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Abstract: Ligand-conjugated polymer (polyplex) gene
delivery vectors have strong potential as targeted, in vivo
gene transfer vehicles; however, they are currently lim-
ited by low delivery efficiency. A number of barriers to
polyplex-mediated delivery have been previously identi-
fied, including receptor binding, internalization, endo-
somal escape, and nuclear localization. However, based
on understanding of viral gene delivery systems, yet an-
other potential barrier may exist; a limited ability to un-
package the plasmid DNA cargo following localization to
the nucleus. We have developed a model system that
employs a cationic polymer linked to epidermal growth
factor (EGF) as a ligand to target delivery of plasmid DNA
encoding the green fluorescent protein to mouse fibro-
blasts bearing the EGF receptor. Using fluorescence mi-
croscopy to simultaneously trace both the plasmid and
polymer during gene delivery in combination with an in
vitro transcription assay, we provide evidence that plas-
mid unpackaging can indeed be a limiting step for gene
expression for sufficiently large polymer constructs.
Short-term expression is significantly enhanced by using
short polycations that dissociate from DNA more rapidly
both in vitro and in vivo. Finally, we describe a thermo-
dynamic model that supports these data by showing that
shorter polycations can have a higher probability of dis-
sociating from DNA. This work demonstrates that vector
unpackaging should be added to the list of barriers to
receptor-mediated polyplex gene delivery, thus provid-
ing an additional design principle for targeted synthetic
delivery vehicles. © 2000 John Wiley & Sons, Inc. Biotechnol
Bioeng 67: 598–606, 2000.
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INTRODUCTION

Interest in gene therapy has soared in recent years due to its

vast potential for treating a variety of diseases; however,

significant progress must still be made before safe, reliably

manufacturable gene delivery vehicles are developed, espe-

cially for targeting to specific cell types via receptor-

mediated uptake. Although significant progress is being

made on learning how to target the more common viral

vehicles (Kovesdi et al., 1997), synthetic vehicles based on

polymer–ligand conjugates are an attractive long-term so-

lution because of their potential advantages in safety, manu-

facturability, nucleic acid cargo capacity, and designability

(Paillard, 1998).

Molecular conjugate, or “polyplex” vehicles are gener-

ated by condensing nucleic acids with a cationic polymer

that can be chemically crosslinked to a ligand in order to

direct delivery to specific target cells. Research with con-

jugates has established their ability for targeted delivery to

a variety of receptors and cells (Hart et al., 1995; Perales et

al., 1997; Sosnowski et al., 1996; Wagner et al., 1994; Wu

and Wu, 1987; Ziady et al., 1997), the capacity to carry

large nucleic acid constructs (Cotten et al., 1992), a poten-

tial for low toxicity and immunogenicity (Plank et al., 1996;

Stankovics et al., 1994), and protection of their genetic

cargo from nuclease digestion (Chiou et al., 1994). These

safe vectors therefore mimic the ability of viruses to pack-

age DNA, bind to cells, and deliver their “genome” to the

cell nucleus. Despite their promise, however, polyplex vec-

tors are currently limited by low gene-delivery efficiency.

Improvements in efficiency can be achieved through a

detailed examination of the mechanism of and identification

of barriers to conjugate gene delivery. Previous work has

demonstrated that binding to the cell surface (Schaffer and

Lauffenburger, 1998), escape from the endosomal network

(Cotten et al., 1992; Curiel et al., 1991; Plank et al., 1994),

and translocation to the nucleus (Capecchi, 1980; Sebestyen

et al., 1998) are rate-limiting steps for DNA transfer, and

engineering a vector to overcome these barriers can yield

significant gains in delivery. Here, we investigate whether

the final step of the gene delivery process, unpackaging of

the polyplex, can limit the efficiency of gene delivery and

expression. The rationale for this work is that, although
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some viruses have evolved highly specific and concerted

mechanisms for uncoating within the cell, a synthetic poly-

cation may not release DNA with similar high efficiency.

Some recent work (Godbey et al., 1999a, 1999b), in fact,

has demonstrated interesting effects of polycation size prop-

erties that could possibly be explained by this mechanism.

Our results from a combination of approaches, including

fluorescence microscopy, in vitro transcription, and gene

expression, show that vector unpackaging can indeed be a

limiting barrier to receptor-mediated synthetic conjugate

gene delivery under some conditions, and that delivery ef-

ficiency can be enhanced significantly by using shorter

polycations that release DNA more easily.

MATERIALS AND METHODS

Materials

Mouse EGF was obtained from Life Technologies. Proteins

were iodinated with Na125I (New England Nuclear) using

Iodobeads and following the manufacturer’s protocol

(Pierce Chemicals). Unless otherwise mentioned, all other

reagents were obtained from Sigma Chemicals Co.

Construction of pEG-1

pGEMEX-1 was obtained from Promega and pEGFP-C1

from Clontech, and the EGFP gene was inserted into

pGEMEX-1. Briefly, a 1619-nucleotide DNA fragment cor-

responding to a region of the pEGFP-C1 vector stretching

from the CMV promoter to the SV40 polyadenylation site

(1–1619 basepairs) was amplified by polymerase chain re-

action using primers (Genemed Biotechnologies) containing

an SfiI site in the 58 and an SphI site in the 38 overhang. The

fragment and pGEMEX-1 were then digested with SphI and

SfiI (New England Biolabs) and ligated to generate pEG-1.

All plasmids were propagated in DH5a cells and purified

with a Plasmid Maxi Kit (Qiagen).

Fluorescence Microscopy of Polyplex
Gene Delivery

Streptavidin–polylysine and biotin–EGF crosslinking and

purification were conducted as previously described (Schaf-

fer and Lauffenburger, 1998). Polylysines of average length

19, 36, and 180 residues (pK19, pK36, and pK180) were

fluorescently labeled with Alexa 488 following the manu-

facturer’s instructions (Molecular Probes). The degree of

labeling was determined by using ninhydrin to quantify

polylysine while measuring absorbance at 494 nm to deter-

mine dye content. pGEMEX-1 was biotinylated using pso-

ralen–biotin reagent following the manufacturer’s instruc-

tions (Ambion), and the DNA was separated from excess

biotinylation reagent by dialysis vs. HBS using a 10,000-

MWCO membrane (Spectrum). One half milligram of

streptavidin was labeled with Alexa 546 (Molecular Probes)

and separated from free reagent by extensive dialysis vs.

HBS using a 10,000-MWCO membrane. Biotinylated DNA

was then incubated with a tenfold excess of fluorescently

labeled streptavidin for 1 h, and free biotin-binding sites

were then blocked by addition of excess biotin. DNA was

then separated from unlinked streptavidin and excess biotin

by extensive dialysis vs. HBS using a 300,000-MWCO

membrane (Spectrum).

To form polyplexes, fluorescently labeled plasmid was

added to a 20 mM HEPES (pH 7.0) and 1 M NaCl solution

at a concentration of 10 mg/mL. Streptavidin–polylysine

and fluorescently labeled polylysine were mixed at a lysine

molar ratio of 1:4. This mixture was then added to the DNA

solution at an electroneutral charge ratio while the solution

was vortexed, and the resulting complexes were extensively

dialyzed against HBS using a 1000-MWCO membrane

(Spectrum). Loss of conjugate during dialysis was negli-

gible. Biotinylated EGF was then added to the complexes at

a valency, or ligand-to-plasmid ratio, of 15, and the solution

was incubated for 1 h.

Swiss 3T3-derived NR6 fibroblasts, which lack endog-

enous EGF receptors, were transduced with a gene encoding

the wild-type human EGFR and selected with G418, as

previously described (Chen et al., 1994). NR6 cells, main-

tained as described (Schaffer and Lauffenburger, 1998),

were plated at 5000 cells/cm2 on glass coverslips and grown

overnight. Complexes were then added to cells in gene-

transfer medium, growth medium lacking FBS but instead

containing 1% insulin–transferrin–selenium supplement

(Life Technologies) plus 100 mM chloroquine. After a 6-h

incubation, the conjugate solution was aspirated and re-

placed with regular growth medium lacking phenol red.

After 48 h, samples were fixed with 4% paraformaldehyde,

stained with 0.25 mg/mL DAPI (Molecular Probes) in PBS

with 0.1% Triton, and mounted in Prolong Antifade reagent

(Molecular Probes). Samples were visualized using a Nikon

Eclipse E-800 fluorescence microscope with a 100× objec-

tive and a mercury arc lamp light source. A z-series of

typically nine images with a spatial separation of 0.25 mm

was collected using a Photometrics AT200-cooled CCD

camera controlled by CELLSCAN (Scanalytics) software, and

deconvoluted using EXHAUSTIVE PHOTON REASSIGNMENT

(Scanalytics) software. Samples lacking Alexa 488, Alexa

546, or both labels were also visualized to analyze back-

ground levels of fluorescence.

In Vitro Measurements of
Conjugate Unpackaging

The dissociation of polylysine of different lengths from

plasmid DNA, due to cation exchange, was analyzed in

vitro, a method similar to previous work (Ruponen et al.,

1999; Zelphati and Szoka, 1996). Conjugates lacking fluo-

rescent label were generated as described earlier, and in

each sample approximately 50 ng of DNA incorporated into
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conjugates at an electroneutral charge ratio was mixed with

10 mL of double-stranded DNA immobilized to cellulose

(Sigma) in a total volume of 60 mL of HBS. Samples were

agitated at 37°C for various times and centrifuged, and the

supernatant was collected. Ten microliters of each sample

were then run on a 1% agarose gel using TAE as buffer.

Gels were stained with SYBR Gold (Molecular Probes) and

visualized with a Fluor-S fluorescence imager (Bio-Rad

Laboratories). Ten microliters of each of the 48 h samples

were also run on the gel after complete dissociation of poly-

lysine from the plasmid by the addition of 2 M NaCl, and

plasmid loss during the experiment was found to be negli-

gible.

In Vitro Transcription

Polyplexes were generated essentially as described earlier

using either pEG-1 or pGEMEX-1 and either streptavidin–

polylysine or uncrosslinked polycations. Biotinylated EGF

was also added to some complexes that contained strepta-

vidin. Conjugates were extensively dialyzed into 10 mM

Tris buffer (pH 8.0), and there was negligible loss during

dialysis. Conjugates containing approximately 0.12 mg of

DNA were then added to a 30-mL transcription reaction

assembled using a T7 RNA Polymerase Kit (Ambion). For

visualization, reactions and RNA molecular weight markers

(Ambion) were electrophoresed on a formaldehyde agarose

gel, stained with Radiant Red (Bio-Rad), and visualized

with a Fluor-S fluorescence imager (Bio-Rad). For accurate

quantitation of RNA, reactions containing 0.2 mCi of a32P-

UTP (New England Nuclear) were run for 4 h at 37°C, and

RNA was separated from free mononucleotides using

30,000-MWCO Ultrafree-MC Centrifugal Filter Units (Mil-

lipore Corp.). After two washes with 0.5 mL of HBS, the

radioactivity retained on the filter was counted using a

Packard Tri-Carb 2500 TR Liquid Scintillation Counter

(Packard Instruments). In vitro transcriptions were also per-

formed using polyethylenimine with averages of 46 and 600

monomers (Aldrich).

Molecular Conjugate Gene Delivery

For gene delivery experiments, 50,000 cells were seeded in

35-mm tissue culture dishes (Corning) and grown over-

night. Polyplexes lacking any fluorescent label and contain-

ing either pEG-1 or pEGFP-C1 were generated at an elec-

troneutral charge ratio as described earlier. Conjugates con-

taining 0.38 pmol of plasmid DNA were then added to the

cells in gene transfer medium. After a 6-h incubation, the

conjugate solution was aspirated and replaced with regular

growth medium. After 48 h, the duplicate samples were

trypsinized and analyzed for GFP expression using a

FACScan flow cytometer (Becton Dickerson) with a 488-

nm excitation laser and a 530/30-nm fluorescein emission

filter. Delivery was also conducted in the presence of 1

mg/mL EGF to block binding of conjugates to the EGF

receptor.

Quantitation of Internalized Conjugate

To quantify the internalization of conjugates composed of

different polylysines, experiments were conducted with ra-

diolabeled conjugates, as described elsewhere (Schaffer and

Lauffenburger, 1998). Cells were seeded at 100,000 per

35-mm plate and grown overnight. Briefly, 100,000 cpm of
125I-labeled SA-pK, iodinated to a specific activity of

65,000 cpm/ng of streptavidin were added for each micro-

gram of 10 mg/mL pEG-1 in 1 M NaCl plus 20 mM HEPES

while the solution was vortexed. Conjugates were then gen-

erated as described earlier, and 1 mg of DNA in gene trans-

fer medium with 100 mM chloroquine was added to cells for

6 h. After removing conjugates bound to the cell surface and

tissue culture plastic, the internalized radioactivity was

counted with a Packard 5000 series gammacounter (Packard

Instruments).

RESULTS

Fluorescence Microscopy Analysis of Molecular
Conjugate Delivery

Both the polycation and DNA were fluorescently labeled in

order to trace their subcellular localization during gene de-

livery. Polylysines were labeled with Alexa 488, resulting

in the incorporation of one dye for every 40 to 50 lysine

residues. After streptavidin was labeled at an Alexa 546

dye:protein ratio of 5.4, its complexation to pGEMEX plas-

mid DNA resulted in the incorporation 8.1 streptavidins per

plasmid molecule. pGEMEX-1 was used for these experi-

ments, because GFP expression from pEG-1 would interfere

with fluorescence tracing of the conjugates.

After delivery of fluorescently labeled molecular conju-

gates to NR6 mouse fibroblasts, cells were fixed and stained

with DAPI to localize the nucleus. Planar cell images were

then generated by deconvolution of a z-series of fluores-

cence microscopy images. After incubation with conjugates

generated with pK180, the polylysine and DNA were found

to colocalize to a large extent in cytoplasmic vesicles of the

endocytic network (Fig. 1) of every cell. In 8 of 100 cells

examined, we also observed plasmid DNA within the

nucleus, which was visualized by DAPI staining. In all such

cells, pK180 colocalized with the nuclear plasmid DNA.

Gene delivery was also analyzed after incubation of cells

with conjugates composed of pK36, and the polycation and

DNA were also found to colocalize in endosomal vesicles

(Fig. 2). In contrast to pK180 conjugates, however, plasmid

DNA observed in the cell nucleus did not colocalize with

pK36 in any of the 10 of 100 cells with nuclearly localized

plasmid. We found similar results with pK19. As controls,

cell samples were also generated from conjugates lacking

either or both the polylysine and DNA labels to measure

background fluorescence; this background noise was found

to be insignificant in all cases (data not shown).
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Construction of pEG-1

Because the structure of polylysine–DNA complexes can

depend on DNA sequence (Li et al., 1974; Shapiro et al.,

1969; Weiskopf and Li, 1977), we generated one plasmid

that could be used for all subsequent experiments in this

study. The CMV promoter, GFP sequence, and SV40

polyadenylation site of pEGFP-N1 were inserted into

pGEMEX-1 downstream of a T7 promoter and upstream of

a T7 transcriptional terminator to generate the plasmid

pEG-1. pEG-1 retains the ability direct expression of GFP in

NR6 cells after transfection using LipofectAMINE (Life

Technologies); however, it is less sensitive than pEGFP-C1,

as it is expressed at lower levels as assayed by FACS (data

not shown).

In addition to the CMV promoter and SV40 polyadenyl-

ation site, pEG-1 contains a T7 RNA polymerase promoter

and transcriptional terminator; therefore, both T7 and RNA

polymerase II transcription can proceed through the GFP

coding region. This construct therefore permits the use of

T7 in vitro transcription as a model for RNA synthesis in the

cell nucleus. RNA transcribed from pEG-1 by T7 polymer-

ase was electrophoresed on a formaldehyde agarose gel.

Most transcripts were 2700 nucleotides in length, corre-

sponding to RNA initiated at the promoter, encompassing

the GFP and T7 gene 10, and ending at the T7 transcrip-

tional terminator. A small fraction of elongations proceeded

through the terminator to yield an approximately 8250-

nucleotide transcript after termination on the second pass

(data not shown). In vitro transcription from the GFP coding

sequence of DNA packaged into molecular conjugates can

therefore be analyzed and quantified without having to lin-

earize the plasmid and thereby potentially alter conjugate

structure.

In Vitro Measurement of Conjugate
Unpackaging Rates

The smaller polycation did not colocalize with plasmid

DNA in the nucleus. Because this could potentially be due

to rapid dissociation, or a lesser extent of association be-

tween polylysine and DNA, we measured the rates of con-

jugate dissociation in vitro. Conjugates were added to an

approximately 800-fold higher amount of double-stranded

DNA immobilized to cellulose to mimic potential dissocia-

tion of polyplexes by chromosomal DNA. Samples were

agitated for various times at 37°C, separated from the ex-

cess DNA by centrifugation, and analyzed on an agarose

gel. As shown in Figure 3, pK19 completely dissociated

from the plasmid by 4 h, and pK36 by 8 h. In contrast, even

after 48 h, pK180 was only approximately 50% dissociated

from the plasmid DNA. The smaller polymers therefore

released DNA more rapidly in vitro.

In Vitro Transcription from Molecular
Conjugate DNA

We next investigated the potential consequences of the as-

sociation between the polymer and DNA in the nucleus

using in vitro transcription as a model for nuclear RNA

synthesis. We found that pK180 significantly inhibited

RNA synthesis, as shown in Figure 4. From a lysine:nucleo-

tide ratio of 0 to 0.8, transcription decreased slightly. How-

ever it dropped rapidly between a ratio of 0.8 and 1 and, for

Figure 1. Representative planar fluorescent images of pK180 conjugate gene delivery. Fluorescently labeled conjugates were generated at an electro-

neutral charge ratio. (a) The green channel shows the localization of pK180 in NR6 cells after conjugate delivery, whereas (b) DNA localization is shown

in red. (c) Colocalization is represented by yellow, and the nucleus is stained with DAPI (blue). Samples generated with conjugates lacking Alexa 488,

Alexa 546, or both dyes demonstrated that background fluorescence was negligible.
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all values >1, transcription levels were not statistically dis-

tinguishable from background (P > 0.05). The RNA tran-

scripts generated were full length (data not shown), and thus

the polylysine reduced the frequency of transcriptional ini-

tiation without greatly inhibiting elongation. Our results are

consistent with the finding that both T7 and RNA polymer-

ase II transcription from DNA condensed into polyplexes by

cationic dendrimers are also reduced (Bielinska et al.,

1997). In addition, complexation with polylysine was found

to inhibit DNA replication in one report (Saffhill and

Itzhaki, 1975).

There is evidence that the affinity between a polycation

and polyanion depends on their size (Bakeev et al., 1992;

Plank et al., 1999); therefore, the weaker binding of smaller

polymers could potentially permit higher transcription rates

in vitro. Accordingly, we assayed RNA synthesis from con-

jugates generated with polylysines of lengths 36 and 19.

Whereas the curve for pK36 overlapped with that of pK180

(Fig. 4), pK19 only reduced transcription to 60% even at

charge ratios up to 5. Further addition of the polycation to

a ratio of 15 decreased transcription only slightly. We also

examined in vitro transcription from DNA complexed with

another polycation, PEI, and found that a 25-kDa polymer

inhibits transcription to a much greater extent than a 2-kDa

polycation (data not shown).

Polyplex Gene Delivery

Conjugates lacking any fluorescent label were incubated

with cells for 6 h, and gene delivery was quantified 48 h

later by FACS analysis of GFP expression. Both pEG-1 and

pEGFP-C1 were delivered. As shown in Table I, conjugates

generated with pK36 showed the highest efficiency, up to

38%, with pK19 slightly lower and and pK180 2.5-fold

lower. Expression from pEGFP-C1 was detected in a higher

fraction of cells, likely related to our aforementioned find-

ing that it is more sensitive than pEG-1; however, the rela-

tive delivery efficiencies with the different polymers were

the same with either plasmid. In addition, the delivery was

receptor-mediated and dependent on polylysine, because the

presence of saturating EGF, or a lack of polylysine (data not

shown), significantly blocked expression. This difference in

efficiency could arise from differences in the cellular uptake

of conjugates generated with the three polylysines. To test

this possibility, we measured conjugate internalization and

found that a similar amount of conjugate was internalized

regardless of polylysine length (Table I). We never ob-

served nuclear localization of plasmid in greater than 10%

of cells visualized by fluorescence microscopy, a low num-

ber compared with the observed gene delivery efficiencies.

Thus, the microscopy may not have been sufficiently sen-

sitive to detect all nuclear localization events. Alternatively,

the fluorescent label may have partially interfered with con-

jugate delivery.

Thermodynamic Model of Conjugate Dissociation

There are several potential mechanisms for polyelectrolyte

complex dissociation. First, the polycation and polyanion

Figure 2. Representative planar fluorescent images of pK36 conjugate

gene delivery. The polylysine (a) and plasmid DNA (b) colocalize to a

large extent in endosomal vesicles (c). Unlike pK180, however, pK36 does

not localize with the plasmid (c) in the nucleus. Results were similar for

pK19.

Figure 3. Dissociation of electroneutral charge ratio polyplexes by ion

exchange of polylysine to excess DNA as a function of time (h). When

polylysine dissociates from a plasmid, the DNA becomes free to migrate

into an agarose gel. Whereas (a) pK19 releases all plasmid DNA within 4

h and (b) pK36 by 8 h, even after 48 h (c) pK180 has only released

approximately 50% of the plasmid DNA.
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may spontaneously dissociate due to thermal energy. Alter-

natively, a third charged molecule can penetrate the com-

plex and competitively dissociate one polymer from the

other by ion exchange. We developed a simple thermody-

namic model of the first mechanism to determine whether it

can account for our observed dependency of molecular con-

jugate unpackaging on polylysine size (see Appendix for

model development). By minimizing the free energy of a

system composed of polycations of varying length adsorbed

to a polyanion, an expression for the probability of complex

dissociation, P, is obtained:

P ∼ e
−dR

e
d

c0
Re−~1+dN!

where N is the polymer chain length, d is the bond energy

between monomers of opposite charge, R is the charge ratio,

and c0 is the polymer concentration. Therefore, for fixed

polymer concentrations, the dissociation probability

decreases with increasing polymer degree of polymeriza-

tion N.

DISCUSSION

For in vivo polyplex gene delivery, the polycation con-

denses the DNA to protect it and facilitate its entry and

passage through target cells. However, once inside the

nucleus, in order to be processed by RNA transcription

complexes, the DNA may first need to dissociate from the

polycation. We have developed a system that employs a

cationic polymer linked to epidermal growth factor as the

ligand to deliver plasmid DNA encoding the green fluores-

cent protein to mouse fibroblasts (Schaffer and Lauffen-

burger, 1998; Schaffer et al., 1997). Here, we apply this

system to investigate whether the unpackaging of a conju-

gate after delivery poses a barrier to gene expression.

In order to address this issue, we first developed fluores-

cent labeling and imaging methodology to analyze the gene

transfer. The polycation, DNA, and cell nucleus were si-

multaneously labeled, and planar cell images were gener-

ated to localize them during the gene delivery process. We

found that the polylysine and DNA remained largely colo-

calized in cytoplasmic vesicles. However, for conjugates

that succeeded in escaping the endosome and localizing to

the nucleus, the fate of the polycation depended on its de-

gree of polymerization. pK180 remained colocalized with

nuclear plasmid DNA. In contrast, we found no pK36 or

pK19 in the vicinity of nuclear plasmid, and it is likely that

these pKs completely dissociated from the plasmid, and

therefore their signal was too diffuse to be observed. It is not

known at what stage after internalization dissociation of the

smaller polymer occurred, but the contrasting behavior may

be due to differences in the affinities or the rates of disso-

ciation of the polycations from the plasmid within the

nucleus. To test this possibility, we incubated conjugates in

the presence of a large excess of double-stranded DNA and

found that pK19 and pK36 dissociated from the plasmid

much more rapidly than pK180. This indicates that a slower

rate of cation exchange of the polylysine to the surrounding

chromatin could account for the continued association of

pK180 with plasmid DNA observed in the microscopy re-

sults. Godbey et al. (1999a) also examined the trafficking of

molecular conjugates, although the dimensions of the con-

jugate DNA we visualized in the nucleus were significantly

smaller. However, the size we observed, approximately

∼100 nm or less was very consistent with light-scattering or

electron-microscopy measurements of conjugate dimen-

sions (Perales et al., 1997).

We next investigated the potential consequences of asso-

ciation between the polymer and DNA in the nucleus. We

measured transcription from the T7 promoter of plasmid

complexed with polylysine and found that the polycation

significantly inhibited RNA synthesis. Transcription from

DNA condensed at an electroneutral charge ratio with

pK36, pK180, or PEI with 600 monomers was not above

background. In contrast, inhibition by pK19 or PEI with 46

monomers was significantly less. Under the conditions of

the in vitro dissociation experiment only pK180 conjugates

did not unpackage for long periods of time; however, under

Figure 4. Polylysine inhibits RNA synthesis in vitro in a dose-dependent

manner. RNA transcription in vitro from a T7 promoter was quantitated as

a function of the dose and size of polylysine added to plasmid DNA. Data

are reported as mean and standard deviation of two samples.

Table I. Gene delivery as a function of polylysine length.a

Polylysine

length

pEG-1

gene

delivery

pEGFP-C1

gene

delivery

Delivery

with

excess EGF

Internalized

plasmids/cell

19 16.9 ± 1.1% 32.5 ± 2.5% 1.9 ± 0.05% 110,700 ± 6100

36 22.0 ± 3.3% 37.7 ± 1.8% 1.7 ± 0.5% 116,200 ± 2800

180 7.5 ± 0.8% 15.3 ± 0.6% 1.8 ± 0.3% 124,900 ± 5700

aNR6 fibroblasts were incubated with 1 mg of either pEGFP-C1 or

pEG-1 DNA, complexed with different polylysines at an electroneutral

charge ratio, and assayed for GFP expression by FACS 48 h later. Delivery

specificity was analyzed by including 1 mg/mL free EGF during the trans-

fections. All data are reported as mean and standard deviation of three

samples.
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the milder conditions of the transcription experiment, both

pK180 and pK36 conjugates likely remained intact. The

pK19 conjugates likely dissociated due to the presence of 2

mM spermidine in the in vitro transcription buffer, because

this compound’s three protonated amines may dissociate the

smaller polymers from the DNA. Both spermidine and

spermine are present intracellularly at concentrations in the

millimolar range (Cohen, 1971; Tabor and Tabor, 1984);

therefore, naturally occurring polyamines may play a role in

dissociating polyplexes in addition to possible cation ex-

change of polylysine to chromatin. At any rate, these ex-

periments imply that if polylysine does remain associated

with the plasmid DNA, transcription is inhibited.

Because the larger polycation both remains associated

with the plasmid in the nucleus at 48 h and reduces in vitro

transcription, it would be predicted to lead to lower levels of

gene expression. We found that, 48 h after gene delivery,

GFP was expressed in 15% of cells using conjugates with

pK180. With polyplexes generated with pK19 and pK36,

however, GFP was expressed in 33% and 38% of target

cells, respectively. This nearly threefold increase in the

number of cells expressing a transgene is a significant im-

provement. These results also correlate well with the in vitro

dissociation experiment, which showed that pK19 and pK36

conjugates rapidly dissociate in the presence of excess

DNA. Because dissociation of pK180 from DNA appears to

be slow, the difference in expression is likely caused by

inhibition of gene expression due to plasmid association

with pK180. Therefore, a vector may be successfully deliv-

ered to the nucleus, but a failure to uncoat can prevent the

transgene from being expressed and detected.

We additionally developed a simple thermodynamic

model to attempt to physically account for the differences

observed both in vitro and in vivo in molecular conjugate

dissociation as a function of polycation length. The model

predicts that the probability of conjugate dissociation de-

creases with increasing polycation degree of polymeriza-

tion. This effect is likely further enhanced by the presence

of charged compounds in the cell, such as lipids, poly-

amines, or chromatin, that can potentially penetrate molecu-

lar conjugates and thereby competitively dissociate them.

This behavior may be related to similar phenomena ob-

served by Zelphati and Szoka with cationic liposomes (Zel-

phati and Szoka, 1996).

There is evidence that conjugate unpackaging may play a

role in endosomal escape of DNA. For example, polycations

that function as proton sponges likely release the DNA in

the acidic endosomal network, and this dissociation has

been proposed to be the mechanism for the ability of these

polycations to enhance endosomal release (Boussif et al.,

1995; Haensler and Szoka, 1993). In addition, neutralization

of some of the positive charges of polylysine decreases its

affinity for DNA and increases gene expression (Erbacher et

al., 1997).

These studies conclude that partial or total conjugate dis-

sociation facilitates endosomal escape; however, our results

suggest that dissociation is also required for a later step in

the gene transfer process, recognition, and efficient expres-

sion of delivered DNA by transcription machinery. Further-

more, consideration of the properties of the polycation may

facilitate the design of polymers that more easily release

their cargo once inside the nucleus. In addition to the poly-

mer length, its structure, charge density, and biodegradabil-

ity could influence its affinity for DNA. These polymer

properties could also influence the duration of expression.

For example, it is known that conjugate DNA can persist in

endosomal vesicles, and our findings suggest that unpack-

aged conjugates can also exist in the nucleus (Edwards et

al., 1996; Wu et al., 1995). It has recently been found that

conjugates with shorter polycations have higher initial

transgene expression, whereas longer polylysine conjugates

yield more sustained expression (Ziady et al., 1999). Our

results imply that this effect is due to the rapid release of

plasmid DNA by the small polylysine, but a more sustained

release of a plasmid reservoir by the longer polymer. Tuning

the polymer properties can therefore afford control of not

only the magnitude but also the duration of transgene ex-

pression.

Some reports have shown that short cationic polymers

injected with plasmid DNA directly into a cell cytoplasm

(Wolfert and Seymour, 1998) or into the cell nucleus (Pol-

lard et al., 1998) do not appear to restrict transgene expres-

sion and, in fact, may even slightly enhance expression. The

lack of restriction is consistent with our findings that shorter

polycation molecules are able to unpackage their DNA

cargo more efficiently than longer polymer vehicles, and an

enhancement effect could be consistent with a protective

reservoir mechanism. It is conceivable, in fact, that an in-

termediate degree of unpackaging proclivity—correspond-

ing in this context to an intermediate polymer length—could

yield optimal transgene expression.

Figure 5 illustrates the dependence of all our measured

variables—including cell expression from both plasmid

types and all three assay variables—on the polycation

length, N. Clearly, none of the assay variables predicted cell

expression entirely, as there was no reason to believe they

should. The general trends of decreasing release and tran-

scription as N increases, along with the increasing colocal-

ization of plasmid and polymer in the nucleus (plotted in

terms of “noncolocalization” for easier trend comparison),

were consistent with the decrease in gene expression effi-

ciency for both plasmid types at high values of N. We also

noted a mild optimum for expression efficiency at the in-

termediate polymer length, as suggested earlier. In any

event, we believe that our combined battery of assays sheds

important new light on the intricate dynamics of transgene

delivery and expression by synthetic delivery vehicles.

The importance of viral uncoating in infection and rep-

lication is illustrated by the intricate and concerted process

of virion disassembly, as exemplified by adenoviruses (Gre-

ber et al., 1993, 1994). Furthermore, a block in unpackaging

reduces viral infection. For example, the parvovirus MVMi

infects lymphocytes, but not fibroblasts, and its lack of rep-

lication in fibroblasts is apparently due to the inability of the

604 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 67, NO. 5, MARCH 5, 2000



capsid to uncoat in these cells. Also, the addition of neu-

tralizing antibodies to poliovirus, influenza, vaccinia, or

reovirus can inhibit uncoating and thereby prevent infection

(Previsani et al., 1997; Rigg et al., 1989; Rodriguez et al.,

1985; Virgin et al., 1994). Nature has realized that uncoat-

ing is a vital step in viral gene delivery and expression, and

this efficient unpackaging is therefore one more lesson that

synthetic vectors should learn from viruses.

APPENDIX

Here we outline a simple thermodynamic analysis of one of

the possible explanatory mechanisms for the dependence of

plasmid dissociation from cationic polymer on the polymer

chain length, that of an equilibrium distribution between

polymer complexed with DNA and free in solution. In this

simple analysis, we idealize the complexation of flexible,

positively charged polymer chains with negatively charged,

rodlike DNA as an adsorption process.

Define the cationic polymer concentration in solution as

cp. The concentration of polymer chains is, therefore, cp/N,

where N is the number of monomers per chain. This solution

is then mixed with m DNA rods of length L, at a charge ratio

R, which is proportional to cp/mL.

We define the fraction of polymer monomers in com-

plexes with the DNA rods as f. Because the attraction

between the rods and the polymers is strong and the chain

concentration relatively low, we assume that the chains ad-

sorb in a flat configuration. Therefore, the number of bonds

formed in the complexes is approximately fcp. If the energy

per bond is defined as d and the energy of a chain remaining

free in solution is given by its chemical potential m 4 1n (1

− f)cp/N, then the overall system energy is:

F = −d fcp +
~1 − f! cp

N
ln

~1 − f! cp

N
(A1)

All energies are given in units of kT, where k is the Boltz-

mann coefficient and T is the temperature. Minimization

with respect to f will yield the fraction of complexed mono-

mers. If we assume that the complexed polymer chains are

distributed uniformly between the DNA rods, we find that

the number of polymer monomers per complex, nc, given by

fcp/m, is proportional to:

nc ∼ RS1 −
N

cp

e
−~1 + dN!D (A2)

We see that the number of polymer monomers bound per

complex increases rapidly with chain molecular weight. The

probability of a complex dissociating completely, P, is in-

versely proportional to the number of bonds. Using Boltz-

mann factor:

P ∼ e
−dnc ∼ expH−dRS1 −

N

cp

e
−~1 + dN!DJ (A3)

Despite the simplicity of the model, this derivation provides

several important insights. First, the charge ratio in the com-

plex (nc/L) corresponds to the charge ratio in solution, R,

only in the limit of high molecular weight. Furthermore, at

fixed polymer concentration cp, the probability of dissocia-

tion decreases rapidly either with the solution charge ratio R

or with the chain molecular weight N.

The model also predicts that if the complex charge is held

fixed, the probability of dissociation should be independent

of chain length. This is in agreement with a previous study

that has shown that, for complexes of fixed stoichiometry,

the dissociation is independent of chain length (Schindler

and Nordmeier, 1997). Although the model does not con-

sider exchange between the DNA rods and competing nega-

tively charged macromolecules, the basic premise should

hold.

The authors thank Rachael Neve for helpful technical discus-

sions.
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