfuge
21. Plasmid DNA exists in three forms. Supercoiled DNA migrates fastest

through the gels. Nicked isoforms (plasmid containing single-stranded
breaks) migrate more slowly than supercoiled and linear plasmid migrates
between the other two isoforms. The plasmid should be at least 50% su-
percoiled. Typically, little supercoiling should be lost when a comparison
is done between the input DNA and the DNA extracted from the particles.

22. 600g is equivalent to 6000 rpm in a standard microfuge.
23. Note that this procedure will enrich for CD3� T cells. It is also possible to

isolate CD4� or CD8� T cells using columns and methods available for
this purpose from R&D Systems.

24. 200g is 1000 rpm in a Beckman G5-CR tissue-culture centrifuge.
25. This process prepares APCs from the splenic population. This includes B-

cells, macrophages, and DCs. Do not perform a T-cell enrichment step with
these spleen cells.

26. Results are presented as stimulation index (SI): the mean of the cpm of trip-
licate samples in stimulated cultures (those containing OVA, ConA, or �-
gal protein) divided by the mean of the cpm of triplicate samples in wells
containing only media (unstimulated). The SI obtained with ConA should
be very high (average results produce an SI of 10–20) and the SI obtained
with OVA should be very low (average results produce an SI �1.5). Test
sample SI values should be greater than 4.
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27. This assay can be used to determine T-cell responses to b-gal specific pep-
tides. The addition of specific MHC class I restricted T-cell epitopes will
permit detection of T cells that are typically CD8� T cells associated with
killing functions. The addition of longer peptides will permit the detection
of both class II (typically CD4� T-helper cells) and class I restricted re-
sponses. Additional responses can be detected by using T cells enriched for
CD4� or CD3� markers with specific T-cell columns and kits available
from R&D Systems. Note that the purification protocol provided is a sum-
mary of that available in the R&D Systems kit. Specific questions regard-
ing the use of these columns may be addressed by reading this literature.

28. This process prepares APCs from the splenic population. This includes B-
cells, macrophages, and DCs. Do not perform a T-cell enrichment step with
these spleen cells. These cells are pulsed with a class I restricted test peptide
(derived from b-gal), or a negative control peptide (derived from HBV).
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DNA Delivery to Cells in Culture Using Ultrasound

Thomas P. McCreery, Robert H. Sweitzer, and Evan C. Unger

1. Introduction
Effective gene delivery to mammalian cells is a necessary step in the devel-

opment of gene medicines and therapy. A variety of techniques have been de-
veloped to enhance the transfection of exogenous DNA into mammalian cells.
These techniques include viral, nonviral, and energy-based systems. The most
common energy-based system is electroporation. There are drawbacks to elec-
troporation owing to the spacing required for the electrodes. This necessitates
the use of special electroporation cuvets to actually carry out the transfection.
We have conducted experiments that demonstrate the use of ultrasound to en-
hance gene delivery into mammalian cells (1). The process of SonoPorationSM

involves exposing cells to ultrasound energy. The ultrasound energy enhances
gene expression in two ways. First, it creates pores in the cell membrane. This
has been demonstrated by uptake of macromolecules and in photomicrographs
by Dr. Tachibana’s group in Japan (personal communication). Second, it up-
regulates DNA repair and the stress response genes in the cell (1). This upreg-
ulation has been measured using reverse transcription polymerase chain reac-
tion (RT-PCR).

Gene-expression experiments have been carried out in a variety of mam-
malian cell lines. The most marked enhancement of gene expression has been
observed in cell lines that are typically difficult to transfect. Ultrasound energy
has been used in concert with liposomal DNA delivery systems, naked DNA,
and peptide-based delivery systems.
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The major steps in conducting DNA delivery to cells with ultrasound are sim-
ilar to conventional expression systems. The cells are plated into a 6-well cul-
ture dish and grown to 80% confluence. The transfection mixture is added to the
wells. At this point the system is treated with ultrasound. Ultrasound energy is
delivered using a transducer to conduct sound through the culture medium into
the cells. Mammalian cells differ in their tolerance to ultrasound energy. Some
cells are quite robust, whereas others are sensitive. It is best to conduct a small
pilot study to determine the sensitivity of the cell line being transfected. The
cells are then grown normally and assayed as appropriate to the characteristics
of the delivered gene.

2. Materials
2.1. Ultrasound Device, Plasmid, and Assay Kits

1. SonoPorator® 100 Ultrasound with a 1 MHz transducer (RichMar, Inola,
OK).

2. pCMVCAT plasmid (Invitrogen, Carlsbad, CA).
3. Cell Proliferation Kit II (XTT) (Roche Diagnostics GmbH, Mannheim,

Germany).
4. CAT Elisa Kit (Roche Diagnostics GmbH).

2.2. Lipids, Chemicals, and Tissue-Culture Materials

1. Six-well tissue-culture plate (VWR International, Seattle, WA).
2. Dipalmitoyl ethyl phosphocholine (DPEPC, Avanti Polar Lipids, Alabas-

ter, AL).
3. Dioleoyl phosphoethanolamine (DOPE, Avanti Polar Lipids): Combine 1:1

with DPEPC at a final lipid concentration of 1 mg/mL in HEPES-buffered
saline).

4. HEPES Buffered Saline: 10 mM HEPES, pH 7.8, at 37°C, 150 mM NaCl;
autoclave and store at room temperature.

5. Culture Medium: Dulbecco’s Modified Eagle’s Medium (MEM) supple-
mented with 10% fetal calf serum (FCS).

3. Methods
3.1. Ultasound Tolerance Test

The tolerance test is designed to give a working level of ultrasound that is
tolerated by a particular cell type. For best results, the cells should be exposed
to the maximum amount of ultrasound that does not cause cell death. There are
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many factors that can create undesirable effects during the ultrasound process.
The main factors that need to be regulated are the power and the time of expo-
sure.

1. Plate mammalian cells at 1–4 � 105 cells per well in 6-well plates with 4
mL of culture medium in each well. Incubate at 37°C for 24–48 h or until
the cells are 80% confluent.

2. Apply ultrasound to the cells at powers of 0.5, 1, 1.5, and 2 W/cm2 (see
Note 1). Just touch the ultrasound transducer to the surface of the media.

3. Vary the time of ultrasound treatment from 5 s to 1 min per well (see
Note 2).

4. Assay cell viability immediately following application of ultrasound using
the XTT assay. Perform the assay following the manufacturer’s protocol.

3.2. Transfection

The transfection method used in these experiments can utilize liposome-en-
capsulated, peptide-based, or naked DNA. The transfection procedure described
in this section utilizes a liposomal delivery system.

1. Plate cells in 4 mL of culture medium in 6-well plates and incubate until
they are 80% confluent.

2. Form the Liposome:DNA complex using a 6:1 ratio in HEPES-buffered
saline (e.g., 6 lL of DPEPC:DOPE [1:1] plus 1 lg of plasmid). Adjust the
final volume of complex to allow for 200 lL for each test well. Incubate
the lipid/DNA mixture at room temperature for 45 min.

3. Add 200 lL of the Liposome:DNA complex directly to the culture media
in the 6-well plates and slowly mix with a pipet. Incubate the cells for 1 h
at 37°C and then treat with ultrasound; adjust the power and time based on
tolerance data.

4. Surface-sterilize the transducer using 70% ETOH and then apply ultra-
sound to the cells. Carry out the experiments in a biological safety cabinet
to minimize the possibility of contaminating the cells.

5. Incubate the cells at 37°C for 24–72 h and then assay for gene expression
using the CAT Elisa Kit according to the manufacturer’s instructions.

4. Notes
1. The transducer only needs to touch the surface of the media to allow for ul-

trasound transmission. It is not necessary for the transducer surface to con-
tact the cells (Fig. 1).
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Fig. 1. Application of ultrasound to cells. (A) transducer; (B) culture medium;
(C) 6-well plate; (D) cells.

Fig. 2. Effect of differing levels of ultrasound energy on cell viability. DC, duty cycle
or the percent of time that ultrasound transmission occurs.
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2. The timing device on the machine is set to protect the transducer. If a user
turned on the machine and left the transducer powered up for this amount
of time, it would not be damaged. It is best to use an external timer to time
the experiments.

3. These techniques have been applied to several mammalian cell lines (1).
Figure 2 shows the effect of ultrasound energy on HeLa cells. Figure 3
shows the effect of differing levels of ultrasound on gene expression.
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Fig. 3. Effect of ultrasound energy on transfection efficiency in three cell lines.
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DNA Delivery to Cells In Vivo by Ultrasound

Thomas P. McCreery, Robert H. Sweitzer, Evan C. Unger, 
and Sean Sullivan

1. Introduction
In vivo gene delivery has proven to be much more difficult than in vitro de-

livery. Many techniques have worked in vitro only to fail in vivo. Techniques
such as electroporation require invasive and painful procedures to deliver genes.
Ultrasound-mediated delivery has the potential to help overcome these difficult
and painful aspects with a simple noninvasive procedure.

Ultrasound energy can be used to enhance the expression of DNA delivered
intravenously or injected directly into tissue. The experiments described in this
chapter were carried out to show that ultrasound can enhance delivery of both
naked DNA or DNA complexed to cationic lipids. The procedure consists of
preparing the transfection mixture, administering it either intravenously or in-
tratumorally, and then applying ultrasound.

2. Materials
2.1. Ultrasound Device, Plasmid, Cells, and Assay Kits

1. SonoPorator® 100 Ultrasound with a 1 MHz transducer (RichMar, Inola,
OK).

2. pCMVCAT (Invitrogen, Carlsbad, CA).
3. CAT ELISA Kit (Roche Diagnostics GmbH, Mannheim, Germany).
4. IL-12 ELISA Kit (Roche Diagnostics GmbH).
5. LS180 (human colon adenocarcinoma; ATCC, Manassas, VA).
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2.2. Lipids, Chemicals, and Equipment

1. Dipalmitoyl ethyl phosphocholine (DPEPC, Avanti Polar Lipids, Alabaster,
AL).

2. Dioleoyl phosphoethanolamine (DOPE, Avanti Polar Lipids): combine 1:1
with DPEPC at a final lipid concentration of 1 mg/mL in HEPES-buffered
saline.

3. N-[(1-(2-3-dioleyloxy) propyl)]-N-N-N-trimethylammonium chloride:cho-
lesterol (4:1 mol/mol ratio, DOTMA:CHOL, Avanti Polar Lipids).

4. HEPES-buffered saline: 10 mM HEPES, pH 7.8, at 37°C, 150 mM NaCl;
autoclave and store at room temperature.

5. Tissue homogenizer (Model PT1300D, Kinematica AG, Italy)

3. Methods
The transfection method used in these experiments can utilize either naked

DNA or liposome-encapsulated DNA. The experiments in this study were con-
ducted using liposomal-based delivery systems.

3.1. Liposomal Transfection to Muscle (4–5)

1. Prepare DPEPC:DOPE liposomes using a 1:1 (w/w) ratio of DPEPC and
DOPE according to the manufacture’s instructions.

2. Form the Liposome:DNA complex using a 6:1 ratio in HEPES-buffered
saline (e.g., 30 lL of DOPE:DPEPC (1:1) plus 5 lg of plasmid). Use 30 lg
of lipid and 5 lg of plasmid per mouse. Incubate the Liposome:DNA mix-
ture at room temperature for 45 min.

3. Inject 100 lL of the lipid/DNA mixture intravenously into the tail vein of
the mouse.

4. Immediately apply ultrasound to the hind limb (or target area) of the mouse
at a power of 1 W/cm2 for 2 min (see Notes 1 and 2).

5. Harvest tissues 72 h after ultrasound treatment.
6. Using a tissue homogenizer, homogenize the target tissues in Cell Lysis

Buffer (CAT ELISA Kit) for 1 h at 4°C.
7. Centrifuge at 1000g for 15 min at 4°C to remove tissues from buffer.
8. Assay CAT activity in 200 lL of supernatant using the CAT ELISA Kit ac-

cording to the manufacturer’s instructions.

3.2. Liposomal Transfection in Tumor Cells (1–3, Figs. 1–4)

1. Inject 5 � 105 (100uL) of LS180 colon adenocarcinoma cells intradermally
in the lower back of nude mice.

294 McCreery et al.



DNA Delivery In Vivo by Ultrasound 295

Fig. 1. Effect of ultrasound treatment on cationic liposome-mediated systemic gene
transfer to sc SCCVII tumor-bearing mice. A 15, 45, or 90 lg plasmid dose of
DOTMA:CHOL formulated CAT plasmid was administered by tail vein to SCCVII
tumor-bearing mice. Tumors were sonoporated at 1.5 W/cm2 for 5 min immediately
after plasmid injection. CAT expression levels in tumor (A) and lung (B) were meas-
ured 18–20 h after DNA administration. The data is expressed as mean � SD, n � 5.



2. Allow the tumors to develop for 7–10 d to reach an adequate size for trans-
fection.

3. Form the Liposome:DNA complexes as in Subheading 3.1.1., step 2, but
at a 3:1 ratio using either pCMVCAT or pCMV-IL-12.

4. Inject 100 lL of Liposome:DNA mixture into the tail vein of the mouse.
5. Immediately after injection apply ultrasound to the tumor at 1.5 W/cm2 for

5 min (see Notes 1 and 2).
6. Harvest tumors and lungs 18–20 h after ultrasound.
7. Using a tissue homogenizer, grind up target tissues, and suspend in cell

lysis buffer (CAT ELISA Kit) for 1 h at 4°C.
8. Centrifuge at 1000g for 15 min at 4°C to remove tissues from buffer.
9. Assay CAT activity in 200 lL of supernatant using the CAT ELISA Kit ac-

cording to the manufacturer’s instructions.

4. Notes
1. The area of the animal being treated with ultrasound must be shaved to

allow for good ultrasound contact. The transducer needs ultrasound gel to
conduct the energy into the tissue.
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Fig. 2. Effect of ultrasound on plasmid uptake by SCCVII primary tumors following tail
vein administration of transfection complexes. A 90 lg plasmid dose of transfection com-
plex was administered to SCCVII tumor-bearing mice by tail vein injection and tissues
were collected 1 h later for quantitation of CAT plasmid (mean � SD, n � 5) by qPCR.
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2. The timing device on the machine is set to protect the transducer. If a user
turned on the machine and left the transducer powered up for this amount
of time, it would not be damaged. It is best to use an external timer to time
the experiments.

3. Ultrasound-mediated gene delivery has been conducted in muscle and
tumor tissue (1–5).

Fig. 3. Intratumoral distribution and endothelial localization of intravenously amin-
istered fluorescent-labeled plasmid. Psoralen-fluorescein-labeled pCMV-CAT com-
plexed with DOTMA:CHOL at 90 lg dose was administered into sc tumor-bearing
mice by tail-vein injection. Tumors were sonoporated at 1.5 W/cm2 for 5 min immedi-
ately after plasmid injection. Control (A) and ultrasound treated (B) tumors were col-
lected 15 min after plasmid injection, tissue cryosections (5 lm) were prepared for
CD31 endothelial immunostaining and examined by fluorescence microscopy for fluo-
rescent plasmid (green) and endothelial cell marker (red); magnification �20 (left) and
�60 (right).
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Fig. 4. Effect of ultrasound treatment on inhibition of tumor growth following sys-
temic administration of IL-12 transfection complexes. SCCVII tumor-bearing mice were
sonoporated for 2 min at 1.5 W/cm2 followed by a single tail-vein injection of
DOTMA:CHOL transfection complexes containing 10 lg IL-12 plasmid or CAT plas-
mid. Control animals received 10% lactose. Tumor size was measured 14 d after plasmid
injection. Bars with different superscripts are statistically different (p � 0.05, mean �
SD, n � 5) as determined by one-way analysis of variance (ANOVA) and Duncan’s mul-
tiple range test.




