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A BIOPHYSICAL CHARACTERIZATION OF CATIONIC POLYMERS
USED IN GENE DELIVERY: A STUDY OF THEIR INTERACTION

WITH DNA AND THEIR MECHANISM OF ACTION

by Mary X. Tang

ABSTRACT

Several cationic polymers were examined to determine the chemical and biophysical properties

facilitating high efficiency gene delivery. The polymers studied here are polylysine, intact polyamidoamine

dendrimers, degraded polyamidoamine dendrimers, and polyethyleneimines from a variety of sources.

The cationic polymers were characterized for their primary amine content, acid/base titration

behavior, and dilute solution viscosity at different pH. The interactions of the cationic polymers with DNA

were examined using binding titration assays. In reverse titrations, the stoichiometry for all polymers was

found to be within 9% of one primary amine per DNA phosphate. In ethidium bromide displacement

titrations, the extent of DNA binding in the presence of excess cationic polymer was observed to be similar

for all polymers.

These polymers were observed to form complexes with DNA. When examined with electron

microscopy, the complexes appeared as toroids and spheres approximately 50 nm in diameter. The degree of

aggregation of these units depended upon the polymers used. When added to cells, the fraction of

radiolabeled DNA comple, associated with cells is the same for all cationic polymers, for complexes made

with excess positive charge. 1M NaCl reduces the amount of cell-associated material by up to five-fold,

although levels remained well above background. The cationic polymer content of isolated complexes were

found to decrease with decreasing pH if titratable amines were present in the polymer.

Transfection activity was found to be dependent upon the polymer used and the proportion of

polymer to DNA used in the complex. The influence of various cellular trafficking inhibitors upon

transfection by the various cationic polymers was studied to determine the critical pathways leading to

vi



transfection. Low transfection levels observed for the intact dendrimers could be increased three-orders of

magnitude, as measured by luciferase assay, when the dendrimers were partly degraded by heating in

solvolytic solvent. A model was developed to show how the course of degradation of the intact dendrimer

influences the degree of polymer flexibility. A mechanism is proposed for how cationic polymers mediate

transfection, based upon their primary amine content, their titratability at low pH, and their structural

flexibility.

Thesis Committee Chairman

Francis C. Szoka, Jr., Ph.D.
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A BIOPHYSICAL CHARACTERIZATION OF CATIONIC POLYMERS
USED IN GENE DELIVERY: A STUDY OF THEIR INTERACTION

WITH DNA AND THEIR MECHANISM OF ACTION

by Mary X. Tang

OBJECTIVE OF RESEARCH AND OVERVIEW OF THESIS

Gene therapy as a method of treatment at the most fundamental level of the disease

state is a tantalizing goal for any health-related researcher. The greatest obstacle to success

in this field is the lack of understanding of the physiological, cellular, and biophysical

processes involved in exogenous DNA uptake by target cells. Viruses have evolved the

ability to exploit the natural biological processes to deliver their genetic payload. Although

engineered viruses have met with the greatest degree of success in clinical Studies, they are

complex systems and have engendered serious concern over containment control and

oncogenic potential. As an alternative, artificial self-assembling gene delivery systems

offer two advantages. First, they provide a long-term strategy for safe, controlled delivery.

Second, since they are simple, they can serve as model systems for teasing apart the many

steps involved in cellular uptake and expression of transfecting genes.

This work focuses on a subset of artificial delivery systems, the cationic polymers.

The method here is to compare and contrast the biophysical behavior of several, structurally

different, cationic polymers that have been shown to exhibit moderately low to very high

levels of transfection in cell culture. The hypothesis in this work is that the highly active

cationic polymers, although different in chemical and physical structure, all achieve high

levels of transfection by the same mechanism of action and, funnermore that the less active

cationic polymers are somehow deficient in some quantifiable way from their highly active

counterparts. The objective is to use this comparison to determine those chemical and

physical polymer properties that determine high levels of gene transfer. An understanding

|



of these fundamental issues could facilitate the design of more efficient gene delivery

Systems.

The compaction of DNA by multi- or polyvalent cations and Subsequent formation

of complexes has been studied extensively in the past thirty years, primarily as simple

models for biological packaging systems. An overview of the existing literature on the

biophysical aspects of this phenomenon, and the implications for the design of self

assembling DNA packaging systems, is presented in Chapter One. In 1993,

polyamidoamine dendrimer polymers were observed to deliver DNA to cells in culture with

remarkably high efficiency (Haensler & Szoka, 1993). Subsequent work was aimed at

elucidating the mechanism by which these dendrimers could mediate transfection, with the

hypothesis that partial degradation of these polymers conferred this ability. A comparison
of the biophysical and transfection properties of the partially degraded, active polymer and

its intact, but inactive counterpart comprises Chapter Two, which appears in the

November/December 1996 issue of Bioconjugate Chemistry.

Polylysine is another cationic polymer that is frequently used to complex DNA,

although its efficiency in delivery to cells is significantly less that what has been observed

for the partially degraded dendrimers (Haensler & Szoka, 1993). Polyethyleneimine is yet

another cationic polymer which exhibits transfection activities comparable to those of the

degraded dendrimers (Tang et al, 1996; Boussif et al., 1995). A comparison of these

polymers with both the intact and degraded dendrimers comprises Chapters Three and

Four. In chapter Three, the interaction of the cationic polymers with DNA and the

properties of the resulting complexes are examined. In Chapter Four, the behavior of the

DNA complexes of these various cationic polymers in the cellular environment is explored.

In developing the hypothesis first proposed in Chapter Two of the mechanism of

transfection by cationic polymers, transfection activity is related to the general structural

and chemical properties of the polymers.



CHAPTER 1

The Formation of DNA Complexes for Gene Delivery: A Review

of Counterion Condensation of DNA and Polyelectrolyte Behavior

1.1 Introduction:

The elegant machinery of viruses presents a formidable challenge to the design of

artificial gene delivery systems. Viruses routinely achieve what synthetic systems as yet

only aspire to: package and convey polynucleic acids to host cells with a high degree of

specificity and efficiency. A largely neglected, yet fundamental aspect of gene delivery

vehicle design is the process of packaging the polynucleic acid into a compact and stable

particle. Free DNA is a rigid, linear biopolymer with closely spaced phosphates that

repel each other. Thus, DNA adopts an extended conformation and subtends an immense

domain in solution. For example, only 0.001% of the volume encompassed within the

radius of gyration of the free T4 phage genome is physically occupied by DNA; the rest

is comprised of solvent (Lerman, 1973). When packaged, the entire T4 genome occupies

nearly 50% of the internal head volume of the intact phage (Bloomfield et al., 1980),

corresponding to a four order of maginitude change in packing density.

In viruses, this high degree of compaction is often facilitated by reduction of

charge repulsion between phosphates by their neutralization with multivalent cations,

such as spermine or spermidine. Typical self-assembling artificial gene delivery vehicles

compact polyanionic DNA through electrostatic interaction with cationic polymers such

as polylysine and its conjugates (Wagner et al, 1991; Wu & Wu, 1988), branched

cationic polymers such as polyamidoamine dendrimers (Haensler & Szoka, 1993; Tang et

al, 1996) and polyethyleneimine (Boussif et al, 1995), and other linear cationic polymers

(Kabanov & Kabanov, 1995). Other ways to achieve a compact state of DNA without

explicitly reducing mutual charge repulsion generally involve creating unfavorable



solvent-polymer interactions, such as with the addition of alcohols or the presence of high

concentrations of neutral or anionic polymers and monovalent salt (Lerman, 1973). This

has been called "V-DNA" for the acronym "polymer and salt-induced DNA", although

this term has also been applied more generally to DNA that has been compacted by

counterion-condensation as well. By either method, the resulting compact forms adopt a

surprisingly limited range of morphologies, generally toroids, spheroids and rods, about

50 to 300 nm across, and aggregates thereof (section 1.3.2.)

Although small, multivalent cations bind and compact DNA, they are highly

mobile (Porschke, 1984) and so can be easily displaced by compounds with higher

charge; moreover, their complexes aggregate. Thus, many artificial gene delivery

vehicles are based on the use of polymeric cations which bind with higher affinity and

can be less prone to aggregation (section 1.6). However, cationic polymers have a

polyelectrolyte nature of their own and their behavior in the presence of DNA can be

unpredictable, particularly in the presence of physiologically compatible buffers. This

creates an exceedingly tricky problem of how to package the DNA in a stable, non

aggregating form. An attempt to fully understand this complex problem requires the

resources of several widely different disciplines, namely polymer physics for describing

polyelectrolyte behavior of DNA and its polymeric condensing agents, biophysics for

characterization of the compacted DNA, and colloid chemistry for describing aggregate

formation.

In this introductory chapter, selected concepts from each of these fields have been

assembled into an overview of DNA compaction, with special focus on the interaction of

DNA with multivalent and polymeric cations. By necessity, what follows is a highly

abridged and selective survey. For a more complete introduction to these specific

subjects, the reader is referred to the following: P.J. Flory's seminal book, "Principles of

Polymer Chemistry" (1953), which defines in detail the statistical parameters only briefly

touched upon here; Hagerman's review (1988) of DNA flexibility, which is invaluable to



understanding the dynamic behavior of DNA; Manning's review (1978), which is an

indispensable and comprehensive survey of his own work; Parsegian's review (1973),

which is an excellent introduction to the physical forces in biological systems. The

interested reader should also give particular attention to the brief, but insightful summary

by Bloomfield (1996) on DNA condensation with special regard to gene delivery

systems.

1.2 Statistical Thermodyamics of DNA Behavior

In terms of its biophysical characteristics, double stranded DNA is a very unusual

polymer (Parsegian, 1973). It is inherently rigid due to its highly organized chemical

structure and is highly charged. Its helical axis is not centrosymmetric, so its bending

characteristics are not isotropic along its contour. Its binding and bending behavior can

depend strongly upon its base composition. Due to base pairing, it is torsionally stiff, as

it cannot freely rotate about any of its bonds and resists changes in its helical twist. With

its ends confined, such as in a covalently closed circular plasmid, it is thus subject to

topological constraints. Although DNA exhibits the typical characteristics of

polyelectrolyte behavior, these additional features render some of its properties unique.

In this section, we will review some statistical parameters describing polymer behavior of

DNA.



1.2.1 Persistence Length and Excluded Volume

Linear polymers are generally modeled as worm-like chains. The Kratky-Porod

model defines three structural parameters that describe the random coil dimensions of a

polymer (Flory, 1969). First, is the contour length of the polymer, which is simply the

length of the fully extended polymer. Second, is the persistence length, P, which

describes the rigidity of a polymer. Last, is the excluded volume which is a unitless

parameter describing the relative volume occupied by a segment of polymer, due to its

mass, degree of hydration and, most importantly for DNA, degree of ionic repulsion. The

persistence length, typically about 45 nm for DNA under most buffer conditions, is

commonly perceived as the span of polymer which can be modeled as a rod; however,

DNA minicircles readily form from fragments of this length (Hagerman, 1978). Perhaps

a more accurate description is that the persistence length is the distance over which a

perturbation can propagate down the chain. Both persistence length and exclusion

volume are intensive properties of the polymer and, thus, are independent of its size.

In this way, the volume occupied by a random coil of DNA can be described as

being dependent upon: the molecular weight or size of the DNA; its flexibility as

characterized by its persistence length; and the distance between DNA segments, as

manifested by the exclusion volume. The persistence length of DNA can be considered

to have two components, the electrostatic contribution due to charge repulsion between

adjacent phosphates and the intrinsic stiffness of the uncharged helix. Thus, the

polyelectrolyte contribution to the rigidity of DNA can be determined by examining its

persistence length under various salt conditions at which electrosaic interactions are

reduced due to ion shielding (Rinehart & Hearst, 1972; Manning, 1980; Schurr &

Allison, 1981). In general, as salt concentration increases, both the persistence length

and the excluded volume of DNA decrease, as the higher ionic Strength Shields the

negative charge and reduces electrostatic repulsion between charged segments.



Although there are discrepancies in the specific determination of electrostatic

contribution (Stemming from the model assumptions used in calculation or method used

for determination), the variation in P for DNA is surprisingly modest over a wide range

of moderate to high salt concentrations. Using static light scattering, Sobel and Harpst

(1991), for example, report P to be 68 nm and 45 nm for NaCl concentrations of 20 mM

and 1M, respectively. This suggests strongly that the major component of DNA stiffness

is not mutual repulsion between adjacent negatively charged phosphates, but the inherent

stiffness in structure, perhaps due to stacking of DNA base pairs. The massive change in

volume and structure upon condensation might be considered to be, then, primarily a

change in excluded volume.

1.2.2 Topological Constraints

When the ends of a double-stranded DNA molecule are prohibited from free

rotation, such as in a covalently closed, circular plasmid, it is subject to a fundamental

topological constraint which can be described in terms of three parameters: the linking

number, Lk; the twist, Tw; and writhe, Wr (figure 1-1). Physically, the Lk is the total

number of helical turns the double stranded DNA makes along its contour. The Tw is the

number of supercoils, or the number of times the double helix crosses over itself. The Wr

is a less-easily identifiable physical quantity, but appears in the governing expression for

conservation of torsional energy in these closed circular systems:

Lk = Tw + Wr



a.) b.)

Figure 1-1: a. A covalently closed, relaxed
circular plasmid. Nicking of one strand and
subsequent rotation of the one strand relative to
the other before ligation of the nick will result in an
increase in linking number. b. To accomodate this
higher energy topological state, the plasmid will
adopt a supercoiled structure.

A covalently closed, circular plasmid is positively or negatively supercoiled if Tw

is correspondingly non-zero. A Supercoiled plasmid is at a higher energy state than one

that is not, since nicking one of the strands of a supercoiled plasmid will yield a

“relaxed” circular plasmid, lacking any Supercoils. Thus, Supercoiling can be a Source

of free energy. Examples of the free energy contribution of supercoiling to the

morphology of organized DNA can be observed in the resulting size of the counterion

condensed DNA structure (section 1.4.3) or in the degree of cholesteric twist in DNA

liquid crystals (Reich & Minsky, 1994b). Topology influences the solution behavior of

DNA; instead of a purely random coil configuration, a supercoiled plasmid adopts a

dynamic, cruciform-like structure, as observed in modeling studies (Volodgodskii et al,

1992) and in cryo-electron microscopy (Adrian et al., 1990).

1.3 Techniques for Observing Compact DNA

1.3.1 Compact Forms of DNA

DNA has been observed to exist in several highly organized forms. At very low

ionic strength and concentration, DNA undergoes a transition from the "ordinary" to the



"extraordinary" phase in which an abrupt and large increase in apparent size is observed

by both dynamic and electrophoretic light scattering techniques (Newman et al, 1994;

Schmitz, 1983; Fulmer et al., 1981). This transition has also been observed for other

diverse polyelectrolytes such as polylysine (Lin et al, 1978a), albumin (Schmitz et al,

1983) and rod-like viral particles (Schulz et al., 1988) and is attributed to the formation of

an extended, ordered phase which is susceptible to mechanical stress and, thus, is not

observed in techniques in which shear force is a component, such as ultracentrifugation

(Schmitz et al., 1984; Nemoto et al., 1984). At high concentrations, like other well

Solvated, rigid linear polymers, DNA forms a liquid crystalline phase, becoming highly

ordered to minimize excluded volume interactions (Van Winkle et al., 1990 and

references therein). Liquid crystalline DNA can adopt a cholesteric phase, consisting of

sheets of parallel fibers stacked with a slight helical twist, thus acquiring long range

chiral order and some unusual optical properties (Reich et al., 1994a; Leforestier &

Livolant, 1993, Sikorav et al., 1994) or, at even higher concentrations, a more dense,

regular hexagonally packed phase (Livolant et al., 1989).

In this section, however, we will focus on the characterization of DNA that is

organized and compacted at intermediate concentrations and ionic strengths, either

through counterion condensation or solvent exclusion. Table 1-1 briefly summarizes

various methods used to characterize compacted DNA and the corresponding literature

references discussed in this review. Generally, these techniques can be divided into the

following categories, most of which will be covered in this chapter: 1. direct observation

(electron microscopy, x-ray diffraction); 2. hydrodynamic behavior (centrifugation,

dynamic light scattering); 3. optical behavior (circular dichroism, static light scattering);

and 4. biochemical activity (enzyme action of gyrase, endonuclease, and polymerase).



Table 1-1: Analytical methods for studying compact DNA structures

1978 dichroism, circular
dichroism

bis-(3-
aminopropyl)amine

Reference Method Condensing Agent DNA type
Allison et al., 1981 static light scattering, spermidine ©29 phage

dynamic light
scattering, EM

Arscott et al., 1990 EM, dynamic light Co(NH3)6 plasmid
scattering

Baeza et al., 1987 EM, DNase I digest, spermidine plasmid DNA
RNA polymerase

transcription
Bottger et al., 1988 sedimentation velocity HMG1 protein plasmid

and analytical
centrifugation, EM

Braunlin et al., 1982 equilibrium dialysis | "C-labeled spermine, T7 phage
spermidine,
putrescine

Bunnell, 1992 EM asialoorosomucoid- oligonucleotides
modified polylysine

Conjugate
Carroll, 1972 absorbance, optical polylysine calf-thymus

melting
Chattoraj et al., 1978 EM Spermine, T7, A, P4 phage

spermidine, bis-(3-
aminopropyl)amine

DeBernardin et al., sedimentation through histone H1 plasmid DNA
1986 Sucrose gradients, EM

Eickbush & EM Ethanol, ammonium SV40 (supercoiled
Moudrianakis, 1978 aCetate and linear), PM2

phage, linear DNA
fragments

Evett et al., 1970 fluorescence dansyl-labeled salmon sperm
anisotropy polylysine

Garcia-Ramirez & EM histone H1, 0x, H5, plasmid (linear,
Subirana, 1994 Clupeine Supercoiled, relaxed)
Giancotti, 1975 calorimetry, circular polylysine calf-thymus

dichroism

Gosule & Schellman, streaming linear spermidine, spermine, T7 phage

Granados & Bello,
1981

circular dichroism,
dilute Solution

viscosity, optical

polylysine, methylated
polylysine

melting

calf-thymus, various
polynucleotides
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Table 1-1, cont’d
Reference Method Condensing Agent DNA type

Haynes et al., 1970 circular dichroism,
EM, x-ray diffraction

polylysine salmon sperm, E. coli,
poly(I+C), poly(A+U)

Kabanov et al., 1991 separation by
Centrifugation, gel
electrophoresis,

poly(n-ethyl-4-
vinylpyridinium)

bromide, polylysine

plasmid, A phage

endonuclease
protection

Klump, 1976 calorimetry polylysine calf-thymus
Krasnow & Cozzarelli, gyrase Catenation, spermidine, Co(NH3)6 COIE1

1982 separation by
centrifugation and
sucrose gradient

Laemmli, 1975 EM polylysine and T4, T7 phage
polyethylene Oxide

Latt & Sober, 1967 equilibrium dialysis labeled DNP poly A, poly U, poly 1,
oligolysines poly C, poly G

Leman, 1971 separation by polyethylene oxide, T4, T7 phage
centrifugation polyvinyl pyrrolidinone

Li et al., 1974 optical melting, polylysine calf-thymus DNA, Cl.
circular dichroism perfringens DNA

Li et al., 1974 optical melting, polylysine, calf-thymus
Circular dichroism nucleohistones

Li et al., 1992 EM Co(NH3)6 linearized plasmid
Liquier et al., 1975 infrared linear poly-L-arginine, poly- salmon sperm, M.

dichroism L-lysine lysodeikticus, C.
perfingens

Ma & Bloomfield, gel electrophoresis Na’, Mg’º, Co(NH3)6, plasmid
1995 Spermidine

Maestre & Reich, circular dichroism polylysine Calf-thymus DNA
1980

Marx & Reynolds, MNase digest spermidine ©X174, RFII, linear
1982 digest

Marx & Reynolds, separation by spermidine A phage
1989 centrifugation, MNase

digest
Marx & Ruben, 1984 separation by spermidine ©X174 (nicked,

centrifugation, MNase supercoiled, and
digestion, gel linear), calf-thymus

electrophoresis,
freeze-etch and

Stereo EM

Marx & Ruben, 1986 freeze-etch EM Spermidine QX174. A phage
Nicola et al., 1979 Salt-gradient elution polylysine and

copolymers of lysine
immobilized calf

thymus DNA
Novoseler, 1982 EM poly-L-lysine,

protamine sulfate
calf-thymus, T2

phage, TT phage, E.
coli



Table 1-1, cont’d
Reference Method Condensing Agent DNA type

Olins & Olins, 1971 EM, circular F1, F2a1 histones T7 phage
dichroism, separation

by centrifugation,
optical melting

Olins et al., 1967 optical melting, poly-L-ornithine, poly- calf-thymus
circular dichroism,
absorption spectra

L-lysine, poly-L-
arginine, poly-L-
homoarginine

Plum & Bloomfield, equilibrium dialysis Co(NH3)6 calf-thymus fragments
1988

Plum & Bloomfield, optical melting spermidine, poly[d(AT)"poly[d(AT)
1990 methylated

spermidine, Co(NH3)6
Plum et al., 1990 EM spermidine, calf-thymus

methylated
spermidine, Co(NH3)6

Porschke, 1984 equilibrium titrations, spermine, spermidine A phage
stopped flow, and field

jump detected by
static light scattering

Mgº in ethanol/waterPost & Zimm, 1982a static light scattering plasmid, T7 phage
Rau & Parsegian,

1992
x-ray diffraction under

osmotic stress
spermidine,

protamine, Co(NH3)6,
manganese ion

chicken erythrocyte

Raukas & Kooli, 1977 optical melting poly-L-lysine, poly-L-
arginine

E. coli, calf-thymus

Reich et al., 1990 circular dichroism poly-L-lysine, poly-D-
lysine, poly-L-

Ornithine

sonicated calf-thymus

Reich et al., 1992 Circular dichroism Mg” in ethanol■ water CI. perfringens, oligo
with AT-tracts

Santella & Li, 1975 circular dichroism,
separation by

centrifugation, optical
melting, fluorescence

copolymer of lysine
and phenylalanine

calf-thymus, M.
luteus, poly(A)

Santelli & Li, 1977 absorbance, optimal
melting, circular

dichroism

poly-L-lysine, L
histidine copolymer

calf-thymus

Schaper, 1991 a dynamic light
scattering, analytical

centrifugation, EM

SSB protein M13mp8 and F1
single-stranded DNA

Schellman &
Parthasarathy, 1984

x-ray diffraction aliphatic series of
triamines and

diamines, spermidine,
spermine, putrescine

calf-thymus, salmon
sperm, chicken

erythrocyte



Table 1-1, cont’d
Reference Method Condensing Agent DNA type

Shapiro et al., 1969 optical rotatory polylysine (high salt Calf-thymus DNA
dispersion, circular concentrations)

dichroism, flow
birefringence, static

light scattering,
dynamic light

scattering, turbidity
Shapiro et al., 1969 equilbrium dialysis Na’, Li". Cs”, K". E. coli

arginine, lysine,
tetralysine,

tetramethyl- and
tetraethyl

ammmonium,
Spermine

Shin & Eichhorn, 1977 Circular dichroism polylysine and metal
iOns

Thomas & Bloomfield, optical melting spermidine analogs calf-thymus
1984 with varying alkyl

chain length
Tsuboi & Matsuo, melting temperature, poly-L-lysine poly(1+C), calf-thymus

1966 separation by density DNA
gradient

electrophoresis
Wagner et al., 1991 EM poly-L-lysine, poly-D- plasmid

lysine conjugated with
transferrin

Weiskopf & Li, 1977 optical melting, polylysine calf-thymus
Circular dichroism

Widom & Baldwin, static light scattering, Co(NH3)6, spermine, linear fragments
1980 EM Spermidine

Widom & Baldwin, static light scattering, Co(NH3)6 A phage
1983 dynamic light

scattering
Wilson & Bloomfield, static light scattering, Mg”, putrescine in T7 phage

1979 dynamic light 50% MeOH, spermine
Scattering and Spermidine

Zama & Ichimura, circular dichroism, polylysine, calf-thymus
1971 dilute Solution polyarginine

viscosity

1.3.2 Visualization of Compact DNA

Compact toroidal forms, about 300 nm in diameter, were first documented using

electron microscopy by Haynes and coworkers (1970) in their studies of polylysine

condensed salmon sperm DNA. They also observed thick fibers and noted that the

relative proportion of fibers to toroids depended upon the method of complex preparation



(whether the components were mixed and dialyzed from high salt or simply directly

mixed) and ionic strength of the solution. Olins and Olins (1971) likewise observed

toroids with diameters between 100 and 300 nm using electron microscopy, as well as

fibers, in their preparations of T7 DNA compacted by polylysine or basic histone proteins

of F1 and F2a1. Despite the different compacting agents used, the striking similarity in

toroidal morphology of the complexes led them to hypothesize that these structures are

generally characteristic of the interaction of basic compounds with DNA. Similar

toroidal structures have been noted since for plasmid or phage DNA compacted by

spermine and spermidine (Chattoraj et al, 1978; Widom & Baldwin, 1980), hexamine

cobalt (III) (Plum et al., 1990, Arscott, et al 1990, Li et al., 1992), conjugated polylysines

(Wagner et al., 1991) as well as various branched cationic polymers (Chapters 2 and 3.)

Cations of three or more charges are sufficient to compact DNA in aqueous solutions. In

general, divalent cations, such as putrescine or Mg+2 can compact DNA only in the

presence of sufficient alcohol (Wilson & Bloomfield, 1979).

In addition to toroids, rods of similar size have been frequently observed.

Despite the general similarities in morphologies of the complexes reported by the

different groups, there is variation in relative proportions of toroids versus rods observed.

Chattoraj and colleagues (1978) noted that changes in grid preparation and staining

techniques yielded widely different results; in some cases, no compact structures were

observed at all. They concluded that the toroid structures are soft and thus easily

disrupted by harsh specimen preparation techniques. Others have noted that a greater

proportion of toroids is observed for the condensates of longer fragments of DNA

(Arscott et al., 1990, Eickbush & Moudrianakis, 1978), suggesting that longer DNA may
result in more stable toroids. Marx & Ruben (1986) performed an extensive

characterization of spermidine condensed (b)(174 and A phage DNAs. Since they

examined the replicas of freeze-etched solution samples, their results should closely
resemble the actual structures of the complexes in solution. They consistently observed
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toroids, but no rods, and suggested that rods may be an artifact induced during specimen

preparation.

Structures other than toroids are observed under various conditions. Eickbush and

Moudrianakis (1978) showed that at low concentrations of monovalent ions, ethanol and

methanol collapse DNA into fibrillar or beaded structures which exhibit "homonemic"

coiling, like a telephone cord. Triplex forming poly (A+U) has been observed to yield

cigar-shaped structures on interaction with polylysine (Haynes et al., 1970). Fibrillar-type

structures have been noted in complexes of DNA with basic proteins, such as histones

(De Bernardin, 1986; Garcia-Ramirez, 1994), although toroids were observed to a greater

CXtent.

The size of structures as measured by visualization with electron microscopy does

not necessarily correlate to that determined by other methods. Sampling is, by necessity,

selective and limited to what can be accommodated in a single field of view. Aggregates,

for example, are generally overlooked, although they have been shown to be unavoidable

in studies of condensates of spermidine, cobalt hexamine, polylysine, and protamine

(Wilson & Bloomfield, 1979; Post & Zimm, 1982a; Tsuboi & Matsuo, 1966, Hud et al,

1993). Moreover, size determination in visualization techniques yield number average

values, in which small and large particles are given equal weight; determination by other

techniques, for example, static or dynamic light Scattering yield weight-average or z

average values in which large particles contribute correspondingly more to the final

outcome. Finally, sample preparation methods may lead to dehydration which could

decrease the apparent size of the compact structures (Allison et al 1981).

Other direct visualization techniques have been used to observe compact

structures. Atomic force microscopy has the advantage that samples can remain

hydrated; however, resolution is considerably less than what is achieved with electron

microscopy (Hud et al., 1993). High resolution fluorescence microscopy has the

advantage of real-time direct observation and has been used to directly observe the
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dynamics of the process of condensation of fluorescently labeled DNA by polyarginine

(Minagawa et al., 1991).

1.3.3 Optical Behavior of Compact DNA

1.3.3.1 Static Light Scattering

In classical static light scattering, the absolute intensity of light that is scattered by

particles at various concentrations in solution is measured as a function of the scattering

angle. The intensity of the scattered light depends upon the light source (its intensity and

wavelength), the angle of detection, the size and shape of the particles, and the solution

refractive index gradient of the particles (Hiemenz, 1986). From this information, a dual

extrapolation to zero concentration and zero angle of detection are performed to obtain

the weight-averaged molecular weight and radius of gyration, and sometimes the

hydrodynamic shape. This is a stringent technique, requiring an intense light source,

sensitive detectors, and some knowledge the optical properties of the system. Although

the angle-dependent light scattering behavior of various DNAS is widely documented

(Giordano et al., 1983; Magazu et al., 1989; Ferrari & Bloomfield, 1992; Goinga &

Pecora, 1991; Sobel & Harpst, 1991), this technique has only rarely been rigorously

applied to condensed DNA systems (Haynes et al., 1970; Eisenberg et al., 1979; Allison et

al, 1981).

More generally in the condensation literature, "light scalering refers to the

relative intensity of light scattered, usually at 90 degrees from an incident beam.

Scattering intensity increases as a random coil of DNA in solution condenses into a

compact particle. For 90 degree light scattering, a less stringent equipment set is

required; a basic fluorimeter is adequate. It is a simple technique that can be extremely
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sensitive. Its only technical drawback is that the light scattered by a solute at a given

angle is usually, but not always, monotonic with its particle size; thus, depending upon its

optical properties a large aggregate may scatter less light at a given angle than a smaller

particle. Another concern is that no distinction can be made with this technique between

monomolecular or multimolecular condensates or aggregates, so results must be

interpreted with caution. However, if complimentary analytical techniques are used and

the proper controls performed to ensure that the range of solution conditions produces a

well-behaved response, this is an effective technique for studying the onset of DNA

compaction.

Static light scattering is useful for determining the conditions which DNA

compaction occurs. Wilson and Bloomfield (1979) were able to determine that the

critical spermidine concentration for condensation is 20-24 LM for low ionic strength

aqueous solutions. They also determined the critical condensation concentrations of

various combinations of cations (spermine, spermidine, Mg+2, and Na+) in 50%
methanol and related these values to Manning's counterion condensation theory (section

1.5.1.) Post and Zimm (1982) used light scattering to develop phase diagrams for the

condensation of DNA by Mg+2 in methanolic Solutions (Section 1.5.2.1).

Simple light scattering has been used to determine the time scale over which

condensation occurs. Widom and Baldwin (1980; 1983) used light scattering to study the

kinetics of compaction and aggregation of A DNA by hexamine cobalt (III). They

demonstrated that the kinetics of the forward reaction were considerably slower than the

reverse case and that scattering intensity at equilibrium depended upon the concentration

of DNA and its molecular weight. Porschke (1984) used light Scattering to detect the fast

kinetic processes of condensation of DNA by spermine and spermidine in series of

experiments based on equilibrium titrations, stopped-flow, and field-jump techniques.

From his observations, Porschke proposed a two-step condensation process: 1.

intramolecular condensation, involving the binding of polyamine to DNA and the initial
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collapse which occurred on a time scale of milliseconds; and 2. intermolecular

condensation leading to the formation of multimolecular structures (section 1.4.3), which

occurred on a time scale of a few seconds.

1.3.3.2 Circular Dichroism of Compact DNA Structures

Compact DNA exhibits highly unusual circular dichroism (CD) spectra.

Although rarely used to characterize such complexes now, it is instructive to examine the

use of this technique, as it was widely used in the early condensation literature. CD was

first applied to DNA/polycation complexes by Shapiro, Leng, and Felsenfeld (1969a) to

the DNA/polylysine system. They noted an unusually large, non-conservative negative

ellipticity between 250 and 290 nm that was up to 100-fold larger than that observed in

free DNA and attributed this result to either a perturbation in the secondary structure or

the formation of long range order in the system. They also noted, for the solution

conditions of their experiment, the simultaneous appearance of particles about 1700 Å in
size, as determined by static light scattering. Lerman (1971) noted similarly unusual CD

spectra for free DNA collapsed by the presence of neutral polymer (polyethylene oxide)

and salt in excess of critical concentrations and also observed in sedimentation

experiments that this DNA was in a compact form. Lerman coined the term \■ -DNA to

describe this phenomenon, although it has since been sometimes used to describe the

similarly unusual CD spectra of DNA collapsed by multivalent cations as well.

Strong negative ellipticity (u■ behavior) has also been noted in complexes of

DNA with polyarginine (Zama & Ichimura, 1971), random copolymers of lysine and

phenylalanine (Santella & Li, 1975) and lysine and histidine (Santella & Li, 1977), N

methylated polylysine (Granados & Bello, 1981), and F1 and F2a1 histones (Olins &

Olins, 1971), The magnitude of negative ellipticity was found to be dependent upon the
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concentration of salt in solution (Carroll, 1972), the GC content of the DNA used (Cheng

& Mohr, 1975, Granados & Bello, 1981), and the method of preparing the complexes

(Zama & Ichimura, 1971; Carroll, 1971; Weiskopf & Li, 1977; and many others.)

Depending upon the cation used, strong, non-conservative, positive ellipticity (\■ t

behavior) was also observed (Shin & Eichhorn, 1977).

Dorman & Maestre (1973) have shown that all of the anamolous CD signal

outside, and some even inside the absorption band, is caused by differential Mie

scattering by the chiral particles of collapsed DNA; the CD spectra, however, even when

quantified and corrected for Mie scattering by wide angle fluorescence detection of non

chiral dyes present in the solution, still show significant anamolous ellipticity in the

absorption band. In a particularly elegant work, Maestre & Reich (1980) showed that

they could consistently and selectively obtain CD spectra of the ■ tor u■ type by simply

rotating one of two plates between which a gel comprised of DNA sodium salt was

compressed in a right or left-handed direction. Thus, they concluded that y behavior was

due to a long range chiral order of the DNA aggregates which was similarly to that

characteristic of cholesteric liquid crystals. Only occasionally used now, CD has been

used recently to diagnose the extent of long-range chirality in DNA structures condensed

under a variety of conditions (Reich et al., 1990; Reich et al., 1992) and to elucidate the

secondary structure of compacted DNA (Reich et al., 1991; section 1.4.1).

1.3.4 Hydrodynamic Behavior of Compact DNA

The movement of a particle in a fluid is determined by the bulk properties of the

fluid, the force under which the particle is impelled, and by the size and shape of the

particle which determine its structural friction coefficients (Cantor & Schimmel, 1980).

Various hydrodynamic techniques have been developed to exploit this behavior and,
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while they are convenient and relatively simple to use, the level of detail they provide

with respect to structure and size distribution is limited. Size determination based on

translational movement generally yields a single geometry-independent parameter, the

hydrodynamic radius, which describes a sphere with equivalent hydrodynamic behavior.

Thus determination of the physical size of non-spherical particles requires some

knowledge of their geometry. Friction coefficients depend only upon the external

geometry of the structure. It should be noted that the size determined by hydrodynamic

techniques is frequently that not only of the particle itself, but also its associated water.

The degree of hydration can be significant; for proteins, this is typically 0.3-0.4 g H2O/g

anhydrous protein, for DNA, about 0.6-0.8 g H2O/g anhydrous DNA (Cantor &

Schimmel, 1980).

1.3.4.1 Dynamic light scattering

Although dynamic light scattering, (DLS, also called "quasi-elastic" light

scattering) uses the same instrumentation as classical static light scattering, the

information obtained is substantially different. In DLS, the rate at which random

intensity fluctuations in light scattered at a given angle from the incident beam occur is

related to the rate of Brownian motion of the scattering particle which, in turn, is

dependent upon its hydrodynamic behavior (Koppel, 1972). In DLS, the z-average

particle size is obtained which, as the second moment of distribution average, is a

determination that gives larger particles greater weight. Algorithms exist for the

calculation of weight-average or number-average particle size from the z-average

distribution, although, just how well-behaved the particle size distribution is, and the

applicability of the algorithm used, will determine the accuracy of the calculation. All

three values of z-, weight-, and number-average, however, will be identical for population
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of particles that is monodisperse in size. In DLS, the average size for a large population

of particles in their native, hydrated state can be determined for any buffer condition.

There are, however, disadvantages. Its practical upper limit of accurate particle size

detection is on the order of about 1 micron and its lower limit of detection is limited by

the power of the laser and sensitivity of the detection system, typically 10 nm or so. The

data collection time required for this method is extensive (on the order of several

minutes) and thus it is impractical for studies of the kinetics of condensation which can

occur on the order of milliseconds (Porschke, 1984).

DLS has been used primarily to supplement or confirm other methods used in

observation of condensed DNA. The Bloomfield lab (Arscott et al., 1990) observed that

DLS measurements of hexamine cobalt(III) condensed plasmid DNA yielded dimensions

that were about 10% higher than those obtained by EM. This was attributed to

differences between techniques in determination of the mean value from a disperse

population (see section 1.3.2.) Allison and colleagues (1981) performed both static light

scattering (to obtain the radius of gyration) and DLS (to obtain hydrodynamic radius on

an equivalent sphere), as well as EM. They likewise found that because of the presence

of small amounts of aggregates, the values obtained from light scattering techniques were

skewed. However, when aggregates were eliminated by filtration and the values obtained

from light scattering were corrected for the toroid geometry (assuming a thick toroid with

a negligibly small center hole, Allison et al., 1980), then values from all three techniques

matched. Widom & Baldwin (1983) used DLS to determine the conditions for DNA

condensation by hexamine cobalt (III) that would lead only to monomolecular

condensation, apart from aggregation, and from there used same light scattering to

observe the kinetics of both processes.
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1.3.4.2 Other Hydrodynamic Techniques

Several other techniques based on hydrodynamic behavior have been applied to

the problem of DNA condensates. Electrophoretic light scattering is the use of light

scattering techniques to measure the electrophoretic mobility of a polymer in solution.

The mobility of a polymer in this method is dependent upon its surface charge and,

secondarily, its hydrodynamic characteristics. Although this has been applied to DNA

and polylysine polymers individually (Hartford & Flygare, 1975; Xia et al., 1993;

Wilcoxon & Schurr, 1983; Schmitz & Ramsay, 1985; Rhee & Ware, 1983) and to

cationic lipid/DNA complexes (Xu & Szoka, 1996), we have been unable to find

references outside of this one (Chapter 3) in which it has been applied to multivalent
cation condensed DNA. Because of the importance of surface charge in controlling

aggregation processes (see section 1.6) and the fairly recent introduction of

instrumentation that simplifies measurement, it seems likely that this technique may gain

prominence.

Because of the difficulty in determining accurate partial specific volume of

condensed DNA, the full power of analytical centrifugation velocity or equilibrium

techniques cannot be easily applied to determine size or molecular weight.

Centrifugation is useful, however, for determining the sedimentation coefficient of

compact DNA. For example, sedimentation coefficients of compact DNA have been

found to depend upon the concentration of DNA and the buffer conditions of the solution

(Bottger et al., 1988; Olins & Olins, 1971). Centrifugation also provides a simple

technique for separating the more dense and compact DNA complexes from the

uncomplexed components. Simple sedimentation has been used to generate precipitation

curves for DNA compacted by different cationic polypeptides (Santella & Li, 1975) and

determine base selectivity in compaction of heterogeneous fragments by polylysine

(Olins et al., 1967).
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Linear flow dichroism (also called "flow birefringence") is a technique in which a

fluid is subject to a flow gradient which tends to align an anisotropic solute. Plane

polarized light will be preferentially absorbed or transmitted, depending upon the

orientation to the major axis and extent of geometric anisotropy of the solute. This has

been used primarily to detect the onset of compaction which is associated with a drastic

change in anisotropy (Gosule & Schellman, 1978; Shapiro et al., 1969). Fluorescence

polarization has also been used to measure the anisotropy of DNA as it is being

condensed by dansyl-labeled polylysine (Evett et al., 1970). Dilute solution viscosity can

be used to determine the relative volume in solution occupied by a polymer. Zama &

Ichimura (1971) used viscosity measurements to show that DNA is compacted more

efficiently by polylysine than polyarginine. Baase and colleagues (1984) used a

combination of linear flow dichroism and intrinsic viscosity to determine the effect of

spermidine on the persistence length of DNA just as it undergoes the compaction process.

From their results, they concluded that although the persistence length varied as expected

from theory with ionic strength, that cross-linking of DNA by polyamines was required

for DNA collapse.

1.4 h f DNA i In Form

1.4.1 Secondary Structure

In some early CD studies of compact DNA condensates, unusual \■ -behavior was

attributed to the formation of alternative forms of DNA, such as the A-form (Shin &

Eichhorn, 1977) or the C-form, which typically exist at only very low humidity (Chang,

et al., 1973; Weiskopf & Li, 1977; Liquier, et al., 1975). X-ray diffraction (Haynes et al,

1970) and Raman spectroscopy studies (Prescott et al, 1976), however, indicate that
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condensed DNA is predominately of the B-form. Nevertheless, studies of the chemical

behavior suggest that the secondary structure of condensed DNA is actually a mild

variant of the standard B-form. Skyladneva and others (1979) showed that 18% of the

cytosine residues in polylysine compacted DNA were susceptible to sodium bisulfite

modification and thus concluded that although the Sugar phosphate backbone was in the

B-form, there was considerable disruption in base stacking. Prescott and others (1976)

used tritium exchange to show that about one-fourth of the hydrogen bonds between base

pairs are broken and, therefore, that stacking, particularly between AT pairs is disrupted.

Irregularities in the B-form are not unexpected, as the tight radius of curvature to which

the DNA is subject in the toroid will undoubtedly lead to skewed base stacking.

Reich and others (1991) have suggested that although predominately of the B

form, DNA condensates are actually polymorphic, containing alternative forms present as

a few, short, delocalized segments which exist largely as a result of local variations in the

DNA hydration state. This hypothesis was proposed to explain the sensitivity of DNA

condensation by polyamines to buffer conditions of ionic strength, pH, and concentration

of polyamines or other dehydrating agents. It is also consistent with the hydration

hypothesis of Rau and Parsegian (section 1.5.2.3).

The DNA in toroids does not have to be exclusively in the B-form. Condensation

of Z-DNA also results toroidal condensates (Castleman & Erlanher, 1983) indicating that

the secondary structure of DNA is unimportant in the formation of toroids. In DNA

containing short segments with a high propensity to assume a Z-DNA form, the

condensation process promotes the conversion of these susceptible segments from B- to

Z-form DNA (Ma & Bloomfield, 1995).
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1.4.2 Tertiary and Quaternary Structure

Since first observed, the mechanism of formation and fine Structure of DNA

toroids have been topics of much speculation. Eickbush and Moudrianakis (1978)

observed using electron microscopy that DNA compacted by monovalent and divalent

salts in conjunction with ethanol appeared as rods and toroids, the relative proportions of

which depended upon the cation used. The rods were of the same diameter as the toroids

and of average length equivalent to the circumference of a typical toroid. Inspection of

the fine microstructure in rods showed that DNA ran lengthwise in parallel arrays,

kinking at the rod ends in order to fold back on itself. They also observed what appeared

to be intermediate structures of tightly bent rods and proposed that blunt-end fusion of a

single rod would lead to the formation of a toroid. These observations were consistent

with the earlier work by Laemmli (1975) who suggested that toroids could, indeed, form

from the blunt-end fusion of rods or, alternatively, by continuous circumferential

wrapping of DNA which would not require special kinking of the DNA.

Figure 1-2a: Two-dimensional representation of a spermidine-condensed
DNA torus cleavage model in cross-section. In this structure, DNA is
circumferentially wrapped in a unidirectional fashion. Assume that in any
given DNA double helix, there is, in three dimensions, hexagonal close
packing of nearest neighbor double helices. The consequence of
micrococcal nuclease cleavages 2 and 2' after the first cleavage event
(arrow 1) can be seen to generate two discrete fragment lengths of DNA.
Cleavage 2 generates a monomer fragment with a length of one torus
circumference (solid section in diagram). Cleavage 2" generates a dimer
fragment with a length of two torus circumferences. Because of hexagonal
DNA packing in three dimensions, the nearest neighbors to the initial
cleavage strand, if cleaved second, would result in an arithmetic series with
members well above dimers of the torus circumference length (reproduced
with permission from Marx & Reynolds, 1982).

Micrococcol
Nucleose

Cleovoges
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? X-174 RFII ONA
(nicked, circulo, 5386 bp) Figure 1-2b: Topology of two simple circumferentially

wrapped DNA torus models. The DNA (a single solid
line for the purpose of clarity) used to illustrate these
cases is OX-174 RF II DNA, a double-helical DNA that
is circular (5,386 bp) and has one single-stranded nick at
reference point A. The arrow indicates that super-helical
turns may be introduced into the molecule at this point.
In the model 1 pathway, where DNA is wrapped
circumferentially in a continuous unidirectional fashion,
super-helical turns are introduced in the OX-174 RF II
DNA to fold it into the condensed regular torus. The
torus circumference lenght, L, divided into 5,386 bp will
give n -- the number of complete DNA wraps. In this
model, n must be an integer because the DNA is circular;
but it can be any integer. The case n=6 is illustrated

Model 1 Model 2. here. Model 2 pathway has the oX-174 RF II DNA
..".c :::::::::- folding initially into a rod-like structure of length, L,

:- DNA which then bends to fuse its blunt ends, resulting in a099taq torus of circumference L. In this model, every
deposition of length L DNA on the rod must be accompanied by deposition of a subsequent length L DNA segment in
the opposite direction. This is necessary because the molecule is circular and must ultimately come back to the origin
(for example, reference point A) to complete the circle. Hence, n (5,386 bp per lenght L) is constrained to always be an
even integer. The case n=6 is illustrated here (reproduced with permission from Marx & Reynolds, 1982).

In an experiment to test the folding versus wrapping models, Marx and Reynolds

(1982) hypothesized that the initial cleavage by micrococcal nuclease digestion of

condensed DNA would be slow, but the subsequent cleavages would be fast and located

in the vicinity of the initial cleavage event (figure 1-2a). Thus, micrococcal nuclease

could be used to enzymatically "slice" through a cross-section of a toroid. They observed

that spermidine condensates of covalently closed circular (px174 DNA digested with

micrococcal nuclease generated an arithmetic series of seven fragments, differing in

length by about 780 base pairs, the longest fragment comprising the entire length of the

(bX174 DNA. These results suggested that a single, circular Öx174 DNA molecule

makes seven circuits of the toroid, each loop about 780 bp in length. Topological

constraints in closed circular phage DNA would require there be an integral number of

DNA loops in a toroid, whatever the model. However, if rods form toroids in a blunt-end

fusion process, then the maximum value of the arithmetic series of fragments generated

by micrococcal nuclease digestion could only be an even number, whereas
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circumferential wrapping could yield any integer (figure 1-2b). The odd number of

fragments observed strongly supports the circumferential wrapping hypothesis. In their

detailed freeze-etch stereo EM study of spermidine condensed DNA, Marx and Ruben

(1983) were able to observe several instances of an individual DNA fiber tracing a

continuous, unidirectional path through the circuit of a toroid, thus providing direct visual

evidence for continuous circumferential wrapping of DNA in a toroid. Moreover, they

failed to observe any rods in their preparations, much less any incipient rod to toroid

intermediate. With both biochemical and physical evidence, the continuous

circumferentially wrapped toroid is now the widely accepted model.

The precise organization of the DNA loops in toroids is unknown. Marx and

Ruben (1983) observed in their stereo EM photographs of freeze-etched condensates that

DNA strands often appeared to cross over each other and diverge in their circuit around

the toroid. Hud and colleagues (1995) subsequently proposed that toroids are made up

of highly ordered loops of DNA with a constant radius of curvature that precess about a

central axis of the toroid (figure 1-3). Observed differences in toroid diameters were

attributed to the extent of overlap or degree of precessing between successive loops. This

particularly elegant hypothesis would account for the apparent crossing and divergence of

adjacent DNA loops. Moreover, in proposing a constant radius of curvature, this

hypothesis supposes a constant distribution of forces along the contour of the DNA. In

contrast, the alternative spool-type model, in which DNA successively loops around the

outside of the growing toroid, would require that DNA near the center of the toroid be

subject to greater torsional stress than DNA near the circumference. Marx and Ruben

(1986), however, in their extensive examination of freeze etched micrographs depicting

hydrated toroids of both 0x-174 and A phage DNAs, observed that the outer

circumference increases linearly with the inner circumference; in Hud’s hypothesis, one

would expect the outer circumference to vary inversely with the inner as larger toroids

would be created only by more extensive overlap of successive loops.
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The precessing loop and the spool models of toroid wrapping both should yield

structures that would appear identical in external geometry. However, the precessing

loop model hypothesizes a higher degree of internal order than would be immediately

apparent in the spool model; this might be manifested in the CD behavior. As discussed

in section 1.3.4.2, the magnitude and sign of the non-conservative ellipticity can depend

on a variety of mixing conditions; this variability may reflect the extent of long range

internal order of the condensates. Thus, these models may not be mutually exclusive and

may represent either two possible pathways of toroidal wrapping or, alternatively, two

extremes of the actual mechanism.

a)

Aasºº
º Sººn%2B::$

■ º --- Nº
**- §§

Figure 1-3: a. Two-dimensional representation
of the constant radius of curvature model for

DNA organization within toroidal condensates.
This toroid has been generated by the path of a
single continuous line; the gray scale variation in
the line represents the expected displacement of
the loop planes in a direction perpendicular to the
plane of the toroid. This scale model represents a
toroid with a 900 Å outside diameter, a 300 A
diameter hole, and a 27 A center-to-center
distance between successive loops. The line
width is a fraction of the scaled thickness for
DNA to show detail. b. The development of a
toroid is expected to proceed in a manner such
that the centers of loops being deposited spiral
around the toroid axis at gradually increasing
radii. Here, 10 contiguous loops depict a toroid
in an early stage of development. The average
center of each loop is designated by a dot of the
same gray scale as the corresponding loop.
(Reproduced with permission from Hud et al.
1995).
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1.4.3 Factors Influencing Toroid Size

The general aim in the design of DNA delivery systems is to load the DNA into as

small a package as possible, ideally one consisting of a single DNA molecule. As

indicated in the section 1.3.1, many of the condensing systems, particularly the small,

multivalent cations and polylysine, are susceptible to extensive aggregation. This

aggregation, however, rather than being comprised of a random and disordered

agglomeration of DNA coils, appears actually to be comprised of masses of toroids (Hud

et al., 1993; Arscott et al., 1990; Tang et al., 1996). General theories of aggregation in

colloid particles will addressed in section 1.6. In this section, we will instead focus on

the individual toroidal units. An understanding of the various factors that influence basic

toroid size can provide insight into their mechanism of formation.

Although toroids tend to be of similar size, typically 50 to 300 nm in diameter,

this size is generally independent of the length of the DNA. Chattoraj and colleagues

(1978) first observed individual toroids containing multiples DNA molecules in their

study of the spermidine condensation of phage DNA's over a range of sizes: T7 (25.2 X

106), A (30.8 X 106), and P4 (7.2 X 106). Assuming the structures observed were perfect

toroids, they compared the calculated volumes of the observed structures with those

required to accommodate each length of DNA, using volume parameters for hexagonally

close-packed B-form DNA. They concluded that while T7 and A DNA's formed

monomolecular toroids, P4 DNA formed multimolecular toroids containing multiple P4

DNA's; this was initially attributed to oligomer formation due to sticky ends present in

the P4 genome. Later, Widom and Baldwin (1980) observed that spermidine-condensed
DNA fragments varying in size from 400 bp to 49,000 bp all produced toroids of about

100 nm in diameter. The Bloomfield lab (Arscott et al., 1990) likewise observed similarly

sized toroids for cobalt hexamine (III) condensed DNA fragments of various lengths

(1350 and 2700 bp); the data suggests that under their experimental conditions, a toroid
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will accommodate about 35 kbp of DNA, independent of fragment length. These results

suggest that toroid size may be dictated by forces of surface energy and intermolecular

interaction that more than compensate for the entropic cost of multimer formation,

independent of DNA length. Most importantly, these results indicate that a

monomolecular toroid is unlikely to be formed from a low molecular weight DNA such

as P4. Although the size of the toroids forms is independent of the length of the

individual DNA, there is evidently a lower limit to the length of DNA which will form a

toroid (section 1.5.2.3).

The topology of the DNA influences the size of the toroid. The Bloomfield group

(Arscott et al., 1990) observed for hexamine cobalt (III) condensates that closed circular

pUC12 plasmid (2700 bp) yielded multimolecular toroids 25-30% smaller in diameter

than those made up of linearized plasmid. Marx & Ruben (1986) observed that although
circular bX174 DNA (5386 bp) produced a heterodisperse population of multimeric

toroids with an average diameter larger than its monodisperse and monomolecular linear

counterpart, when selected for the putative monomer toroids, the circular DNA yielded

substantially smaller structures than did the linear. Grosberg and Zhestkov (1985) used

statistical arguments to suggest that topologically constrained circular DNA may

contribute bending energy to the condensing system through torsional elasticity, thus

explaining why supercoiled plasmids should yield smaller toroids. Reich and colleagues

(1992) showed that condensates formed from ligated oligomers designed with Sequence

dependent AT-tracts to induce curvature, produced toroids with diameters less than one

half that of random DNA with nearly comparable AT content. This result, and those

showing that topologically constrained circular DNA molecules form smaller toroids,

suggest that there is an intimate balance and conservation of forces which determine the

final toroid size, and which include the energy for DNA bending.

The condensing agent also appears to determine the resulting size of the toroid.

The Bloomfield group (Plum et al., 1990) observed that calf thymus DNA condensed by
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hexamine cobalt (III) yielded toroids that were substantially smaller in diameter (as little

as one-half or less, depending upon solution conditions) than those of spermidine or an

exhaustively-methylated spermidine analog. This observation did not correlate to the

relative binding affinities of these compounds to DNA (Plum & Bloomfield, 1990), but

might correlate to their relative charge densities, since although they are all of similar

charge, hexamine cobalt is significantly smaller and, hence, has a high charge density.

Non-electrostatic factors, such as bridging between helices, hydration forces, or degree of

hydrogen bonding may influence the contribution of cation-specific interactions to toroid

size (see section 1.5.) Mixing factors that appear to influence toroid size are the relative

concentration of condensing agent and the length of time between condensation and

sample preparation for electron microscopy (Plum et al., 1990). Condensation to form the

initial toroid appears to be a very fast process (Porschke, 1984), however, the individual

toroids formed continue to grow in diameter, although at a slower rate depending upon

Solution conditions (Plum et al., 1990).

1.5 Theories of Condensation

1.5.1 Limiting Laws of Counterion Condensation

Thirty years ago, Manning identified a recurrent expression in various solutions to

the Poisson-Boltzman equation as applied to different problems involving linear

polyelectrolytes (Manning, 1969 and references therein). He also noticed that critical
behavior of polyelectrolytes in these model systems occurred at discontinuities of these

equations which, in turn, occurred at a specific value of this unitless parameter:

* = e2/ekTb
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where e is the unit charge, e is the dielectric constant of the fluid medium, k is the

Boltzmann constant, T is the absolute temperature, and b is the distance between charges

on a polyelectrolyte. In an ambitious series of papers, Manning proposed that this critical

behavior of § could be used to establish "limiting laws" which would comprise a

reference condition for the study of polyelectrolytes, analogous to extrapolation to zero

concentration in the study of simple ionic solutions. Deviations from this reference

condition could form the basis for developing theories of an enormous range of

polyelectrolyte behaviors, ranging from colligative properties (1969), melting of DNA

(1972, 1976), and electrophoretic mobility (1981), among others. Although the scope of

Manning's hypothesis is immense, we will focus on just a few simple aspects relating to

DNA collapse.

In earlier work, Imai and coworkers (1959) modeled the electrostatic potential and

the distribution of counterions about two parallel rod-like polyelectrolytes. They

observed that § could never achieve a value greater than unity, because above this value

their model would yield a negative local counterion concentration. They proposed that

under conditions for which ê is greater than unity, the counterions would become

associated with the polyelectrolyte rods, thus effectively increasing b and bringing & back

down to unity. In their description of this phenomenon, they first coined the term,

"counterion condensation." Although the counterions become closely associated with the

polyelectrolytes, they are not, strictly speaking, bound; rather they are mobile and are

distinguished from other counterions in bulk solution in that they interact with the

polyelectrolyte. Thus, Manning (1969) proposed the use of the term, "condensation",

over "binding".

Conceptually, $, can also be described as the ratio of the Bjerrum length (defined

as e2/ekT) to b, the distance between charges on the polyelectrolyte. The Bjerrum length

is the maximum distance between two simple, oppositely charged ions, within which they

32



can be considered to be ion-pairs (Nancollas, 1966). Alternatively, the inverse of the

Bjerrum length might be regarded as the amount of charge that can be sustained between

an ion pair in solution. Likewise, the inverse of b is equivalent to the linear charge

density of the polyelectrolyte. Thus, $ might also be regarded as a ratio of the charge

density of the polyelectrolyte to the charge capacity of the system. When the charge

density is below the charge capacity, no counterions will associate with the

polyelectrolyte. However, when charge density exceeds charge capacity, counterions

will associate with the polyelectrolyte to reduce the effective charge density of the

polymer just until 3 becomes unity again. For double-stranded B-form DNA in aqueous

solutions, 3 = 4.2.

Although the terms are often used interchangeably, DNA that is "counterion

condensed" is not necessarily "compacted." According to the theories outlined,

monovalent cations will condense on DNA when its charge density exceeds the capacity

of the surrounding solution. But, as indicated in section 1.3, monovalent cations do not

cause DNA compaction. According to Manning, however, the degree of charge

neutralization of a polyelectrolyte will depend upon the valence of the condensing ion.

The fraction of charge remaining (assuming only one counterion species is present) is as

follows:

f = 1 - 1/(Ná)

where N is the valence of the counterion. Thus, for cations of N = 1, 2, 3, 4, the

percentage of DNA phosphates that are neutralized are 76%, 88%, 92%, and 94%,

respectively. The driving force for the preferential association of multivalent cations

over the monovalent cations with the DNA is the entropy loss due to monovalent

counterion release. Manning (1980) proposed (based on the Hagerman's persistence

length measurements of DNA at various monovalent salt concentrations, 1978) that in the
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absence of phosphate charge, DNA has a negative persistence length and will, therefore,

spontaneously bend and collapse upon about 90% charge neutralization. In their light

scattering study of the counterion condensation of DNA, Wilson and Bloomfield (1979)

experimentally confirmed that the collapse point of DNA occurred at the point of

Manning's prediction. Under conditions of changing N, by which they used spermine,

spermidine, Mg”, Nat and combinations of these, and ■ , by which they varied the
dielectric constant by adding methanol, they determined that the collapse point of DNA

occured at 89-90% charge neutralization, whatever the solution conditions. Using

varying concentrations of Na" and hexamine cobalt to generate a DNA compaction phase

diagram, Widom & Baldwin (1983) likewise confirm collapse at 90% charge
neutralization. Manning's hypothesis also accounts for the observation that divalent

cations, while incapable of compacting DNA in aqueous solutions, do so in alcoholic

solutions in which the dielectric constant is lower (Plum et al., 1990). Although

Manning's determination of the collapse point of DNA at 90% charge neutralization has

been experimentally confirmed, the rationale of the inherent negative persistence length

of DNA as the driving force for collapse has largely been disproved (section 1.5.2.3).

Manning's counterion condensation theory arose from the Poisson-Boltzman

model, which is the primary tool for predicting electrostatic behavior in solutions. It has

been criticized for some of its broad sweeping assumptions and lack of physical

justification, compared to other, more rigorous solutions of the Poisson-Boltzman

problem; however, Manning's theory has the decided advantages in that it is simple and

has been immensely successful in explaining many different properties of

polyelectrolytes (Wilson et al., 1980; Stigter, 1995).
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1.5.2 Models of DNA Collapse and Toroid Formation

1.5.2.1 Statistical Thermodynamics of the Coil to Globule Transition

The collapse of DNA into a compact structure by the presence of a second,

incompatible polymer has been modeled as a coil-globule transition such as is observed

for flexible polymers in poor solvents (Lifshitz et al., 1978; Naghizadeh & Massih, 1978;

Frisch & Fesciyan, 1978; Swislow et al., 1980; Grosberg et al., 1982). Post and Zimm

(1982a, 1982b) developed an elegant, self-consistent theory of DNA collapse as a coil

globule transition in the presence of multivalent cations. They began with the Flory

Huggins expression for the free energy of mixing of a polymer in solvent. They added a

term to account for expected reduced mixing due to the high polymer segment density

expected at or near collapse, and then expanded the power series in the analysis one term

beyond the original Flory derivation. Their result was an expression that was a

refinement of an established model which could predict phase transitions of a polymer

based on its mixing interaction with its solvent.

Two key variables arise from this analysis: o, the linear expansion coefficient

describing polymer swelling; and X, the interaction parameter describing the free energy

of solvent and polymer interactions versus like solvent-solvent and polymer-polymer

interactions. The Post-Zimm model predicts that polymer collapse (O. Small) will occur

when mixing between the solvent and polymer is less favored than polymer segment

interaction (X large), due either the exclusion by the solvent or by increased mutual

affinity of the polymer segments. Moreover, for a reasonable experimental range of

molecular weights, this transition is abrupt, as is also observed experimentally.

The attraction of this model is that it explains DNA collapse by both counterion

condensation (in which polymer-polymer segment interactions are made favorable over

polymer-solvent) and y-collapsed DNA (in which solvent-polymer interactions are made
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unfavorable over polymer-polymer.) Despite its value as a theoretical model, it has

found little use in application, probably because its variables are not easily acquired. It

also fails to explicitly address what must be important free energy contributions of

electrostatics and entropies associated with counterion release and the formation of

highly ordered toroid structures.

1.5.2.3 Forces Involved in Collapse

The various stabilizing and opposing forces proposed to be involved in the

collapse of DNA and the formation of toroids is subject to much speculation and debate.

Bloomfield and others (1980) first proposed that the unfavorable free energy factors that
must be overcome in the formation of toroids include those associated with bending of

the DNA, the gain in entropy in organizing the DNA, and electrostatic repulsion. They

found that by one to two orders of magnitude, the free energy terms related to

electrostatic repulsion dominate those of DNA bending or entropy loss. They determined

that multivalent cations could significantly reduce long range electrostatic repulsions,

presumably allowing attractive London dispersion and dipole-dipole interactions to

dominate at close range.

In contrast to Bloomfield and others, Marquet and Houssier (1991) proposed that

the attractive force between DNA helices arises from correlated fluctuations in the

counterion atmosphere surrounding the DNA phosphates, rather than from London

interactions arising from the DNA helices themselves. In either case. the magnitude of

the attractive forces should depend upon the length of the DNA; thus, a minimum DNA

fragment length would be predicted for which condensation into a compact toroid would

occur. No regular, compact DNA structures have been observed for fragments less than

80-140 bp (Widom & Baldwin, 1980; 1983; Marx & Reynolds, 1989), thus implying that

36



the attractive forces involved in toroid formation are, indeed, molecular weight

dependent.

Schurr and Allison (1981) proposed that physical collapse of DNA was due

primarily to cross-linking by multivalent cations. Their reanalysis of Manning's

persistence length model (section 1.5.1) showed that the polyelectrolyte contribution was

much overestimated, that DNA in absence of charge is inherently rigid and, therefore,

would not spontaneously collapse upon neutralization without the free energy

contribution from cross-linking. Along the same lines, Schellman and Parthasarathy

(1984) hypothesized that the role of electrostatic repulsion as an opposing force to toroid

formation was greatly overemphasized and that electrostatic interactions could actually

contribute to stabilization of the collapsed DNA much in the same way ionic crystals are

stabilized by a high degree of organization in their structure. In their model, multivalent

cations served as cross-bridges to stabilize the organization of DNA helices. This idea

was supported by their observation that the X-ray diffraction spacing between helices of

DNA condensed by a homologous series of aliphatic triamines varied directly with the

length of the triamine used.

In contrast, Rau and Parsegian (1992) proposed that multivalent cations act by

rearranging the intervening hydration shell surrounding DNA segments to allow water,

rather than cations, to bridge adjacent helices. They concluded this based on their

measurement of the helical spacing of DNA condensed by various polycations while

subjected to an external osmotic stress. Although they found that spacing was somewhat

dependent upon the cation used (generally confirming the results of Schellman and

Parthasarathy), the dependence of spacing length decay upon osmotic stress was the

same for all cations studied. They concluded that this behavior was contradictory to that

predicted by electrostatics and Van der Waals theories and, thus, that hydration forces

rather than electrostatics dominate helix-helix interactions at close range.
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Incorporating the observations of Rau and Parsegian, Bloomfield (1991) revisited

his thermodynamic condensation model. In addition to free energy associated with

bending, he explicitly included a term for entropy loss incurred as the random coil

collapses into a compact particle and a term for attractive hydration forces, which would

also include electrodynamic interactions, such as London forces. The free energy due to

electrostatic contributions are separated into short range nearest neighbor interactions and

a long range surface energy which provides physical justification for a limit to the

maximum size of the toroid. With Tanford's approach for the formation of micelles as a

model, Bloomfield used a successive equilibrium association calculation to account for

the formation of multimolecular condensates from DNA fragments of moderate length.

The theoretical distribution of toroid sizes was narrower and smaller than what is actually

observed; Bloomfield hypothesized that toroid sizes were determined kinetically, rather

than thermodynamically as assumed in this model.

Recently, Hud and colleagues (1995) devised a simple kinetic model based on the

probability that DNA will form loops. They hypothesized three stages of toroid

development. First, DNA exists as a random coil in solution in the presence of a

condensing agent. Second, due to some random thermal motion, a loop, in which two

segments are juxtaposed and stabilized, is formed. Third, successive loops form

emanating from the nucleating loop which are stabilized by the condensing agent and will

then comprise the toroid. The free energy considerations are based on the probability of

the formation of a loop of an appropriate diameter and the probability of loop

stabilization or cross-linking by the condensing agent. Incidentally, this simple kinetic

model makes no distinction between the precessing loop and spool models of toroid

wrapping since there are no terms for the placement of successive loops. The mean and
distribution of toroid sizes as determined by this kinetic model agrees remarkably well

with experimental observations, suggesting that toroid formation is, indeed, kinetically
controlled.
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The vastly different approaches to accounting for the forces involved in DNA

collapse and toroid formation only reflect the complexity of this problem. Although there

appears to be agreement that repulsive electrostatic forces dominate the long range forces

and that multivalent counterions reduce this repulsion to a degree that allow short range

interactions to take over (Marquet & Houssier, 1991; Rau & Parsegian, 1992;

Bloomfield, 1991), there appears to be general disagreement as to the identity and extent

of forces that comprise these short range interactions.

1.6 Stability of DNA Complexes

Aggregation of DNA complexes is an almost inevitable problem under the high

concentration and physiologically compatible buffer conditions generally required for in

vivo administration. Although little formal work has been published with respect to the

mechanisms and conditions under which aggregation of DNA condensates occurs,

extensive literature exists in the areas of colloid and surface chemistry from which we

can adapt established concepts and principles for application to this case.

In the colloid field, "aggregation" or "flocculation" are terms applied to the

situation in which particles become physically associated, yet retain their individual

identities (Hiemenz, 1986). (In contrast, "coalescence" refers to the case in which

particles fuse to form a single, larger particle with a reduced total surface area compared

to the sum of that of the individual subunits.) The goal of colloid chemistry is to control

aggregation, either by preventing it through stabilization of a dispersed colloid or

maximizing it through destabilization of the system. Although polyelectrolytes are

frequently used in the stabilization of lyophilic colloids (a common example is the use of

gum arabic, a natural polyelectrolyte, to stabilize a dispersion of finely ground Soot to

form india ink (Corner, 1983)), we have found surprisingly few references that deal
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specifically with colloid stabilization by polyelectrolytes; moreover, the few found do not

cover the theoretical and mechanistic aspects of optimization of the stabilization process

that might be applicable to DNA condensates. Instead, the use of polyelectrolytes in the

colloid literature appears to be dominated by their application to flocculation of sol

suspensions for colloid removal, as in the case of waste water treatment (Gregory, 1974).

Furthermore, the size of colloids generally studied are about one to two orders of

magnitude larger than the DNA toroids with which we are concerned; the difference in

physical scale will no doubt influence the relative magnitude of governing forces in the

stabilization of the solution behavior of these structures.

An overview, however, of the fundamental concepts underlying the aggregation

of colloids can still provide insight into some of the considerations that should be

incorporated into the design of DNA delivery systems; moreover, a examination of the

case in which flocculation is maximized may, by reverse example, provide some

guidelines of conditions to avoid. What follows is an extremely abbreviated overview;

for more detail, the reader is referred to the introductory texts such as those listed in the

references.
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1.6.1 DLWO Theory

The fine line between stabilization and flocculation lies in the balance between

the repulsive and attractive forces between particles. The treatment of this balance of

forces was first formalized by B. Derjaguin, L.D. Landau, E.J.W. Verwey, and J.Th.G.

Overbeek and comprises the what is now called the DLVO theory. Presuming the

colloids are of like charge, the repulsive forces are primarily electrostatic, with distance

and solution dependent behavior as described by the diffuse electrostatic double layer

surrounding a charged particle (Hiemenz, 1986). The attractive interactions are,

generally, the van der Waals attractive forces, comprised of the Debye, Keesom, and

London forces, all of which exhibit a (distance)" dependence (Hiemenz, 1986; Hunter,

1993). In general, flocculation results when attractive forces dominate; colloid

stabilization, when electrostatic repulsion dominates. However, there is also a significant

kinetic energy component, since flocculation behavior usually depends upon colloid

concentration and whether or not an external shearing force is applied. The sum of the

contributions of repulsive and attractive energies will determine the net potential energy

of interaction, as shown schematically in figure 1-4. By convention, repulsive potential

energy is positive, whereas attractive energy is negative. Thus, flocculation will result

when two particles approach each other at a distance at which the net potential energy of

Coulombic Repulsion
Figure 1-4: Schematic of the potential
energies of interaction between two colloidal
particles of like charge as a function of
distance between particles. The net energy of
interaction is the sum of the Coulombic
repulsion due to similar electrostatic charge on
the particles and the contribution to attractive
energy due to van der Waals forces. By
convention, repulsive energies are positive and
attractive energies are negative. Where the net
energy is negative, aggregation occurs.
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interaction is negative. In the case where there is a local positive maximum in the net

interaction energy, there is an apparent potential energy barrier, which might be

overcome by excess kinetic energy. Thus, the likelihood of aggregation depends upon

the shape of the potential energy curve which determines the balance between repulsive

and attractive forces and the distance of approach between particles and, thereby, their

concentration and kinetic energy.

Electrostatically stabilized colloid systems generally undergo flocculation upon

the addition of a significant amount of salt. Since the thickness of the diffuse layer

extending out from a charged surface has a strong inverse dependence upon the ionic

strength of the electrolyte solution, the electrostatic repulsion is strongly reduced with

increasing ionic strength. This readily explains the aggregation observed in DNA

condensates of spermidine, for example, which exhibit a slight negative zeta potential and

are stable in salt-free solutions but aggregate under physiological buffer conditions. The

salt concentration at which aggregation is observed for any system is sharply defined and

is called the “CFC” for “critical flocculation concentration” or "CCC" for "critical

coagulation concentration." The CFC for a particular system depends upon the type and

valence of the salt, as well as the concentration and other general properties of the colloid

solution (Hiemenz, 1986; Shaw, 1980).

1.6.2 Polyelectrolytes in Colloid Stabilization and Flocculation

The DLVO theory as outlined in the previous section involves what is essentially

a binary system containing the colloid of interest and the solvent; the addition of

polymers comprises a ternary system with all its attendant complications. Now,
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interactions of the polymers with each other, with the colloids, and with the solution,
must be considered.

Stabilization of colloid dispersions against flocculation is commonly achieved

through the use of non-ionic polymers (such as polyethyleneglycol) or block copolymers

with non-ionic segments (Buscall & Ottewill, 1985; Napper, 1970). In this method of

“steric stabilization”, these generally non-ionic polymers are thought to adsorb

incompletely onto colloid surfaces, forming pendant loops extending from the surfaces

which prevent colloids from interacting with each other. Highly charged polymers, in

contrast, are commonly used to induce flocculation of charged colloids. The kinetics of

flocculation depend upon the size, charge, and flexibility of polyelectrolytes used

(Gregory & Sheiham, 1974; Elaissari & Pefferkorn, 1991). Two mechanisms have been

proposed to describe the dependence of flocculation kinetics upon polymer

characteristics. The first, the long-accepted bridging mechanism, is comprised of three

steps (Bratby, 1980). The first step is the dispersion of the polyelectrolyte into the

colloid solution. Since large molecular weight polyelectrolytes have extremely low

diffusion coefficients and the adsorption of polyelectrolyte to the colloid is considered

irreversible, rapid dispersal is essential for high flocculation efficiency. The second step

is the adsorption of the polyelectrolyte to the colloid surface. The polyelectrolyte adsorbs

at only a few attachment points and forms pendant loops extending out into the solution.

As the molecular weight of the polyelectrolyte increases, as the polyelectrolyte becomes

less flexible, or as its charge density increases, longer, more extended loops can form

which improves the likelihood of flocculation. The third step is the actual bridging of

colloids by polyelectrolyte loops. The probability of bridging leading to flocculation is

dependent upon the number of loops available to form a bridge; however, an excessive

number of loops would occupy potential bridging sites, leading to restabilization of the

colloid dispersion under conditions of excess polyelectrolyte. Thus, flocculation
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efficiency is strongly dependent upon the relative concentrations of polyelectrolyte and
colloid.

An alternate mechanism of flocculation is simple charge neutralization of charged

colloids by polyelectrolytes of opposite polarity (Gregory & Sheiham, 1974). Although

this explains the observation that at certain concentrations of colloid and polyelectrolyte

the flocculation efficiency appears to be independent of many of the polyelectrolyte

characteristics controlling flocculation by bridging, charge neutralization alone does not

explain the observation that the additional presence of salts leads to a synergistic, rather

than a simply additive, effect in flocculation efficiency. A refinement of the charge

neutralization mechanism is the electrostatic patch theory (Gregory, 1973). In this

model, pendant loops do not mediate bridging. Instead, the polyelectrolytes adsorb

completely onto the colloid surface, forming a mosaic of positively and negatively

charged regions where adsorption has or has not occurred. Random collisions between

oppositely charged surfaces then lead to flocculation. Although, the zeta potential of the

polyelectrolyte/colloid complexes under these conditions of optimal flocculation is at or

near zero indicating that their net surface charge is zero, their local surface charge may

not be.

The bridging and charge neutralization/electrostatic patch models are not

mutually exclusive; in fact, observations support the hypothesis that they coexist under

different solution conditions (Elaissari & Pefferkorn, 1991). Based on their observations,

Gregory & Sheiham (1974) concluded that at low colloid concentrations, loops formed

initially by the adsorbed polyelectrolyte collapse onto the charged surface before

encountering another colloid particle. Thus, under these conditions, charge neutralization

(or the electrostatic patching) predominates, resulting in slower aggregation; this was

called “equilibrium flocculation”. They also concluded that at high colloid

concentrations, loop collapse occurs at a rate slower than the collision frequency of the

colloid particles. In this case, bridging dominates initially, leading to fast kinetics in
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“non-equilibrium” flocculation. This dual-mechanism hypothesis is further supported by

observations that the kinetics of charged colloid flocculation depends upon the charge

density of the polyelectrolyte which influences the adsorption process and, thereby, the

kinetics of loop collapse (Cabane et al., 1988).

1.6.3 Colloid Principles as Applied to DNA Condensates

As described in section 1.3.1, DNA condensates have been observed to exist as

individual compact toroidal units; particles in solution of apparently larger size appear to

be composed of aggregates of these smaller units. This conforms well with the standard

definition of flocculation, in that the aggregated toroids, although strongly associated,

still retain their individual identities. Thus, the colloid approach to stabilization of DNA

condensates is appropriate. The DLVO theory, for example, appears to qualitatively

explain the aggregation observed with DNA condensates formed with small, multivalent

cations under physiological salt conditions. Because the binding of small multivalent

cations is reversible (section 1.3.2), even under conditions of excess ligand, they cannot

associate with DNA in excess. Thus, the zeta potential on these complexes is small and

slightly negative and this weakly repulsive electrostatic force is easily overcome by

attractive forces in the presence of salt, thus resulting in aggregation. However, since

DNA binding by cationic polymers is almost irreversible, they can associate with the

condensed particle in excess, leading to a strongly positive zeta potential. For some

cationic polymers, such as the fractured dendrimer and some polyethyleneimines, this

high surface charge appears to stabilize the complex against aggregation under

physiological salt conditions (Chapter 3).

DLVO theory alone, however, seems inadequate in explaining aggregation by

cationic polymers, such as polylysine, since even in excess, under a variety of mixing
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conditions, aggregation at physiological salt is invariably observed for some polymers

(Chapter 3). The proposed bridging and electrostatic patch mechanisms could provide

some additional insight into the principles that need to be considered in studying

aggregation. For example, the size of the structures formed by the condensation of DNA

by polylysine has been observed to depend upon the length of the polylysine used

(Wolfert & Seymour, 1995) which is one prediction of the bridging mechanism.

However, these models are based on the assumption that the polyelectrolyte is necessarily

linear and that the colloid is a solid particle. In the case of cationic polymer-condensed

DNA, the flocculating polyelectrolyte is intimately associated with and, indeed, probably

imbedded within the colloid, which is not a solid particle, but rather a soft one that is

easily perturbed by its environment (section 1.3.2). Although not directly applicable to

stabilization, these models and principles can serve as a working framework for the

characterization of colloidal properties of DNA condensates.

1.7 Summary

Although few studies exist that specifically examine the process of DNA

condensation by polyvalent cations for the purpose of designing more efficient packaging

systems for gene delivery, a wealth of information can be found in related fields. Studies

of nucleic acid packing by viruses and sperm cells led to research into the complexation

of DNA by small, multivalent cations, particularly polyamines. The interactions of DNA

with cationic polypeptides, such as polylysine and polyarginine, were studied extensively

in the 1960's and 1970's, primarily because these polypeptides were convenient models

for nucleohistones. Studies of the various higher order organizational states of DNA

resulted from research in bacterial systems and dinoflagellates.
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DNA, however, despite its many unique properties and particular biological

relevance, is fundamentally, a simple polyelectrolyte. Thus, its solution behavior is
dominated by the balance of physical forces arising from the interaction of its

environment with its charge. We noted that, like other polyelectrolytes (section 1.3.1),

DNA adopts organized structures at very low ("extraordinary phase") and very high

solution concentrations (liquid crystal states). Analogously, we suggest that the

formation of toroids at intermediate concentrations is a general characteristic of

counterion-condensed polyelectrolytes. For example, toroids have been observed in

complexes of protein-conjugated polylysine and an 18-nucleotide single-stranded oligo

(Bunnell, 1992), although short polynucleotide fragments are theoretically incapable of

forming a stable condensate (section 1.5). We suggest, that in this specific instance, the

condensed polymer is polylysine and the condensing agent, the short oligo. We have also

observed that counterion-condensed DNA forms toroids, largely independent of the

structure of the cationic polymer (Chapter 3). This result offers further support for the

hypothesis that toroid formation is primarily driven by the inherent bending tendency of

neutralized polyelectrolytes.

In an ideal gene delivery vehicle, the DNA within should not only be compact,

but also stable. Treating DNA as a simple polyelectrolyte allows us to draw from a wide

variety of resources in order to understand its solution behavior. Colloid chemistry, for

example, could potentially offer meaningful insight into the problem of Solution stability

of DNA complexes. The efficient gene delivery vehicle, however, should also be able to

exploit natural cellular processes to transport its polynucleotide payload to the cell

nucleus. As will be shown in Chapters 2 and 4, the cationic polymer condensing agent,

itself, plays an active role in this delivery process. Understanding the forces that govern

polyelectrolyte behavior of both the polynucleotides to be delivered and the cationic

polymers which complex them should enable one to take a more intelligent approach in

designing highly efficient, self-assembling delivery systems.
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Transfection of cultured cells has been reported using complexes between DNA and spherical cationic
polyamidoamine polymers (Starburst dendrimers) that consist of primary amines on the surface and
tertiary amines in the interior. The transfection activity of the dendrimers is dramatically enhanced
(> 50-fold) by heat treatment in a variety of solvolytic solvents, e.g., water or butanol. Such treatment
induces significant degradation of the dendrimer at the amide linkage, resulting in a heterodisperse
population of compounds with molecular weights ranging from the very low (<1500 Da) to several
tens of kilodaltons. The compound facilitating transfection is the high molecular weight component
of the degraded product and is denoted as a “fractured" dendrimer. Transfection activity is related
both to the initial size of the dendrimer and its degree of degradation. Fractured dendrimers exhibit
an increased apparent volume change as measured by an increase in the reduced viscosity upon
protonation of the terminal amines as pH is reduced from 10.5 to 7.2 whereas intact dendrimers do
not. Dendrimers with defective branching have been synthesized and also have improved transfection
activity compared to that of the intact dendrimers. For a series of heat-treated dendrimers we observe
a correlation between transfection activity and the degree of flexibility, computed with a random
cleavage simulation of the degradation process. We suggest that the increased transfection after the
heating process is principally due to the increase in flexibility that enables the fractured dendrimer
to be compact when complexed with DNA and swell when released from DNA.

INTRODUCTION

Adv■ nces in determining the genetic basis of diseases
has made the concept of gene replacement to treat
afflicted tissues increasingly attractive. Viral-based gene
delivery is currently the most effective way to transfer
genes to cells (1); however, concerns with immunogenic
and long-term oncologic effects have prompted the con
current development of synthetic gene delivery systems
(2, 3). Nonviral delivery systems generally consist of
linear cationic polymers, such as polylysine and its
conjugates (4–6), poly(N-ethyl-4-vinylpyridinium bro
mide) and its derivatives (7), branched polymers such as
polyamidoamines (8), and polyethyleneimine (9), or cat
ionic lipids (10), that bind electrostatically with the
negatively charged DNA to form a complex that can be
taken up by target cells.

Cationic polyamidoamine (PAMAM) cascade polymers
mediate unexpectedly high levels of transfection in a wide
variety of cells in culture (8) with significantly less
toxicity than seen for comparably effective lipid-based
systems (unpublished observations). On further study,
we find that stringently synthesized and purified, mono
disperse PAMAM dendrimers exhibit only low levels of
transfection. However, high transfection levels can be
obtained using PAMAM dendrimers if they are partially
degraded by solvolysis. Here, we characterize the prop
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buffered saline), MOPS (N-morpholinosulfonic acid), NDMA
(N,N-dimethylacrylamide), ONPG (o-nitrophenol galactoside),
PAMAM polyamidoamine), SEC (size exclusion chromatogra
phy), TAEA (tris(2-aminoethyl)amine).
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erties of these dendrimer-like polymers that determine
their transfection activity. Namely, these degraded
dendrimers are less sterically constrained than when
intact; increased transfection activity generated by par
tial solvolysis of the dendrimer can also be obtained by
incorporation of defects in the dendrimer during their
synthesis. A random degradation model suggests that
transfection activity is dependent upon the positive
charge of the polymer and its flexibility, and less so upon
its molecular weight.

EXPERIMENTAL PROCEDURES

Cationic Polymers. PAMAM dendrimers based on
different initiator core molecules were obtained: (1)
ammonia (Polysciences, Inc.), (2) ethylenediamine (EDA)
(Aldrich Biochemicals), and (3) tris(2-aminoethyl)amine
(TAEA) (in-house synthesis). Ammonia and TAEA core
molecules both yield dendrimers with 3-fold core geom
etry and similar molecular weight. The EDA core
molecule yields dendrimers with a 4-fold core geometry
and, thus, 33% higher molecular weight than 3-fold core
dendrimers of the corresponding generation. Polyethyl
eneimine (Aldrich, MW = 25 kD) was diluted and
dialyzed extensively in water, lyophilized, then redis
solved in water before use.

Synthesis of TAEA Core PAMAM Dendrimers.
Synthesis involves the stepwise, exhaustive addition of
two monomers, methacrylate and ethylenediamine. Two
methacrylate monomers add to each bifunctional ethyl
enediamine, leading to increasingly branched structures
with each cycle, or generation (11, 12). The general
synthesis scheme, theoretical molecular weights and
charges are shown in Scheme 1. A single macromolecule
that is highly homogeneous with respect to molecular
weight, composition, and branching will result provided
two potential problems are kept in check.

First, unreacted ethylenediamine must be completely
removed at each step to prevent the initation of cores that
will lead to lower generation EDA dendrimers. For
polyamides of generation 3 and above, vacuum evapora

© 1996 American Chemical Society
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Scheme 1. General Synthesis Scheme Following Tomalia (11, 12) and Physical Parameters (molecular weight,
number of terminal amines, and hydrodynamic diameter) of Selected PAMAM Dendrimers"

HºN, NH,
H2N tº r NH2

l H2N 3.
NH3

-
NH o 2 avº g ~~NH2

or CH2=CHCO2CH3 (A) º NH2 (A) H2N } ■
H (B) H:NA-, ºNCH2CH3NH2. (B O

N(CH2CH2NH2)3 H2NCH2CH2NH2 (B) º Nº NS r".
NH2 H2 J - 3NNH;

N
H2N *\. :

Ammonia Core- EDA Coreb TAEA Cores

Te Terminal || T l
Generation Mw A. | Diameter (A) Mw A. Diameter (A) Mw .º: Diameter (A)

4 10619 48 40 14916 64 50 10401 48

5 21563 96 53 28788 128
-

21345 96 53

6 43451 192 67 57.972 256 60 43233 192 64

7 87.227 384 80 512

8 174779 768 92 233383 1024
- - -

* From ref 11. " MW, from Aldrich specifications; terminal amines, from ref 11; diameters, from SEC (see the Experimental
Procedures). “MW and terminal amines, from theoretical calculations; diameters, from SEC (see the Experimental Procedures).
* Both the ammonia and TAEA core dendrimers are based on a 3-fold core symmetry. The EDA core dendrimers are based on a
4-fold core symmetry and, so, have larger molecular weights than the ammonia and TAEA core dendrimers of the corresponding
generation.

tion followed by extended dialysis against deionized
water was sufficient. Polyamides were then lyophilized
and dried over phosphorus pentoxide. For the polya
mides of generations 1 and 2, vacuum evaporation was
followed by, for removal of ethylenediamine, extensive
drying in a vacuum desiccator over concentrated sulfuric
acid. This is in contrast to the previously published
procedures in which wiped film distillation in 1-butanol
was used to remove excess ethylenediamine (11, 12).
Excess methacrylate at each generation was removed by
vacuum evaporation followed by extensive drying over
activated 13X molecular sieves. The second potential
problem is the reaction of single ethylenediamine mol
ecule with adjacent branches within a single dendrimer,
leading to internal bridging or, with two different den
drimers, leading to dimerization. This was minimized
by high dilution of the higher generation polymer in the
reaction mixture containing methanol, a high excess of
ethylenediamine used (in amounts as recommended in
ref 11), and cooling the solution to −25 °C during addition
of reactants to ensure complete mixing before reaction.

Defective dendrimers based on the TAEA core were
synthesized by starting from the first generation by
adding to the methacrylate monomer feed at each sub
sequent generation a specific proportion of N,N-dimethy
lacrylamide (NDMA), which, like methacrylate, reacts
with the amine but prohibits further addition along the
branch.

Plasmids. The reporter gene plasmids, pluc4 (13)
encoding firefly luciferase and pCMV-3-Gal (14) encoding
B-galactosidase, were generous gifts from Dr. M. Cotten
(Institute of Molecular Pathology, Vienna, Austria) and
Dr. G. McGregor (Howard Hughes Medical Institute,
Houston, TX), respectively. Plasmids were amplified in
Escherichia coli, extracted by alkaline lysis, and purified
either by two successive CsCl gradients or by column
separation (Qiagen). Plasmid integrity was confirmed by
gel electrophoresis in 0.8% agarose. DNA concentrations
were determined by absorbance at 260 nm (50 ug/(mL/

absorbance unit)). Endotoxin levels were less than 20
endotoxin units/mg of DNA (BioWhittaker endotoxin
assay).

High-purity plasmid DNA used in all biophysical
characterization work was a generous gift from Dr. Eric
Eastman, GeneMedicine, Houston, TX. Prior to use, the
DNA was dialyzed in five stages in 4 M, 2 M, 1 M, and
0.5 M NaCl and NaCl-free solutions containing 10 mM
Tris/1 mM EDTA at pH 8.0. Step dialysis was done to
remove trace amounts of small multivalent cations.
Subsequent gel electrophoresis indicated that at least
95% of the plasmid was intact and supercoiled.

Transfection Protocol. For the p-galactosidase re
porter gene assay, CV-1 cells (obtained from the UCSF
Cell Culture Facility) were plated in 96-well trays at a
density of 20 000 cells per well in 100 ul, of growth
medium consisting of DME-H21 with 10% fetal calf
serum and antibiotics (100 units/mL of penicillin and 100
Aug/mL of streptomycin). Cells were then incubated for
19 h at 37 °C. Growth medium was aspirated and then
150 ul serum-free medium added.

The DNA/dendrimer complexes were made up by
adding a solution of DNA in water to an equal volume of
dendrimer in water in 96-well trays. Complex (50 uD)
containing 0.6 ug of DNA and varying proportions of
dendrimer were added to the serum-free medium. Cells
were incubated at 37 °C for another 5 h before the
complex and serum-free medium were aspirated and 150
ul of growth medium was reapplied. After an additional
incubation period of 1–2 days, cells were lysed and
assayed. B-Galactosidase activity was detected spectro
photometrically using o-nitrophenol galactoside (ONPG,
CalBiochem) as the substrate and purified B-galactosi
dase enzyme (ELA grade, CalBiochem) as the primary
reference standard. The monodisperse fifth-generation
ammonia core dendrimer (Polysciences, Lot #425292),
which exhibits a baseline level of about 0.003 activity
units against the enzyme standard, was used as a relative
reference for all transfections. DOTAP (Avanti Polar
Lipids) liposomes at a 3:1 charge ratio of lipid to DNA
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Figure 1. Size exclusion chromatography traces: (A) sixth-generation TAEA dendrimer prior to size fractionation; (B) sixth-generation
TAEA dendrimer following size purification; (C and D) two different vials of the Polysciences sixth-generation ammonia core dendrimer.
In the previous work (8), this Polysciences dendrimer was found to have the highest transfection activity. The Polysciences samples
shown above have only moderate activity.

(with a baseline level of 0.012 activity units) was also
used as a reference in most transfections. Relative
concentrations of cation and DNA are given as weight
ratios (cationic polymer/DNA) or, if the primary amine
content is known, as charge ratios (cationic polymer
primary amines/DNA phosphates).

Polymer Sizing. Size exclusion chromatography
(SEC) analysis and purification were performed on a
Sephacryl S100HR (Pharmacia) column with dimensions
of 1.5 cm x 120 cm. The column was calibrated for
hydrodynamic diameters using a standard kit (Sigma
MW-GF-70), assuming that the proteins therein had a
specific volume of 0.73 cm”/g and a degree of hydration
of 0.3 mL/g. For analytical determination, compounds
were eluted in 100 mM. NaCl/100 mM phosphate at pH
7.2 at a flow rate of 0.2 mL/min and monitored for
absorbance at 206 mm. To obtain sized fractions, the
degraded dendrimer was eluted in 150 mM. NaCl/10 mM
MOPS/1 mM EDTA at pH 7.2.

Equilibrium sedimentation experiments were run in
an analytical ultracentrifuge (Beckman Optima XL-A).
Solutions of dendrimer in deuterium oxide or water were
made up in 10 mM. NaCl/1 mM HEPES at pH 7.2. The
relative molecular weight ratio of deuterated to nondeu
terated intact PAMAM dendrimer was calculated to be
1.0222. Polymer volumes were estimated by dilute
solution viscosity measurements in water as performed
in a Schott automated viscometer at 37 °C (15).

Other Analyses. Terminal amine contents were
determined by absorbance at 570 nm using a ninhydrin
reagent (16). The extent of complex formation was
determined by gel retention and light scattering. For gel
retention studies, complexes containing 0.1 ug of DNA
with varying amounts of dendrimer in HEPES-buffered
saline (HBS) were electrophoresed through a 0.8% aga
rose gel using Tris-acetate-EDTA buffer and stained
afterward using ethidium bromide. Dynamic light scat
tering of polymer/DNA complexes in HBS was performed
on the Coulter N4. potentials of complexes diluted in
10 mM. NaCl/1 mM MOPS/0.1 mM EDTA, pH 7.2, were
determined using the Malvern Zetasizer IV. For both
dynamic light scattering and & potential measurement,
the final concentration of DNA was 12 ug/mL.

Electron Microscopy. Complexes were made up to
a final DNA concentration of 12 ug/mL at 4:1 weight ratio
of dendrimer to DNA in 150 mM ammonium acetate and
allowed to incubate for 10 min before grid preparation.
Carbon-coated grids pretreated by glow discharge for 60
s were floated on a 50 ul, drop of solution containing the
complex placed on parafilm. After 15 min, the grids were
dipped briefly in water, touched to filter paper to remove

excess liquid, then air-dried under a heat lamp. Grids
were rotary shadowed at 7° using platinum/tungsten and
analyzed under the Phillips 300 transmission electron
microscope.

RESULTS

Characterization of Synthesized Dendrimers.
Dendrimers synthesized as described in the Experimen
tal Procedures were characterized by proton NMR.
Polyesters were dissolved in CDCl3 and exhibited at each
generation characteristic triplet peaks at 6's of 2.4, 2.5,
and 2.8 and a strong singlet peak due to the methoxy
groups at 3.7. Polyamides were dissolved in D2O and at
each generation exhibited peaks at Ö's of 2.4, 2.6, 2.8, and
3.3. The absence of the methoxy singlet apparent in the
polyesters indicated that ethylenediamine addition had
gone to completion in the polyamides. Mass spectroscopy
data could be obtained only for the first-generation
polyester and polyamide and were found to be within
0.1% of the values expected.

The presence of lower order generation dendrimers and
dimers was assayed by SEC. In general, no more than
10% of the total observed absorbance could be attributed
to these impurities (Figure 1, trace A). Using SEC, these
impurities were removed from a sixth-generation TAEA
dendrimer to finally yield a single product with a narrow
distribution and hydrodynamic diameter of 64 + 1 A
(Figure 1, trace B). The molecular weight of this purified
fraction as determined by sedimentation equilibrium was
within 3% of the theoretical value of 43.2 kD. The
hydrodynamic diameters of other dendrimers are listed
in Scheme 1.

As described in the Experimental Procedures, den
drimers with 8%, 17%, and 33% defective polyester
branches were produced by introducing the corresponding
amount of NDMA into the ester monomer feed at each
generation of the synthesis. SEC analysis of these
dendrimers showed narrow peaks eluting to yield hydro
dynamic diameters that became progressively smaller
with increasing NDMA added (Table 3). Each trace
exhibited a small, high molecular weight, shoulder
indicating the presence of dimerized product (data not
shown), the amount of which was estimated to be no more
than 10% of the total.

Transfection Activity of Intact Dendrimers. In
ability to reproduce the high transfection activity levels
previously reported with the sixth-generation 3-fold
ammonia core dendrimer (Polysciences) (8) led to suspi
cions the polymer had degraded. SEC analysis of the
dendrimers in stock confirmed considerable degradation
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Figure 2. Transfection activity of a series of heat-treated
dendrimers of varying initial size. Dendrimers were prepared
at a concentration of 4 mg/mL in water and refluxed for
the times indicated. The dendrimers treated were the sixth
and eighth-generation EDA core (6EDA, 8EDA) and the
fifth- and sixth-generation TAEA core dendrimers (5TAEA,
6TAEA). The dendrimers were then used at a 4:1 weight
ratio (equivalent to 6:1 charge ratio for the intact dendrimer)
to transfect cells as described in the text. Values reported
are the mean and standard deviation of triplicate wells in one
run.

Table 1. Selected Physical and Chemical Properties of
Intact and Fractured Dendrimers and Their Complexes
at a 4:1 Weight Ratio (Dendrimer/DNA)*

property intact fractured

primary amine content 4.4 umol/mg it 3.5umol/mg it
3% 6%

diameter of complex 2500 + 2000 nm 130 + 15 nm.
(by dynamic light
scattering)

diameter of toroids 48 + 16 nm. 57 it 16 nm
(by EM) (n = 101) (n = 189)

diameter of spheres 61 + 11 nm 70 + 19 nm.
(by EM) (n = 184) (n = 162)

' potential 36 + 3 mV 44 + 3 mV
transfection activity 0.0003 + 0.0003 0.016 + 0.005

(-galactosidase) e.u. e.u.

transfection activity 107 LU/mg of 101° LU/mg of
(Luciferase) protein protein

100% retention of DNA >R = 1 >R = 1

* The sixth-generation TAEA core intact dendrimer is compared
with its fractured counterpart (refluxed for 43 h in anhydrous
1-butanol.) Analytical methods are as described in the Experi
mental Procedures.

as can be seen by the extended tail and large salt volume
signal in the traces (Figure 1, traces C and D). There
was also a significant downward shift in the hydrody
namic particle diameter to 53 Å, which is substantially
less than the manufacturer's specified value of 68 A for
this polymer. Moreover, although these two vials had
the same manufacturer's lot number, different extents
of degradation are evident in these traces.

Dendrimers with the 3-fold TAEA core were synthe
sized (see above), and those based on the 4-fold EDA core
were purchased. These dendrimers were monodisperse,
of the appropriate hydrodynamic diameter as monitored
by SEC, and showed no signs of degradation. The sixth
generation TAEA core dendrimer was synthesized to be
equivalent to the sixth-generation ammonia core den
drimer described in our previous work; however, trans
fection activity by this and the other intact dendrimers,
as measured by 3-galactosidase activity, was still 100
fold lower than previously characterized. In the initial
work (8), luciferase activity values of greater than 1 x
10” light units/mg of protein were obtained for trans

º# §
§§ º

Figure 3. Electron micrographs of dendrimer complexed with
DNA: (a, top) fractured dendrimer/DNA complexes at a 4:1
weight ratio; (b. center) intact dendrimer/DNA complexes at a
4:l weight ratio (6:1 charge ratio); (c, bottom) aggregates of
intact dendrimer/DNA complexes at a 4:1 weight ratio. The bar
indicates 100 nm.

fections of CV-1 cells by the pluc4 plasmid, whereas
activity levels of these pure dendrimers were 1000-fold
lower. These results suggested that a degradation
product may actually mediate transfection.

Heating Treatment of Dendrimers. Heating of
dendrimers in water increases transfection activity up
to a maximum level (Figure 2). Continued heating after
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Figure 4. Diameters of DNA complexes of different dendrimers with various heating times. The dendrimers were heat treated as
described in Figure 2 and then complexed with DNA in HBS at a 4:1 weight ratio (equivalent to a 6:1 charge ratio for the intact
dendrimer). Arrows indicate the heating times at which maximum transfection activity was observed. The values reported are the
weight average mean as determined by dynamic light scattering. Values greater than 1000 nm tend to be comprised of unstable
aggregates and have large variability.

this point leads to a decrease in activity which may
correspond to excessive degradation of the dendrimer.
Lower generation dendrimers appear to require less
heating time to reach peak transfection activity, although
their maximum transfection activity levels are slightly
lower than that of the higher generations.

Heat activation can be done in any solvolytic solvent,
although heating time to attain maximum activity will
vary with the solvent used. Water and solvents such as
1-butanol, 2-butanol, 2-ethoxyethanol, and mixtures
thereof, induce activity at rates related to their degree
of solvolytic behavior. Heat treatment in nonsolvolytic
solvents, such as DMF, did not induce activity at all, thus
suggesting that the degradation process occurs by sol
volysis of peptide bonds in the dendrimer.

Characterization of 6-TAEA Intact and Fractured
Dendrimers and Their DNA Complexes. Additional
biophysical characterization was performed with the
6-TAEA intact and optimally fractured (heated for 42 h
in 1-butanol) dendrimers and their DNA complexes which
were selected to represent the low and high limits of
transfection, respectively. The results are tabulated in
Table 1. The fractured dendrimer/DNA complex, as
measured by dynamic light scattering, is very small and
very stable, remaining the same diameter over several
days. In contrast, DNA complexes of the intact den
drimer become very large after 15 min of incubation and
continue to increase in size over several hours. When
examined under EM, the DNA complexes of either
dendrimer appear as compact structures, with the same
toroidal and spheroidal morphology frequently observed
for DNA complexes of small multivalent cations (17,18)
(Figure 3a,b). The fractured dendrimer formed DNA
complexes that were uniformly dispersed throughout the
grid. The intact dendrimer/DNA complexes, however,
tend to be found as clusters and aggregates and only

occasionally as single particles on the EM grid (Figure
3c). Thus, the discrepancy between the large complexes
measured by DLS for the intact dendrimers (Table 1) and
the small particle size observed under EM (Figure 3) is
most likely due to the sensitivity of DLS to aggregates
of these unit particles.

Toroids and spheres of the fractured dendrimer/DNA
complexes are slightly larger than those of the intact
dendrimer/DNA complexes (Table 1). Spherical particles
are slightly, but significantly, larger than toroids for both
dendrimers. Many of the toroids are indistinguishable
in size and general appearance from spherical particles
but for a slight dimple (Figure 3a,b). Fractured den
drimer/DNA complexes generally appear as mono-toroid
or mono-spheroid units, although dimers and occasionally
trimers of the unit structures are observed. The particle
size of the fractured dendrimer/DNA complexes as mea
sured by DLS is 2-fold greater than observed under EM.
This discrepancy could be attributed to the assumption,
in the DLS determination, that the particle is perfectly
spherical, since a smaller diameter toroid will yield the
same friction factor and, therefore, the same apparent
particle size as a larger sphere (19).

Both dendrimer/DNA complexes are retarded equally
well at a 1:1 charge ratio when electrophoresed through
an agarose gel, indicating that complexation between the
polymer and DNA is complete. The potentials of the
dendrimer complexes are strongly positive and differ only
slightly. Most importantly, transfection activity as mea
sured by both B-galactosidase and luciferase assays is
significantly improved for the fractured dendrimer (Table
1).

The Diameter of DNA Complexed Heat-Activated
Dendrimers. In Figure 4, the diameter of the complexes
between DNA and the various dendrimers that were
heated treated in Figure 2 are shown; the arrows indicate
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Figure 6. Transfection activity of heat-activated dendrimers
that have been separated by size. Using SEC, heat-activated
(for 42 h in 1-butanol) sixth-generation TAEA core dendrimer
was separated into three size fractions: fraction 1, with a
hydrodynamic diameter of about 60–70 A; fraction 2,44–60 A;
fraction 3, 27–44 A. The fourth fraction, containing salts and
small molecular weight fragments, was disregarded. The frac
tions were dialyzed extensively, lyophilized, and brought up in
water. Concentrations were estimated using absorbance at 204
nm. These size fractionated dendrimers were then used to
transfect pCMV-3Gal plasmid into CV-1 cells as described in
the Experimental Procedures. Mean and standard deviation of
activity levels at a 4:1 weight ratio (6:1 charge ratio for intact
product) for duplicate wells in three separate runs are reported.

the heating time at which maximum transfection activity
was observed. As shown in Figure 4, the DNA complexes
of 6-TAEA and 6-EDA fractured dendrimers show highest
activity at which their complexes are smallest in diam
eter, as measured by DLS. Their intact counterparts (at
zero heating time) exhibit not only large particle size as
measured by DLS but also visible aggregates which
appear several hours after mixing. The observation
based on these two dendrimers would appear to support
the hypothesis that smaller complex size facilitates
transfection. However, the DNA complexes of the 5-TAEA
fractured dendrimer show highest activity at 8 h of
heating and little or no activity at 20 h although all the
complexes are the same rather large (about 1000 nm)
size. In contrast, the 8-EDA complexes show highest
activity at 20 h of heating and very low activity at 8 h,
yet both complexes are very small. Thus, the diameter
of the dendrimer/DNA complex, as opposed to the diam
eter of the individual dendrimer, does not appear to be
the most important factor in obtaining high transfection
activity.
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Figure 7. Transfection activity (relative to the untreated
dendrimer) of acetic anhydride titrated dendrimers (fifth
generation ammonia core). Complexes were formed and added
to CV-1 cells cultured in 96-well trays as described in the
Experimental Procedures. The pCMV-3Gal plasmid DNA was
held constant at 0.6 ug per well, and the ratio of all dendrimer
terminal groups (modified or not) to DNA phosphates was varied
from 0.5 to 24. The maximum activity level, regardless of
terminal group to phosphate ratio used, is reported. Control
sample is the unmodified dendrimer; the 0% sample underwent
the same treatment as the other samples, but in the absence of
acetic anhydride. Data reported are the mean and range of
duplicate wells in one run which was representative of three
similar experiments.

Effect of Diameter of Heat-Activated Dendrimer
on Transfection. The SEC traces of several optimally
heat-activated dendrimers (Figure 5) show that a sig
nificant amount of high molecular weight material
remains, as indicated by the broad peaks at 100 mL but
that significant fracturing has occurred, as shown by the
gradual tailing of the high molecular weight peaks and
strong salt peak signals at 170 mL. This observation
suggests that transfection might actually be mediated by
degradation byproducts of low molecular weight.

To determine whether low molecular weight fragments
could be responsible for transfection, an optimally heat
activated sixth-generation TAEA-core dendrimer was
fractionated by size using SEC. The high molecular
weight fractions were dialyzed in water, lyophilized, and
then redissolved in water before testing for transfection
activity. The results are shown in Figure 6. In a
separate experiment, the salt fraction, which was lyoph
ilized and redissolved in water before the transfection
assay, showed no measurable activity at any concentra
tion. Only those fractions containing high molecular
weight compounds showed transfection activity, thereby

53



Transfection with Polyamidoamine Polymers Bioconjugate Chem, Vol. 7. No. 6, 1996 709

Table 2. Polymer Characteristics Associated with Dendrimers Heated to the Point of Highest Transfection Activity”
computed

measd computed initial final computed computed computed
relative ‘º amide molecular molecular initial final net flexibility computed

heating annine bonds weight weight 1° amines/ 1° amines■ charge/ parameter equivalent
dendrimer time hy" content cleaved” (kDr (kDrd molecule' molecule” molecule” (vol/wtrº * defects/

5-TAEA 8 0.93 13 21 18.3 96 77 69 6.9 5
6-TAEA 10 0.83 35 43 28.5 192 107 80 7.6 10
6-EDA 12 0.76 50 58 28.9 256 97 57 7.5 13
8-EDA 20 0.62 70 233 70.1 1024 190 41 7.4 17

* Dendrimers of various initial size were heat treated as described in Figure 2, dialyzed against water, then assayed for primary amine
content as described in the Experimental Procedures. The amine content for each dendrimer, relative to that of its intact counterpart,
was used to determine the extent of degradation based on the fractured dendrimer model, and thus, the model parameters as shown in
Figure 11. * Heating time at which maximum activity was observed (refer to Figure 2.) * Amine content by weight relative to the
corresponding intact dendrimer as determined by ninhydrin assay. “Parameters as determined from the model plotted in Figure 11.
* Theoretical values as indicated in Scheme 1. ' Computed defects per generation from Figure 11e.

Table 3. Calculated Parameters for Dendrimers Deliberately Synthesized with Defects
measd theor. theor.

relative relative computed theor. theor. theor. flexibility
amine annline % defects 1° amines/ % amides molecular hydrodynamic parameter

% defects content” contentº incorporated” molecule' remaining weight kDF diameter (Ar (vol/wtº

0 1.00 1.00 0 192 100 43.2 64 5.0
8 0.90 0.85 6 116 69 30.7 59 7.0

17 0.76 0.70 13 63 53 20.4 56 10.6
33 0.13 0.42 36 17 22 9.2 45 23.5

* Proportion of defective monomer (N.N-dimethylacrylamide) added during the synthesis as described in the Experimental Procedures.
* Amine content by weight relative to the intact dendrimer as determined by ninhydrin assay." Theoretical values as determined by the
proportion of defects introduced at each generation (e.g., the number of primary amines per molecule for the 8% 6-TAEA defective dendrimer
is 192 × (0.92*.*Calculated parameter value from Figure 11b,e." Determined by size exclusion chromatography (see the Experimental
Procedures).

ruling out the possibility that a low molecular weight
fragment is mediating transfection. Thus, the agent that
mediates transfection is the high molecular weight
component of the degraded dendrimer product; this has
been termed a “fractured" dendrimer.

The Influence of Primary Amine Density upon
Transfection. The primary amine content of the fifth
generation ammonia core dendrimer was varied by direct
reaction with acetic anhydride. Ninhydrin analysis
showed nearly stoichiometric addition by acetic anhy
dride to terminal amines (data not shown). Transfection
by these amine-titrated dendrimers showed a significant
decrease in activity for a 25% reduction in available
terminal amines (Figure 7). Complete abolishment of
activity was seen at 50% reduction, even in the presence
of sufficient excess positive charge to neutralize the DNA.
Thus, if all primary amines are assumed to be protonated
at physiological pH, a high surface charge density is
necessary for dendrimer transfection.

However, the terminal amine contents in highly active,
fractured dendrimers that had been dialyzed and lyoph
ilized to remove low molecular weight components fol
lowing heat treatment are significantly lower than their
intact counterparts which are not active in transfection
(Tables 1-3). Therefore, although a high number of
terminal amines are required for transfection by den
drimers, other physical properties of the polymer also
significantly contribute to their activity.

Transfection by Dendrimers Synthesized with
Defective Branches. As shown in Figure 5, heat
activation of dendrimers results in a heterogeneous
population of fractured polymers varying in size, shape,
structure, and charge which is difficult to characterize
by classical methods. Efforts to determine the molecular
weight and specific volume of the fractured dendrimer,
for example, even with size fractionated samples, were
unsuccessful using analytical ultracentrifugation because
the polydispersity was unresolvable. In an effort to
produce a monodisperse polymer that is active in trans

fection, a series of chemically defective dendrimers were
synthesized. We hypothesized that, if solvolysis were the
main degradative process and all amide bonds (internal
as well as terminal) were equally susceptible, then this
synthesis approach should yield a polymer with similar
degrees of branching as the fractured dendrimer.

Transfection activity is improved significantly with the
17% defective sixth-generation dendrimer which exhib
ited measurable activity with ONPG compared to its
intact counterpart (Figure 8a). Although the relative
activity was still considerably lower than what is attained
by heat-activated, fractured dendrimers, this result
clearly indicates that defects in dendrimer branching can
induce higher transfection activity. Heating the chemi
cally defective dendrimers improved activity further
(Figure 8b). Moreover, the heating time which maximum
activity is observed decreases with increasing percentage
of defects, except for the 33% defective dendrimer,
suggesting that the optimal value lies somewhere be
tween 17% and 33%. This implies that the synthetic
strategy employed to create defective dendrimers is a
viable approach to providing material of greater activity,
although it has not yet been optimized in this series of
experiments.

Random Bond Cleavage Model of the Fractured
Dendrimer. Degradation of the dendrimer resulting in
improved transfection activity occurs with heat treatment
only in solvolytic solvents. We also observed that the
partly degraded, highly active dendrimers used in our
original characterization (8) had been stored for several
years as free base in water. These observations strongly
suggest that degradation of the dendrimer occurs by
solvolysis of amide bonds. The process of degradation
was simulated assuming that all amide bonds were
equally susceptible to solvolysis. Using a random num
ber generator, a chosen amide bond was broken and the
corresponding branch associated with that bond was
removed. More amide bonds were broken until only a
certain fraction of the total amide bonds remained
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Figure 8. Transfection activity of dendrimers chemically
synthesized with defective branches. (a,) Values reported are
the mean and standard deviation of duplicate wells in three
runs. (b) Transfection activity of defective-branch dendrimers
heated in water for the times indicated. This series of dendrim
ers exhibited a strong concentration dependence upon trans
fection. Only the weight ratios at which maximum activities are
observed are shown: 0% = 4:1; 8% = 12:1; 17% = 24:1. Although
the 8% defective dendrimer also showed fairly good activity at
4:1, the 17% defective dendrimer showed little or no activity
below 24:1. The mean of duplicate wells in one run representa
tive of three trials is reported. The pooled standard deviation
for this experiment is 0.00017 activity units.

associated with the core. Two-dimensional representa
tions of this model as applied to the 6-TAEA core
dendrimer are shown in Figure 9. Certain features are
clear in these fractured structures: (1) a substantial
number of terminal amines remain, and thus much
positive charge is retained, (2) the structure remains
highly branched, and (3) the remaining branches are
much less constrained by adjacent branches.

In this model, the molecular weight of the degraded
polymer decreases almost linearly with the fraction of
amide bonds cleaved (Figure 10a). The primary amine
content decreases with amide bond cleavage, especially
at high degrees of degradation, since the likelihood of
cleaving an interior amide, which results in the loss of
an entire polymer branch containing many terminal
amines, increases (Figure 10b). Moreover, as degrada
tion progresses, the net charge on the dendrimers de
creases rapidly, due not only to the loss of primary
amines but to the gain in carboxylic acid groups upon

Tang et al.

hydrolysis at the amide bonds (Figure 10c). We have
defined a flexibility parameter which is the volume of a
sphere with a radius that increases linearly with genera
tion, normalized by the molecular weight of the degraded
polymer. We assume that, on average, the degraded
dendrimer expands to occupy the volume occupied by the
intact dendrimer. As shown in Figure 10d, the flexibility
parameter increases as polymer degradation progresses.

Following dialysis, the primary amine content by
weight of the fractured dendrimers can be easily and
accurately measured, and one can then use the relation
ship illustrated in Figure 10b to determine the proportion
of amide bonds that have been cleaved. From this and
knowledge of the generation and core geometry of the
initial polymer, the other parameters can be computed
for each fractured dendrimer from the relations in Figure
10. The results for optimally heat-activated dendrimers
of different generations and core geometry are sum
marized in Table 2. With increasing initial molecular
weight of the dendrimer, the degree of degradation
required to achieve maximum activity increases, as
measured both by the relative terminal amine contents
and extent of solvolysis indicated by the percentage of
amide bonds cleaved. Although these samples exhibited
nearly equivalent levels of high transfection activity
(Figure 2), they exhibit widely different calculated final
molecular weights and, surprisingly, final primary amine
content and net charge. Their flexibility parameter
values, however, are all within 7% of the mean value of
7.4 (Figure 10d).

In the completely random bond solvolysis model, the
degree of branching that results is equivalent to that of
a synthesis scheme in which a specific proportion of
defects is introduced at every generation (Figure 10e).
Thus, another test of this model is a comparison to the
case of the dendrimers that had been deliberately syn
thesized with defects (see above). In Table 3, the
measured terminal amine content of dendrimers synthe
sized with a defined percentage of branching defects is
compared to the theoretical parameter values based on
the proportion of defective NDMA monomer added at
each synthesis step. A comparison between actual and
expected values for relative amine contents indicates that
the 8% and 17% defective dendrimers are slightly less,
and the 33% somewhat more, defective than intended.
When the computed flexibility parameters for the syn
thetically defective dendrimers are compared to those
associated with the heat-activated dendrimers demon
strating high transfection activity, one would predict that
the 8% defective dendrimer is in the range required for
transfection activity whereas the 17% is too defective.
However, this was not the case; the 17% exhibited some
measurable activity, whereas the 8% did not. Moreover,
heat treatment of both the 8% and 17% increased
transfection activity, suggesting that even a greater
degree of defects is required. Although introducing
branching defects appears to improve transfection (Fig
ure 8), the NDMA approach may not be the best synthetic
model system for heat-activated dendrimers.

Dilute Solution Viscosity of Polymer as a Func
tion of pH. Dilute solution viscosity measurements were
used to quantify flexibility by exploiting the polyelectro
lyte nature of these polymers (15). According to the first
approximation of Einstein's law of viscosity, the specific
viscosity (map) of a given solution is directly proportional
to the volume occupied by the particles (modeled as
spheres) dispersed in the solution (20). At near neutral
pH, the mutual electrostatic repulsion between the
protonated terminal amines cause the branches of the
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Figure 9. Simulation model of fractured dendrimers. These two-dimensional representations of various stages of dendrimer
degradation are based on the results of a simulation in which amide bonds were hydrolyzed at random and the associated branches
removed until only a specific proportion of amide bonds remained. These structures depict the average of 500 iterations of the
simulation: (a, left) 100% amide bonds remaining; (b, center) 50% amide bonds remaining, (c, right) 25% of amide bonds remaining.

dendrimer to adopt a fully extended conformation. Above
pH 9.5, the terminal amines are deprotonated; thus, the
dendrimer adopts a more collapsed conformation. The
relative difference in viscosities at a given concentration
is proportional to the volume occupied in solution by the
polymer and, therefore, the intrinsic flexibility of the
polymer.

Reduced viscosity (mred), which is specific viscosity
normalized by concentration, is plotted in Figure 11.
Optimally fractured dendrimer (6-TAEA heated 42 h in
1-butanol) shows an increase in viscosity with decreasing
pH that corresponds to a 2.4-fold increase in volume. The
intact precursor, however, shows no overall change in
volume with pH. The viscosity of the intact dendrimer
at both pH's is the same. The effect of pH on the viscosity
of polyethyleneimine, likewise shown to facilitate high
transfection levels (9), was also studied and shows a 2.9-
fold change increase in volume with decreasing pH. This
correlation suggests that polymer flexibility plays an
important role in the mechanism of transfection by
cationic polymers.

DISCUSSION

We previously reported that PAMAM cascade polymers
could be used as a highly efficient transfection system
for cells in culture but noted that certain lots of com
mercial dendrimer were degraded (8). Intact dendrimers
subsequently obtained, much to our surprise, exhibited
much lower transfection activities than expected. We
suspected that the dendrimers used in the earlier char
acterization were activated for transfection either by
extended storage in water at high pH or by the wiped
film distillation purification step which we had replaced
with dialysis in our synthesis. This activation process
could be duplicated by heat treatment of the intact
dendrimer, which improved transfection activity (Figure
2). Heat-activated dendrimers show considerable deg
radation as manifested by extensive polydispersity in
their SEC traces (Figure 5). However, size-fractioned
heat-activated dendrimer exhibits transfection activity
only in the high molecular weight fractions, thereby
ruling out low molecular weight fragments in mediating
transfection. The imidazoline functionality formed from
the end groups during synthesis or heat treatment in
anhydrous solvents was also ruled out as activating
transfection (unpublished observations). With these
results, we conclude that a “fractured" polymer is the
compound that mediates high levels of transfection
activity observed in some dendrimers.

A comparison of the DNA complexes formed by the
intact and fractured dendrimers does not immediately
account for the difference in transfection activities ob
served. Both bind DNA to form compact structures of
nearly the same size and morphology (Table 1), although
the intact dendrimer/DNA complexes appear more prone
to aggregation (Figure 3c). The larger size of the intact
dendrimer/DNA aggregates alone, however, does not
explain their low transfection activity because no clear
correlation between DNA complex size and transfection
activity could be detected for various dendrimers heated
over time (Figure 4).

We have devised a model based on the assumption that
the key degradation process is the random solvolysis of
peptide bonds between polyamidoamine units. In pro
portion to their molecular weight, intact dendrimers
surround a very large solvent-filled volume. Our sedi
mentation equilibrium studies, for example, show that
an intact 6-TAEA dendrimer has a specific volume of 0.84
cm”/g, which is considerably larger than that of a typical
protein (about 0.73 cm”/g). Moreover, modeling studies
of the sixth-generation ammonia core dendrimer show
that there is 124% more internal than external surface
area available for solvent interaction (12). Thus, our
assumption that all amide bonds, internal as well as
those near the surface, are equally susceptible to sol
volysis is consistent with the high degree of hydration of
the intact dendrimers. Solvolysis of a terminal end
amide would result in the loss of a primary amine as well
as nominal mass. Solvolysis of an interior bond, however,
would result in the loss of the entire corresponding
branch. Although this would lead to an overall loss of
surface charge which will adversely affect transfection
activity (Figures 7 and 10c), this loss is accompanied by
an increase in flexibility of the fractured dendrimer
(Figure 10d).

Whatever the starting dendrimer, optimal transfection
activity appears to be correlated to the flexibility param
eter (Table 2, Figure 10d). For example, the intact
6-TAEA dendrimer differs structurally from the 6-EDA
in that its branching has 3-fold rather than 4-fold
symmetry and, so, possesses three-fourths of the mass
and primary amines; however, their volumes are about
the same as both are of the sixth generation. According
to the model, at the point where maximum transfection
activity is observed, the fractured counterparts of the
6-TAEA and 6-EDA dendrimers have the same apparent
molecular weight and, therefore, flexibility. Thus, this
model suggests that a key parameter influencing trans
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Figure 10. Simulation model parameters: (a) Molecular weight versus the proportion of amide bonds cleaved. (b) Proportion of
primary amines remaining versus that of the amide bonds cleaved. This graph relates experimental data with model parameters. (c)
Net positive charge at neutral pH vs amide bonds cleaved. Net positive charge is the difference between the number of primary
amines remaining and the number of carboxylic acid groups created with amide bond hydrolysis. Because acid groups will influence
titration behavior of nearby tertiary amines and may even interact to form zwitterion pairs, this is a minimum estimate of net
positive charge. (d) Flexibility parameter as a function of amide bonds cleaved. (e) The percentage of defects at each generation that
will yield the equivalent proportion of amide bonds cleaved. Asterisks (*) indicate the values determined for the optimally fractured
dendrimers described in Figure 2.

fection activity is polymer flexibility and that other
polymer characteristics (amine content, net charge, and
molecular weight), although important, may adopt a wide
range of values without adversely affecting transfection.
Viscosity measurements of polymers in their protonated
and deprotonated states indicate a greater degree of
flexibility in polymers that are active in transfection than
one that is not (Figure 11) and, thus, support the
hypothesis that transfection activity correlates with
polymer flexibility.

The model, however, also predicts that a dendrimer
with 8-10% defective branches should have high trans

fection activity, which contradicts the observation that
dendrimers synthesized with 8 and 17% NDMA had
insufficient defects (Figure 8). This suggests two pos
sibilities. First, degradation may not be a completely
random process, so that this synthetic approach may not
be appropriate for generating equivalently fractured
dendrimers. Alternatively, the general synthetic ap
proach may be valid; however, hydrolysis of amide bonds
in fractured dendrimers generates carboxylic acid resi
dues which may form zwitterion pairs with amines,
whereas generation of defects by introduction of NDMA
does not. Chemical differences between fractured den
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Figure 11. Dilute solution viscosity measurements. Reduced
viscosity (mrºd) was determined as outlined in the Experimental
Procedures. By starting from free base (pH 10.5), stock solutions
of polymer at concentrations of 50 mg/mL in water were
adjusted to acidic pH (pH 7.2) using 3 N HCl. Viscosity
measurements of successive dilutions of the polymers in water
showed a monotonic increase in mred with decreasing concentra
tion. Data shown are the mred at polymer concentration of 0.5
mg/mL of the intact dendrimer (6-TAEA), fractured dendrimer
(6-TAEA heated 43 h in 1-butanol), and polyethyleneimine
(Aldrich, 25 kD). The pooled standard devation for each value
is less than 5%.

drimers and the synthetically defective dendrimers may
account for different requirements for optimal transfec
tion activity. In fact, viscosity measurements of the
intact defective dendrimers in their protonated and
deprotonated states shows little change in relative vol
ume (unpublished observations), thus indicating a limited
degree of flexibility in these polymers.

We, and others, have previously proposed that trans
fection obtained with branched cationic polymers is due
to the high buffer capacity of the titratable amines
present on these polymers which leads to release of the
DNA from the endosome (8, 9). Such lysosomotropic
agents have been observed to induce osmotic swelling and
lysis in response to the pH drop in that compartment (21).
In addition, we propose that polymer swelling and
collapse facilitates transfection by fractured dendrimers.
At neutral pH, electrostatic repulsion between protonated
primary amines at the branch termini causes the frac
tured dendrimer to adopt a fully extended conformation;
as shown in Figure 11, the apparent volume even exceeds
that of the more sterically constrained intact dendrimer.
When the terminal groups are charge neutralized by
complexation with DNA, the fractured polymer collapses
into a compact form. When taken up in an endosomal
compartment of the cell, the interior, tertiary amines
become protonated as the pH drops. As charge on the
polymer increases, less polymer is required to maintain
charge neutralization of the DNA; thus excess polymer
is released from the complex. No longer charge-neutral
ized by DNA, the released polymer swells. Endosomal
swelling, due both to polymer expansion and osmotic
induced swelling from protonation of the tertiary amines,
causes endosomal rupture and release of the complex or
DNA into the cytoplasm. This hypothesis explains the
observation that there is a maximum observed in the
transfection activity as dendrimer degradation progresses
(Figure 2). Intact dendrimers and less-than-optimally
fractured dendrimers contain tertiary amines and can
thus likewise induce osmotic swelling; however, they are
also sterically constrained and, so, do not themselves
swell or collapse and are thus less effective in transfec
tion. Dendrimers that have been degraded beyond the
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optimum lack both the mass to occupy an effective
volume upon protonation and charge density to effectively
complex the DNA.

Behr and colleagues have shown that certain polyeth
yleneimine cationic polymers are also very effective
transfection agents and proposed that these polymers
facilitated a lysosomotropic mechanism (9). Polyethyl
eneimines are quite similar to the fractured dendrimers
in that they are branched polymers with primary amines
at termini and higher order amines at interior branch
points. Their buffer capacity and degree of flexibility as
manifested by viscosity behavior (Figure 11) are likewise
very similar to the fractured dendrimer. Our findings
support the lysosomotropic mechanism proposed by Behr
and colleagues and make more explicit the potential role
of polymer swelling, per se, in the lysis mechanism.
Baker and colleagues (22) have recently shown that
intact dendrimers, in the presence of DEAE-dextran, can
efficiently deliver DNA to cells in culture. The DEAE
dextran is claimed to facilitate both the formation of
small particles from the larger dendrimer/DNA ag
gregates and improve transfection efficiency by several
orders of magnitude over the intact dendrimer alone, as
assayed by luciferase expression (22). DEAE-dextran is
a highly charged, heterodisperse, branched polymer,
although without the buffer capacity of the dendrimers.
We hypothesize that, in this system, the DEAE-dextran
is charge-neutralized and collapsed by the DNA. In the
endosome, the dendrimers buffer the pH drop and become
protonated, thus allowing the complex to release the
DEAE-dextran, which can then swell. Thus, this three
component system (intact dendrimer, DEAE-dextran, and
DNA) could act by the same mechanism as the two
component systems of DNA and fractured dendrimer or
polyethyleneimine.

In summary, the key physical properties that deter
mine the activity of the cationic polymer systems are (1)
high positive charge at physiological pH which facilitates
electrostatic interaction with DNA to form complexes, (2)
the presence of groups which are titratable in the
endosome (pH 5–6), and (3) a highly flexible structure
which can collapse and swell. Flexibly branched, cationic
polymers provide an effective, reproducible, and relatively
nontoxic method for transferring genes into animal cells
in vitro. They have proven effective in several cell lines
that have been typically difficult to transfect (8, 9).
Studies of their physical properties described here help
elucidate the possible mechanism for DNA delivery to
cells and may facilitate the design of other polymers for
this purpose.
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CHAPTER THREE:

The Influence of Polymer Structure on the Interactions of Cationic

Polymers with DNA and the Morphology of the Resulting Complexes

3.1 Abstract

Four cationic polymers used to deliver DNA into cells in culture: polylysine,

intact polyamidoamine dendrimer, fractured polyamidoamine dendrimer, and

polyethylenimine, have been examined for their ability to interact with DNA. Complexes

between each of the polymers and DNA were formed at a DNA concentration of 12

plg/ml and examined using electron microscopy. All of the cationic polymers form

similar structures with DNA that are comprised of toroids and spheres with diameters of

55 +/- 10 nm. The DNA complexes of the fractured dendrimer and polyethyleneimine

were observed as single, distinct units; their apparent diameters in solution as measured
by dynamic light scattering ranged from 90 to 130 nm. When viewed by electron

microscopy, the DNA complexes of polylysine and intact dendrimer generally appeared

in clusters; their diameters in solution were larger than 1000 nm, which suggests that

their toroidal complexes aggregate in solution. The cationic polymers bind to DNA in a

stoichiometry that is nearly 1:1 in primary amines to DNA phosphates. The apparent

binding of all cationic polymers to DNA decreases linearly with increasing ionic strength,

up to 0.8 M NaCl. Thus, at the concentrations studied, these polymers interact

electrostatically with DNA forming a unit structure with toroidal morphology; the extent

of aggregation of the unit structures in solution depends upon the characteristics of the

individual polymer.



3.2 Introduction

Self-assembling polynucleotide delivery systems consisting of a cationic polymer

and attached targeting ligands or membrane destabilizing agents have been used by a

number of groups to deliver DNA into cells in culture (Wu & Wu, 1988; Gottschalk et al,

1994; Plank et al., 1994, Haensler & Szoka, 1993) or in vivo (Wu et al., 1994; Ferkol et al,

1993). The cationic polymers that form the basis for these self-assembling systems

interact electrostatically with the phosphates on DNA to form a compact particle.

Polylysine, probably the most commonly used of the cationic polymers, mediates only a

low degree of transfection, but transfection is significantly improved by conjugation or

incorporation of agents to facilitate cellular uptake (Wu & Wu, 1988; Michael & Curiel,

1994; Findeis et al., 1994; Ferkol et al., 1993) or endosomal release of DNA (Plank et al,

1994). Other cationic polymers, such as polyethyleneimine (Boussif et al., 1995) and the

fractured dendrimer (Haensler & Szoka, 1993; Tang et al., 1996), require no additional

agents to achieve high transfection activity in vitro. It is not apparent why different

cationic polymers exhibit such a wide variation in intrinsic transfection activity. We have

suggested that substantially higher transfection activity mediated by degraded

polyamidoamine (PAMAM) dendrimers compared to the intact dendrimers was

principally due to the increased flexibility of the degraded dendrimers (Tang et al., 1996).

In this chapter, we explore further the role of cationic polymer structure in DNA complex

formation by comparing polylysine, polyethyleneimine, intact and fractured PAMAM

dendrimers in their interactions with DNA and the morphology of their resulting

complexes.
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3.3 Experimental Procedures

3.3.1 Materials

Polylysine (Sigma, initial degree of polymerization of 123) was size-fractionated

through an S100HR (Pharmacia) column (120 cm X 1.5 cm) using an eluent consisting of

150 mM NaCl, 10 mM MOPS, and 1 mM EDTA at pH 7.2. Following exhaustive

dialysis in 5-7 changes of 100-fold volume excess of water, similarly sized fractions were

pooled, lyophilized, and then dissolved in 10 mM MOPS, pH 7.2. The final preparation

used in this study was determined by size exclusion chromatography (SEC) to have

weight average molecular weight of 27 kD (average DP of 210) with 90% limits of + 6

kD. The polylysine concentration was determined by ninhydrin analysis against a lysine

standard following hydrolysis of the polypeptide in 6N HCl under vacuum (Tsuboi &

Matsuo, 1966; Moore & Stein, 1948). The 6th generation dendrimer based on the tris-2-

aminoethylamine (TAEA) core was synthesized in-house and assayed using SEC to

determine purity and ninhydrin for primary amine content (Tang et al., 1996). A fractured

dendrimer was prepared from intact dendrimer by heat-treatment in a solvolytic solvent

(Tang et al., 1996). The dendrimer was refluxed for 43 hours in 1-butanol (boiling point

117.2 C), then lyophilized and diluted in water. A stock solution used in the

characterization was prepared by a single dialysis against a 1000-fold volume excess of

water. In this study, "intact dendrimer" will refer to the monodisperse 6th generation

TAEA core compound. The term, "fractured dendrimer", will refer to this same

compound, following heat-treatment. "Polyethyleneimine" will refer only to the material

with average molecular weight of 25 kD obtained from Aldrich (lot #07112DF), as this

was the material that exhibited the best transfection activity in our laboratory.

Polyethyleneimine was dialyzed in four changes of a 100-fold volume excess of water,

lyophilized, and rehydrated before use. Solutions with defined concentrations were

62



prepared on a weight/volume basis, and their primary amine content was estimated using

the ninhydrin assay.

Cationic polymers were labeled by reaction of primary amines with fluorescein

isothiocyanate (Molecular Probes, Eugene, OR), following the manufacturer's protocol.

Polymers were separated from unreacted fluorophore using a Biogel P6 size exclusion

column. The molar amount of reactive label used was five times the approximate molar

amount of cationic polymer; upon assay, each polymer molecule was estimated to contain

between 3 to 4 fluorescein groups.

Plasmid DNA encoding either firefly luciferase (DeWet et al., 1987) or B

galactosidase (McGregor & Caskey, 1989) were used in transfection assays, as described

elsewhere (Tang et al., 1996). Pure plasmid DNA encoding CAT enzyme was a generous

gift from Dr. Eric Eastman (GeneMedicine, TX) and used in all biophysical

characterizations. DNA purity was found to be critical for consistent results. DNA used

in complex formation was dialyzed successively for 4-12 hours in 4M, 2M, 1M, 0.5M,

0.25 M NaCl and then NaCl-free solutions containing 10 mM Tris/1 mM EDTA at pH

8.0. This dialysis protocol was found to be necessary for consistent results.

Except for the ethidium bromide/DNA or reverse titration experiments,

complexes were prepared by adding an equal volume of DNA solution to cationic

polymer in solution. Proportions of each, unless otherwise stated, are specified as the

charge ratio of primary amines of cationic polymer to DNA phosphates. Unless

otherwise indicated, the final DNA concentration in the solutions studied here is 12

Hg/ml.
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3.3.2 Electron Microscopy

Samples were prepared with DNA at 12 Hg/ml in a buffer solution containing 150

mM ammonium acetate, pH 7. Immediately before sample preparation, the carbon

coated grids were glow-discharged for 60 seconds (100 mTorr) and then floated on 50 pil

of sample solution for 15 minutes. Grids were removed from the sample solution, dipped

briefly in water, touched to filter paper to remove excess solution, then dried under a heat

lamp. Grids were rotary shadowed at a 7 degree angle with platinum/tungsten, then

inspected under a Philips 300 electron microscope. During refinement of our sample

preparation techniques, compact structures were sometimes observed under conditions

for which none were expected and, likewise, the converse case occurred. Some grid

coating and treatment combinations (glow-discharged formvar, in our hands, for

example) appear to induce compaction of naked DNA; glow-discharged carbon films, by

comparison, did not. Negative staining proved to be highly technique dependent.

Standard uranyl acetate stain is alkaline; thus overstaining causes deprotonation of

cationic polymers with low pKa, leading to decondensation of their complexes. Staining

by neutralized uranyl acetate, which has ionic strength of about 1 M, can also likewise

decondense complexes. Rotary shadowing was the preferred method, yielding the least

variability. Also, if excess salt is present, the complexes tend to coalesce within salt

crystals on the grid, so samples were prepared in solutions containing a volatile buffer.

3.3.3 Fluorescence Binding Titrations

The binding of the cationic polymers to DNA was examined using two

fluorescence quenching methods. The first method is based on ethidium bromide, a

monovalent, DNA-intercalating agent which occupies an effective binding site of two
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base pairs; its fluorescence is dramatically enhanced upon binding to DNA and quenched

when displaced by higher affinity compounds (Baguley et al., 1981). Ethidium bromide

was added at a 1:10 molar ratio to DNA phosphates in 1 mM HEPES at pH 7, containing

varying concentrations of NaCl. The concentration of DNA used was 12 pig in 2.5 ml of

buffer solution. Fluorescence was monitored on the Spex Fluorolog II spectrofluorimeter

as the ethidium bromide/DNA complex was titrated by incremental additions of cationic

polymer. The total volume of polymer solution added was no more than 2% of the final

total volume of solution. The excitation and emission wavelengths used were 520 mm

and 600 nm, respectively and all slit widths were set at 1.25 mm. The relative

fluorescence values were determined as follows:

F, - (Fobs-Fe)/(Fo-Fe)

where F, is the relative fluorescence, Fobs is the measured fluorescence, Fe is the

fluorescence of ethidium bromide in absence of DNA under the given buffer conditions,

and Fo is the initial fluorescence of ethidium bromide/DNA in absence of cationic

polymer.

In the second method, the fluorescent label was present on the cationic polymers,

which were prepared as described in section 3.3.1. Reverse titrations were performed in

which DNA was added incrementally to the fluorescein-labeled polymer, as the Solution

was monitored for fluorescence using excitation and emission wavelengths of 493 mm

and 523 nm, respectively. The concentration of cationic polymers was between 10 and

15 nmol/ml of primary amines. The total volume of DNA solution added comprised no
more than 2% of the total volume of solution. All solutions contained 1 mM HEPES at

pH 7. The fluorescence is reported relative to the initial fluorescence of the cationic

polymer, in the absence of DNA. The charge ratio defining the relative binding site

occupancy, n, is determined by extrapolating the initial slope at low DNA concentrations

ºº

º
:
º º

* *
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to the value of fluorescence at saturation. The corresponding point of intersection on the

x-axis is the relative binding site occupancy (Lohman & Overman, 1985; Halfman &

Nishida, 1973).

3.3.4. Other Analyses

Primary amine content was quantified using the ninhydrin reagent against a

glycine standard (Moore & Stein, 1948). The size of the complexes in solution was

determined by dynamic light scattering (DLS, Coulter N4). The complexes for size

determination were prepared in Hepes buffered saline (HBS) containing 150 mM NaCl,

10 mM HEPES, pH 7.2 to a final DNA concentration of 12 pig■ ml. For zeta potential

measurements (Malvern ZetaSizer IV), complexes were made up in 10 mM NaCl, 1 mM

MOPS, 0.1 mM EDTA at pH 7.2 to a final DNA concentration of 12 pg/ml.

Transfections were performed as described elsewhere (Tang et al., 1996) and gene

expression was determined by luciferase assay (Promega). For pH titration, cationic

polymers were diluted to 0.5 mg/ml in 150 mM NaCl. The pH of the solution was

monitored as aliquots of 0.1 N NaOH or HCl were added.
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3.4 Results

3.4.1 Polymer Structure

Table 3-1 summarizes the structural and chemical features that distinguish these

cationic polymers. The major physical structural distinction can be made between

polylysine, which is a linear polymer, and the remaining polymers, which are branched

(figure 3-1). The structures of the branched polymers can be further distinguished by

their symmetry of branching; the dendrimers are radially branched, whereas

polyethyleneimine lacks a defined center of symmetry. Alternatively, the branched

polymers can also be characterized by the completeness of branching; only the intact

dendrimer has two arms extending from every branch point. For the fractured dendrimer

and polyethyleneimine, zero, one, or two arms can extend from each branch point,

depending upon the randomness of the chemical processes used to prepare them.

The major differences between the cationic polymers with respect to chemical

structure is the type and relative number of protonable amines. All the polymers possess

primary amines which are predominately protonated at neutral pH. The dendrimers and

polyethyleneimine also possess higher order amines. As a result, the acid/base titration

curves of the dendrimers and polyethyleneimine exhibit considerable buffer capacity over

almost the entire pH range (figure 3-2). Polylysine, in contrast, shows little buffer

capacity below pH 8, as evidenced by the nearly vertical slope of the titration curve

below this point.

The general properties of the DNA complexes of these cationic polymers differ

substantially. The transfection activities of polylysine and the intact dendrimer are

considerably lower than those of the fractured dendrimer and polyethyleneimine (table 3

1). Also, the diameters of the DNA complexes in solution of polylysine or intact

dendrimer are much larger than those of the fractured dendrimer and polyethyleneimine.
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All the polymers, however, demonstrate their maximum transfection activities at charge

ratios with an excess of primary amines to DNA phosphates; this is evident in the

strongly positive zeta potentials observed at these charge ratios (table 3-1).
Table 3-l

Some Physical and Chemical Properties
of the Model Cationic Polymers and their DNA Complexes

Polylysine Intact Fractured Polyethylene
Dendrimer Dendrimer imine

Structure Linear Perfect, radial IRandom, radial Random
branched branched branched

Order of Amines 1c 1°, 3. 18, 3. 1*, 2*, 3.

Molecular Weight (kD) 27 43.2 28.5 25

1° amine content (umol/mg)* 7.8 4.4 3.4 5.3

RMax' 6:1 6:1 4.5:1 2.3:1

Transfection Activity (LU/mg)" 106 107 109-1010 109-1010

Complex diameter (nm)” 2000 +/- 1500 || 2500 +/- 2000 130 +/- 30 90 +/- 20

Zeta Potential (mW)* 38 +/- 2 35 +/- 2 42 +/- 2 31 +/- 2

* The values were obtained as follows: for polylysine, the weight average molecular weight, as determined
by SEC (see "Experimental Procedures"; for the intact dendrimer, the theoretical value, confirmed by
analytical centrifugation (Tang et al., 1996); for the fractured dendrimer, calculation based on a random
bond solvolysis model (Tang et al., 1996); for polyethyleneimine, the manufacturer's reported value.
*Primary amine content as determined by ninhydrin assay, as described in "Experimental Procedures".
*Charge ratio (primary amines to DNA phosphates) at which maximum transfection activity is observed.
“These are typical values of activity as observed in the luciferase assay (see "Experimental Procedures").
* Complexes were prepared in Hepes-buffered saline at the charge ratio indicated for maximum transfection
activity. Particle diameters were determined using dynamic light Scattering.
* Complexes were prepared at charge ratios at which maximum transfection activity was observed in 10
mM NaCl, 1 mM MOPS, 0.1 mM EDTA, pH 7.2. Measurements were performed on the Malvern Zetasizer
IV.
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Figure 3-1: Structures of the model cationic polymers. The chemical and general physical structures are
given.
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Figure 3-2: Acid/base titration curves for the model cationic polymers. Each cationic polymer was diluted
to 0.5 mg/ml in 150 mM NaCl and titrated with 0.1 NHcl or 0.1 N NaOH. The value reported on the x-axis
is the change in concentration of hydrogen ion required to achieve the pH indicated. From left to right: the
calculated curve for an unbuffered solution; polylysine (DP123, unfractionated); intact dendrimer (6-TAEA
core); the fractured dendrimer (heat-activated counterpart of the 6-TAEA core dendrimer); and
polyethyleneimine (Aldrich, 25 kD). A duplicate titration of the fractured dendrimer resulted in a titration
curve within 2% of the one shown.
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which maximum transfection activity is observed for each polymer, as indicated in table 3-1. The black bar
indicates 100 nm. a. (upper) Polylysine/DNA. Individual toroids. Inset: a typical cluster of complex
units. b. (lower) Polyethyleneimine/DNA.

Figure 3-3: Electron micrographs of DNA complexes of cationic polymers. Complexes were prepared for
a final DNA concentration of 12 pg/ml in 150 mM ammonium acetate. The charge ratio used was that at
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3.4.2 Electron Microscopy of Cationic Polymer/DNA Complexes

Examination of the cationic polymer/DNA complexes using electron microscopy

reveals compact structures consisting of toroids and spheres of generally similar size (40

to 60 nm in diameter.) Similar structures were formed between DNA and any of the

cationic polymers studied. Electron micrographs of the DNA complexes of polylysine

and polyethyleneimine are shown in figure 3-3. Electron micrographs of the DNA

complexes of the intact and fractured dendrimers are shown in Chapter 2. Toroids varied

in proportion, most frequently appearing as thick, soft donuts, as in figure 3-3.

Occasionally, toroids appeared as thin rings. The thickest toroids could be distinguished

from spheres only by a slight indentation in their centers.

Two distinct size populations of toroids were observed. The predominant

population (40 to 60 nm in diameter) were similar in size to the spheres and generally

appeared in the same vicinity. A second population, about 30 nm in diameter, was also

observed in areas isolated from the larger toroid and sphere structures and was generally

arranged in a parallel rows. Their small size and spatial arrangement strongly resembles

that of the "beads on a string" artifact noted in other references (Eickbush &

Moudrianakis, 1977). Large, spherical structures with edges that appeared indefinite, or

as if the metal film were stretched over an underlying structure, were also frequently

observed. Extended drying under vacuum reduced their number, but did not entirely

eliminate them.

Spheres and toroids were tallied by size for each of the cationic polymers studied,

as shown in figure 3-4. The very small toroids and large, indefinite structures were

excluded from the tally. Spheres were approximately 10 to 15 nm larger than toroids to a

statistically significant degree for all the cationic polymers but polylysine. By the same

criterion, the difference between polymers of the diameters of their DNA toroids was not

statistically significant, except between the toroids formed from the DNA complexes of
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the intact and fractured dendrimers. The diameters of the spheres were statistically

different and increased in the following order: polylysine, polyethyleneimine, intact

dendrimer, and fractured dendrimer. The similar diameters of the toroids and spheres and

the observation that they were usually present together, suggest that these two

morphologies are not distinct. We consider them to be the fundamental unit complexes

formed between DNA and the cationic polymers studied here.

The size and shape of the unit complexes are similar for all of the cationic

polymers studied; however, their distribution on the grid is not. Fractured dendrimer or

polyethyleneimine DNA complexes were observed primarily as single units and

occasionally grouped as dimers and, rarely, trimers. The DNA complexes of polylysine

and intact dendrimer, however, were rarely observed as single units, but were generally

clustered together, as seen in the inset of figure 3-3.

3.4.3 Determination of the Diameters of the Complexes in Solution

The diameters of the cationic polymers/DNA complexes prepared in

physiological buffer solutions at various charge ratios were measured using DLS. As

seen in figure 3-5, the diameter of the complexes depends upon the charge ratio used, and

perhaps more importantly, upon the specific cationic polymer used. The particle

behavior of a cationic polymer/DNA complex at a given charge ratio falls into either one

of two classes: monodisperse distributions of less than 1000 nm in diameter (Standard

deviations less than 20%), or polydisperse distributions of greater than 1000 nm in size

(standard deviations on the order of 100%). DNA complexes of the fractured dendrimer

are in the first category of small particles over the entire range of charge ratios examined.

DNA complexes of polyethyleneimine at charge ratios of 1 or less fall into the second
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Figure 3-5; Diameters of cationic polymer/DNA complexes as a function of input charge ratio.
Complexes were mixed as described in “Experimental Procedures” in HBS for a final DNA
concentration of 12 ug/ml. The solutions were incubated for 30 minutes prior to measurement by
dynamic light scattering. The average of three measurement for z-average diameter are reported.
Complexes with measured diameters less than 1000 nm were generally monodisperse, with standard
deviations on the order of 20% of the mean value. Those with diameters greater than 1000 nm were
generally polydisperse, with standard deviations of nearly 100%. The data is representative of at least
three preparations.

category, whereas those made up at higher charge ratios form very small particles. At

charge ratios above 0.5, the DNA complexes of polylysine and intact dendrimer all fall

into the second category of large particles.
Complexes that fall into the category of small particles are also stable, in that

their diameter remains constant over many hours; DNA complexes of fractured

dendrimer or polyethyleneimine made up at charge ratios optimal for transfection under

physiological buffer conditions (table 3-1), remain constant in size over several days and

at DNA concentrations of up to nearly 100 pg/ml. DNA complexes of polylysine or

intact dendrimer are generally unstable, in that a moderate increase in DNA
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concentration of up to 40 pig■ ml or incubation over several hours results in aggregates

that are easily visible to the unaided eye.

We examined the effect on the aggregation phenomenon of several different

methods of mixing intact dendrimer/DNA complexes at a 6:1 charge ratio in HBS. Slow

dialysis of the complex from 4 M NaCl, the gradual addition, over the course of an hour,

of cationic polymer to DNA, or the sonication of preformed complexes all resulted in

complexes that were just as large, or even larger, than the complexes formed by direct

addition of DNA to the intact dendrimer. Inability to reduce the diameter of the resulting

complexes, even under conditions of excess cationic polymer, suggest that, like

polylysine/DNA (Zama & Ichimura, 1973), intact dendrimer/DNA complexes have an

inherent tendency toward aggregation under physiological buffer conditions.

3.4.4 Determination of Zeta Potential of Complexes in Solution

An important parameter for the control of aggregation behavior in classical

colloid theory is the charge on the surface of the particle (Hiemenz, 1986). The surface

charge of cationic polymer/DNA complexes was estimated from measurement of zeta

potential, which is plotted for the cationic polymers in figure 3-6a. The zeta potential is

strongly negative for low input charge ratios; the complexes exist as particles in this

regime, since significant scattering is observed, but are incompletely charge-neutralized.

At high charge ratios, the zeta potential is strongly positive for all the cationic

polymer/DNA complexes. The crossover from negative to positive zeta potential occurs

at or very near the charge ratio of one primary amine per DNA phosphate for the DNA

complexes of all cationic polymers.
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In contrast, to the cationic polymers, the DNA complexes of small multivalent

cations do not exhibit strongly positive zeta potentials even for high excess of cation

(figure 3-6b), and they aggregate to form large particles at moderate salt concentrations

(data not shown).
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Figure 3-6. Zeta potentials of cationic polymer/DNA complexes as a function of input charge ratio.
Complexes were prepared in 10 mM NaCl, 1 mM MOPS, and 0.1 mM EDTA at pH 7.2 and incubated for
30 minutes prior to measurement. Results are reproducible to within +/- 2 mV. a. DNA complexes of
cationic polymers. b. DNA complexes of low molecular weight, multivalent cations, spermine and
spermidine.
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3.4.5 Titration of DNA-Ethidium Bromide with Cationic Polymers

Although the actual binding affinity constants of very large polyvalent compounds

cannot be readily determined (McGhee & von Hippel, 1974), the change in relative

binding affinity can be inferred from the relative fluorescence of DNA/ethidium bromide

in the presence of excess cationic polymer. The displacement of ethidium bromide from

DNA was monitored by measuring the ethidium bromide fluorescence as cationic

polymers were added to solutions. As shown in figure 3-7a, when in excess, all the

cationic polymers quench DNA/ethidium bromide fluorescence to nearly the same extent.

This result suggests that under these conditions, DNA is bound by each polymer to a

similar degree. Although the profiles of the titration curves differ, when in excess, all the
polymers quench DNA/ethidium fluorescence at approximately the same relative

concentration of primary amines to DNA phosphates.

The electrostatic contribution to the mechanism of binding of a ligand to DNA

can be determined by observing the change in binding affinity constant in the presence of
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Figure 3-7. Titration of DNA in the presence of ethidium bromide by cationic polymers. Fluorescence is
reported relative to the fluorescence in absence of cationic polymer, after subtracting the baseline ethidium
bromide alone, for each of the buffer conditions examined. All titrations were performed from a single
preparation of DNA/ethidium bromide solution, as detailed in “Experimental Procedures.” a. Titration
curves in the absence of added NaCl. b. Relative fluorescence in the presence of excess cationic polymer as
a function of NaCl concentration.
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a monovalent salt; a linear relation between binding affinity and salt concentration is

highly indicative of an interaction that is predominately electrostatic (Record et al,

1976). As shown in figure 3-7b, as the concentration of NaCl increases, the relative

ethidium bromide fluorescence at saturation increases, suggesting that binding affinity of

the cationic polymers for DNA likewise decreases. The linear increase of fluorescence,

as NaCl concentration increases, indicates that charge shielding due to higher ionic

strength adversely affects binding; thus, not unexpectedly, the cationic polymer/DNA

interactions for all the polymers studied here are primarily electrostatic. The structures

of these diverse polymers do not appear to confer any appreciable binding energy.
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Figure 3-8: Reverse titration of cationic polymers with DNA. Aliquots of DNA were added incrementally
to fluorescein-labeled cationic polymers diluted in 1 mM HEPES buffer at pH 7.2 while the solution was
monitored for fluorescence, as described in “Experimental Procedures.” Duplicate titrations of two samples
yielded results within +/-5% of the values shown.



3.4.6 Determination of the Relative Binding Site Occupancy

Reverse titrations were performed in which DNA was incrementally added to

fluorescently labeled cationic polymer. As shown in figure 3-8, the fluorescence

decreases linearly until a constant fluorescence is reached. The relative binding site

occupancy, n, is indicated for each cationic polymer in the legend of figure 3-8. Each

fluorescent cationic polymer exhibits a distinct fluorescence value in the presence of

excess DNA. All the cationic polymers were observed to have relative binding site

occupancy, within 10%, of one primary amine to DNA phosphate.
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3.5 Discussion

We have examined some of the biophysical properties of the interaction of DNA

with several different cationic polymers, varying in size, shape and nature of the cationic

moiety. Although the cationic polymers differ in their ability to mediate transfection,

what differentiates the polymers is not their DNA binding behavior nor the basic

morphology observed in the complexes they form with DNA. However, differences are

observed in the aggregation behavior of the their individual toroid units; complexes

exhibiting high transfection activity have less tendency to aggregate.

As previously demonstrated, the interaction between cationic polymers and DNA

is electrostatic (Bloomfield, 1996). This is shown here by the linear relationship between

the relative binding as it decreases in response to increasing solution ionic strength

(figure 3-7b). This is also evident in the reverse titration binding data (figure 3-8) which

showed that the cationic polymers bind to DNA with a ratio of between 0.9 and 1.1

primary amines to DNA phosphates, reasonably close to the 1:1 ratio expected for purely

electrostatic interactions. The relative binding ratios probably differ slightly from unity

because we have defined the charge ratio as the number of primary amines relative to

DNA phosphates. However, the number of primary amines is not necessarily equal to

the number of positively charged groups in a polyamine at neutral pH. The primary

amines of linear polymers have lower pKa’s than expected because of suppression of

protonation by closely spaced charged groups (Tanford, 1961; Suh et al., 1994). Thus, by

analogy, not all the primary amines of polylysine are necessarily protonated at pH 7; in

fact, as estimated from the titration curve only about 85% of the amines of polylysine are

protonated under the conditions of the titration (figure 3-2). This would explain why the

apparent binding ratio of the primary amines of polylysine to DNA phosphates is slightly

higher than unity. The branched polymers (the intact and fractured dendrimers and
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polyethyleneimine), on the other hand, all contain higher order amines, many of which

are protonated at neutral pH. As estimated from the titration curves, between 55% and

67% of the total amines of all of the branched polymers are protonated; since primary

amines comprise 50% or less of the total amines of the branched polymers, this means

that some higher order amines are also charged. Protonation of secondary or tertiary

amines would account for the apparent binding ratio of the primary amines of the

branched polymers to DNA phosphates of being slightly less than unity.

The titration of DNA/ethidium bromide results in the same final extent of

fluorescence quenching by all the cationic polymers when in excess (figure 3-7a) which

demonstrates that ethidium bromide is displaced and thus DNA phosphates are occupied,
to virtually the same extent. Although the reverse titration data shows that each cationic

polymer attains a different limiting fluorescence in the presence of excess DNA, this

observation cannot be attributed to any differences in the binding behavior because of the

lack of specific information about the spatial orientation and density of fluorophores.

These observations of binding and titration behavior are consistent with the hypothesis

that the force driving cationic polymer/DNA interactions is electrostatics and that, as a

result, DNA binding is identical for all the cationic polymers studied here.

Despite the vast differences in structure of these cationic polymers, the complexes

they form with DNA, as observed by EM (figure 3-3), have a similar toroid morphology.

It is well documented that DNA condensates tend to adopt the toroid form, independent

of DNA size and topology (Arscott et al., 1990), or condensing agent used, ranging from

small multivalent cations (Plum et al., 1990) to proteins and polypeptides (Bloomfield,

1996; Garcia-Ramirez & Subirana, 1990, Haynes et al., 1970). This has not been

previously demonstrated for cationic polymers possessing extensive three-dimensional

structure. That the resulting unit structures are so similar is somewhat surprising since

the diameter of the hydrated intact dendrimer (6.4 nm), for example, is three times that of
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the hydrated DNA helix (2 nm) (Tang et al., 1996; Bram & Beeman, 1972). The

diameters of the toroids vary somewhat with the cationic polymer used (figure 3-4),

although the differences do not appear to correlate with the physical size of the cationic

polymer; intact dendrimer/DNA complexes, for example, yield toroids that have a

significantly smaller diameter than toroids formed from the fractured dendrimer,

although, as indicated in table 3-1, the intact dendrimer has nearly twice the molecular

weight of the fractured dendrimer.

Spheres, as opposed to toroids, vary significantly in diameter with cationic

polymer used to prepare the complex (in increasing order of polylysine •

polyethyleneimine & intact dendrimer < fractured dendrimer), although again, the

differences do not correlate with the molecular weight of the polymer. Our observations

of spheres as an alternative morphological structure is puzzling. Compact DNA has not

generally been observed in the form of spheres in most references (Haynes et al., 1970;

Garcia-Ramirez & Subirana 1990; Plum et al., 1990, for example), including those using

freeze-etched samples (Marx & Ruben, 1984; Marx & Ruben, 1986), which are thought

to most accurately reflect the solution conditions of these structures. Spheres, however,

have been observed by Chattoraj and coworkers (1978) who also pointed out that the

proportion of spheres and toroids depends strongly upon the methods used to prepare the

grids and delineate samples. They suggested that the toroid structures in Solution are not

rigid and can be distorted by the harsh procedures used to prepare the samples for

electron microscopy. We concur and think that the spheres observed in our samples are

slightly distorted toroids, since they were generally similar in size and appearance and

were observed in close proximity to the toroids (figure 3-5). In any case, the resulting

morphologies of the unit structures formed by the DNA complexes of all the cationic

polymers are very similar. This suggests that cationic polymer chemistry and structure
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contribute little to the condensation and compaction of DNA; rather, the structure of the

resulting complexes is determined by the electrostatics of interaction.

Although the fundamental unit complexes appear morphologically identical under

EM, their distribution on the grids are not. The unit DNA complexes of polylysine and

intact dendrimer tend to cluster whereas those of fractured dendrimer and

polyethyleneimine do not. The formation of multimolecular aggregates of toroid units

has been noted elsewhere (Hud et al., 1993; Arscott et al., 1990). This tendency to form

clusters is reflected in the difference in apparent particle diameters of the complexes in

Solution; complexes of polylysine or intact dendrimer form large, unstable, heterodisperse

particles whereas complexes of fractured dendrimer and polyethyleneimine form small,

stable particles (figure 3-5). Thus, large particles observed in solution correlate with the

observed clustering of the fundamental unit complexes observed under electron

microscopy. Taken together, these observations indicate that structural differences

between the cationic polymers must mediate the aggregation behavior of their DNA

complexes.

In the simplest treatment of classic colloid behavior, the tendency of a system of

particles to aggregate is largely determined by electrostatics; particles of like-charge,

possessing an electrostatic potential that is greater than the potential energy of their van

der Waals interaction, are thought to be stable against aggregation (Hiemenz, 1986).

Small, multivalent cations condense and compact DNA, but bind reversibly (Braunlin et

al, 1982; Latt & Sober, 1967), and so cannot associate in a complex with charge ratios

above 1:1; thus, strongly positive zeta potentials are never achieved (figure 3-6b) and

aggregation generally results, under physiological buffer conditions. Cationic polymers,

however, possess high binding affinity to DNA (Olins et al., 1967) and so, can associate

with DNA in excess of 1:1 charge ratio; hence, strongly positive zeta potentials can be

observed (figure 3-6a). Nevertheless, a comparison of figures 3-5 and 3–6a shows that
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aggregation is observed for the DNA complexes of both polylysine and intact dendrimer

although they exhibit a strongly positive surface charge. Therefore, the simple

electrostatic stabilization model is inadequate for describing the general aggregation

behavior of cationic polymer/DNA complexes, although it might explain the smaller

particle size and stability of the DNA complexes of the fractured dendrimer and

polyethyleneimine. A more complex model of aggregation, such as that of bridging

between particles by extant polymer loops (Bratby, 1980) or by collision between

electrostatic surface patches of opposite charge on the particles (Gregory, 1973) may be

required to describe how polylysine and intact dendrimer mediate aggregation of their

DNA complexes.

The cationic polymers studied here have been used to assemble polynucleotides

into compact packages for delivery to cells in vitro. To date, the primary concern in the

selection of cationic polymers has been their ability to transfect cells with exogenous

DNA. In this study, we have observed that electrostatic interactions dominate over steric

and chemical contributions in the primary interactions of these cationic polymers with

DNA. Moreover, the extent of binding of DNA in the presence of excess polymer and

condensation of the DNA into compact toroid units are unaffected by the molecular

weight and structure of the cationic polymers studied here. However, the aggregation

behavior of the condensed unit structures is strongly dependent upon the individual

cationic polymer. Those polymers which mediate high transfection, the fractured

dendrimer and polyethyleneimine, showed minimal aggregation of their DNA complexes.

Thus, an important consideration in the design or selection of cationic polymers for Self

assembling DNA delivery systems is their ability to stabilize their unit DNA complexes

under physiological buffer conditions.

:

º

85



CHAPTER FOUR:

Mechanism of In-vitro Transfection Mediated

by Cationic Polymer/DNA Complexes

4.1 Abstract

To understand the factors that contribute to transfection by cationic polymer/DNA

complexes, we compared several complexes with respect to: their degree of association

with cells, their transfection activity, the influence of various cellular transport trafficking

inhibitors upon transfection, and their composition and polymer flexibility as a function

of pH. The cationic polymers studied are: polylysine; the intact and partially degraded

polyamidoamine dendrimers; and polyethyleneimines from various sources. When DNA

is complexed with excess cationic polymer, the amount of DNA that is cell-associated is

similar for all polymers; the degree of cell-association of the plasmid decreases 3- to 5

fold when cells are washed with 1 M NaCl. Transfection levels mediated by polymers

normally exhibiting low levels of activity are further decreased in the presence of N

ethylmaleimide or azide/deoxyglucose and increased in the presence of chloroquine.

Transfection levels of polymers normally exhibiting high activity are decreased in the

presence of N-ethylmaleimide, azide/deoxyglucose, bafilomycin A, or monensin, but are

unaffected by cytochalasin B, nocodazole, brefeldin A, ammonium chloride, or

chloroquine. The inhibitor studies suggest these complexes are internalized into an

endocytic compartment in the lysosomal pathway; and furthermore, the polymers that are

highly active require acidification of the endosome to mediate high transfection. When

the pH is decreased, cationic polymers containing higher order amines (dendrimers or

polyethyleneimines) are released from their DNA complexes; polylysine, which contains

only primary amines, is not. Measurements of dilute solution viscosity as a function of
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degree of protonation shows that highly active polymers and polylysine swell to greater

than 2-fold in volume; less active polymers do not.

Based on these observations, we propose that cationic polymers should possess

three features to mediate high levels of transfection. First, they should retain a high

positive charge density at neutral pH. This feature enables the cationic polymers to form

compact, positively charged complexes which electrostatically associate with the

negative charged surfaces of cells and can be subsequently internalized into endosomal

compartments. Second, cationic polymers should contain chemical groups which become

protonated at the acidic pH found in the endosome. The cationic polymer will thus buffer

the endosomal pH and increase osmotic stress through its lysosomotropic activity. In

addition, as the positive charge on the complex increases, some of the cationic polymer is

released from the complex. Third, the cationic polymer should be flexible. When

released from the DNA, the flexible cationic polymer can swell in volume, promoting

lysis of the endosome and release of the DNA into the cytoplasm.
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4.2 Introduction

Partially degraded polyamidoamine (PAMAM) dendrimers ("fractured

dendrimer") and polyethyleneimine are acid-titratable, branched cationic polymers that,

when used alone, are highly effective in complexing and delivering DNA to cells in

culture (Haensler & Szoka, 1993; Boussif et al., 1995; Tang et al., 1996). We have

previously demonstrated that intact dendrimers exhibit low transfection activity, but that

transfection increases upon heat-treatment in any solvolytic solvent. The optimal heating

time at which very high transfection activity is observed depends upon solvent,

concentration, and heating conditions (Tang et al., 1996). Dendrimers heated to a lesser

or greater period than this optimal time exhibit substantially lower transfection activity.

We show below that polyethyleneimines obtained from different sources also exhibit

varying degrees of transfection activity. Thus, cationic polymers that are similar in

chemical and physical structure exhibit a wide range of transfection activities. This

affords the opportunity to gain insight into their mechanism of action through a

comparison of their properties.

In this regard, it is instructive to review what has been learned about cationic

lipid-DNA complexes, where both formation of the complex as well as its disassembly

leading to release of DNA into the cell are important for DNA delivery (Xu & Szoka,

1996; Zelphati & Szoka, 1996a). Based on these studies, the relationship between

transfection and the structural-chemical properties of the cationic polymers must account

for both assembly and disassembly of the complexes. We find that high activity

polymers possess a high positive charge density at neutral pH that mediates a charge

interaction with DNA phosphates. However, they also possess secondary or tertiary

amines possessing low pKa that become protonated in the acidic environment of the

endosome. Protonation of the cationic polymers at low pH serves two purposes. First, it

contributes to the lysosomotropic activity of the polymer. Second, it facilitates release of
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the cationic polymer from its DNA complex. The released cationic polymer has the

potential to further destabilize the endosome depending upon the degree of flexibility of

the polymer. Cationic polymers with a high degree of flexibility, when released from the

DNA complex, expand to a greater volume than polymers with a low degree of

flexibility. In this chapter, we show a correlation between the transfection activity of

various cationic polymers and their charge density, buffering capacity and polymer

flexibility. Based upon these findings, we suggest that the effectiveness in DNA

transfection of certain cationic polymers that have lysosomotropic properties is due to the

additional positive charge on the polymer that arises as the endosome acidifies and the

resulting expansion of the cationic polymer as it is released from the complex.
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4.3 Materials and Meth

4.3.1 Cationic Polymers and Plasmid DNA

The 6th generation intact dendrimer based on the tris-2-aminoethylamine (TAEA)

core was synthesized as described previously (Tang et al., 1996). The heat-activated,

fractured dendrimer was obtained by heating the intact 6th generation dendrimer at a

concentration of 20 mg/ml in 1-butanol (boiling point = 117.2 °C) for 43 hours, followed

by lyophilization, dilution in water, and dialysis (6-8 kD molecular weight cut-off)

against a 1000-fold volume excess of water. Unless otherwise stated, "intact dendrimer"

refers to the monodisperse 6th generation TAEA core compound; "fractured dendrimer"

refers to this same compound following heat treatment. A modified intact 6th generation

dendrimer with -OH groups at its terminal ends instead of primary amines was
synthesized from the 5th generation polyester by reaction with ethanolamine instead of

ethylenediamine.

Five different polyethyleneimines of various molecular weights were purchased:

2 kD (lot # PG 07212DF, Aldrich) 25 kD (lot #PG 07112DF, Aldrich), 50 kD (lot #55

H0980, Sigma), 750 kD (lot #10629MF, Sigma), and 800 kD (lot #345312/1995, Fluka.)

Unless otherwise specified, "polyethyleneimine" will refer to the 25 kD material from

Aldrich. All the polyethyleneimines were dialyzed extensively in water, lyophilized, and

rehydrated before use. Concentrations were determined on a weight/volume basis, and

primary amine content was estimated using ninhydrin.

Plasmids encoding firefly luciferase (DeWet et al, 1987) and 3-galactosidase

(McGregor & Caskey, 1989) were used in transfection assays, as described previously

(Tang et al, 1996). Pure plasmid DNA encoding CAT enzyme was a generous gift from

Dr. Eric Eastman (GeneMedicine, TX) and used in all biophysical characterization work.

Radiolabeled plasmid DNA was prepared by nick translation using 32P-dcTP (Gibco
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BRL). Radiolabeled plasmid was separated from unincorporated nucleotides by size

exclusion chromatography on a Biogel P6 column. All complexes were prepared by

adding buffer solution containing DNA to an equal volume of solution containing

cationic polymer. Proportions of each are specified in terms of charge ratio (primary

amines to DNA phosphates.) Unless otherwise indicated, the final DNA concentration in

the complex solutions is 12 pig■ ml.

4.3.2 Cell Culture

In metabolic and trafficking inhibitor studies, CV-1 cells were plated from growth

medium (DME-H21 with 10% fetal calf Serum and antibiotics) at a density of 20,000

cells/well in a 96-well tray, one day in advance of transfection. Prior to transfection, cells

were incubated in serum-containing medium with inhibitors. Plates containing the

inhibitors, cytochalasin B (50 pig■ ml), N-ethylmaleimide (10 puM), azide/deoxyglucose

(30 mM, 75 mM), and nocodazole (100 puM) were pre-incubated at 4°C for 15 minutes.

Plates containing the remaining inhibitors, brefeldin A (30 pug/ml), bafilomycin A (600

nM), ammonium chloride (20 mM), chloroquine (100 HM), and monensin (10 puM) were

pre-incubated at 37°C for 30 minutes. After pre-incubation, serum-containing medium

and inhibitors were removed and replaced with serum-free medium containing the same

concentrations of inhibitors. Complexes were added and incubated with cells for three

hours. Medium containing complexes and inhibitors was then removed with a rinse of

serum-free medium, and replaced with standard growth medium. Cells were incubated at

37° C and then assayed for reporter gene activity one day later. This protocol was

designed to maximize the effect of the inhibitors upon initial processing of the

complexes, but to minimize their influence upon the expression of the reporter gene. The

concentration of inhibitors used were determined by adding increasing amounts until
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either a significant effect upon transfection activity was observed, or a morphological

change or toxicity was evident in the cells as observed under the microscope. Reporter

gene expression was assayed by spectropholometric absorption of the action of 3

galactosidase on o-nitrophenolgalactoside (CalBiochem) or by the activity of luciferase

on luciferin as detected by luminometer (Promega Assay Kit.)

Experiments to quantify the amount of cell-associated complex were performed

on CV-1 cells plated in 24-well culture dishes at a density of 200,000 cells per well in 1

ml of growth medium (10% serum in DME-H21) 24 hours prior to uptake studies. Prior

to transfection, the growth medium was aspirated and replaced with serum-free medium.

Complexes were prepared by adding 0.5 ml of DNA to an equal volume of cationic

polymer in HBS. Plasmid radiolabeled with 32P was added to the plasmid stock prior to

complex formation to attain a final total specific activity of 100,000 cpm per well. Ten

minutes after complex formation, 100 pil of the solution containing the complex was

added dropwise to cells. The total amount of DNA added per well was 1.5 pig. After

three hours of incubation at 37° C, the medium was removed. The cells were then

washed with two successive rinses of 0.5 ml of cold phosphate-buffered saline (PBS), or

alternatively, two rinses each of 0.5 ml of cold 1M NaCl, to remove the bulk of the

electrostatically associated complex, and then with 0.5 ml of cold PBS. The cells were

lysed and removed from the well with 1 ml of 0.5N NaOH followed by two more, 1 ml

rinses of cold PBS. The supernatant fraction consisted of the medium and rinses prior to

cell lysis and the cell fraction consisted of the cell lysate and subsequent rinses. These

were assayed for radioactivity in scintillation fluid in the Beckman LS 3801. Data

reported is the percent of the total added radioactivity that is associated with the cell

fraction. Using this protocol, 95 +/- 5% of the radiolabel was recovered. No distinction

was made between radioactivity associated with cells and radioactivity associated with

the plate surfaces. Control wells that were treated for 24 hours with growth medium but

contained no cells showed significant associated radioactivity of up to 10% of the total
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added counts. To minimize the contribution of the plate surface to binding, cells were

plated such that 100% confluence was attained before mock transfection, thus minimizing

the area of plate surface to which complex could adhere. Under these conditions, when

cells were removed from the well by trypsinization less than 1% of the total counts were

associated with the plate. As certain cationic polymers caused cells to stick irreversibly

to the plates, 0.5 N NaOH was used rather than trypsin for removal of cells and

associated radioactivity. The reported values of the cell-associated complex represent the

mean and standard deviation of triplicate wells.

4.3.3 Analysis of Composition of the Complex

Complexes were prepared by direct addition of 0.5 ml of DNA to 0.5 ml of

cationic polymer in 150 mM NaCl/1 mM HEPES, pH 7.2. To measure the effect of

lowering the pH on the composition of the complexes, 10 pil of a 1M buffer solution of

either sodium acetate (pH 4.5) or HEPES (pH 7.2) was added to adjust pH, fifteen

minutes after the complexes were formed. The ionic strengths of the resulting solutions

were similar at both pH's and within 1% of that of the standard HBS buffer used

elsewhere in this work. Solutions containing the complex were then centrifuged at

86,000 x g for 40 minutes. Analytical centrifugation (Beckman Optima XL-A) showed

that under similar conditions, neither polymer nor DNA alone sedimented, but their

complexes did. After sedimentation, the pH of the supernatant was adjusted up to 50 mM

HEPES, pH 7.2 and pellets were resuspended in 2M NaCl/50 mM HEPES, pH 7.2.

Polymer content in the complexes was determined by running duplicate samples

containing fluorescein-labeled polymer, one with DNA and the other without, and then

assaying for fluorescein absorbance at 494 nm (intact and fractured dendrimers and

polyethyleneimine) or 498 nm (polylysine). Recovery of added polymer was 99 +/- 1%.
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In several experiments, samples containing unlabeled polymer and DNA were run in

duplicate, and the pellet assayed for DNA by absorbance at 260 nm. In all cases in which
excess cationic polymer was used, all the DNA was recovered in the pellet.

4.3.4. Other Analyses

Primary amine content was determined by quantitative ninhydrin assay against a

glycine standard (Moore & Stein, 1948). For dilute solution viscosity measurements,

cationic polymer solutions were adjusted to 50 (+/- 5) mg/ml in water, then their pH

adjusted using NaOH or HCl. The polymers were then diluted in water to 0.5 mg/ml for

relative viscosity measurement using the Canon size 50 semi-microviscometer mounted

in a temperature-controlled bath at 25.0 +/- 0.1 °C. To measure the diameters of the

complexes in solution, complexes were prepared in HBS for a final DNA concentration

of 12 pig■ ml and measured by dynamic light scattering on the Coulter N4 (Haialea, FL).

For the pH titration experiments, cationic polymers were diluted to 0.5 mg/ml in 150 mM

NaCl. The solution pH was monitored during titration with 0.1N HCl or 0.1N NaOH.

The maximum volume change of the solution during titration was less than 5%. Zeta

potentials were determined from electrophoretic mobilities of complexes prepared in 10

mM NaCl/1 mM, MOPS/0.1 mM EDTA at pH 7.2 and measured on the Malvern

ZetaSizer IV (Southborough, MA.).
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4.4 Results

4.4.1 Determination of the Amount of Cell-associated Complex

The amount of plasmid that is directly associated with cells in culture when

complexed with the various cationic polymers studied here is shown in figure 4-1a.

Complexes were prepared at charge ratios at which optimal transfection activity was

observed. For all cationic polymers, their optimal charge ratios were greater than unity,

and ranged from 2.3 to 6.0. As seen in figure 4-1a, all of the cationic polymer/DNA

complexes associate with cells to a similar degree. The amount of DNA associated with

cells, in the absence of any cationic agent, is very low.

In figure 4-1b, the relative amount of fractured dendrimer/DNA complex that is

cell-associated as a function of the charge ratio at which the complexes are prepared is

indicated. Complexes prepared at low charge ratios (<0.8) are associated with cells at a

substantially lower level than those prepared at higher charge ratios (>0.8). At higher

charge ratios, the amount of cell-associated radioactivity is about the same. This result

suggests that the interaction between complexes and cells is primarily electrostatic.

When the cells are rinsed with a 1M NaCl solution, a substantial amount of the cell

associated material is removed (figure 4-1b). The cell-associated values are between 5 to

10-fold less than the values in absence of the added rinse. In this case also, a positive

charge on the complexes increases the amount of tightly cell-associated material 3- to 5

fold compared with DNA alone or to complex as prepared at low charge ratio. A similar

change in cell-associated radioactivity, with and without the 1 M NaCl rinse, is observed

for the DNA complexes of the intact dendrimer and polylysine.
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Figure 4-1: Determination of the amount of cell-associated plasmid. (a) Total cell-association of DNA
complexes of various cationic polymers. Radiolabeled complexes of the cationic polymers were made up in
HBS at the charge ratios at which optimal transfection is observed. For the intact and fractured dendrimers,
the charge ratios are 6 and 4.5, respectively. For the polyethyleneimines, it is 2.3. Complexes were
prepared and incubated with cells as described in "Experimental Procedures." The results of triplicate runs
in a single experiment are reported here, and are representative of three such similar experiments. (b) Total
cell-association versus tight cell-association of fractured dendrimer/DNA complexes, as a function of charge
ratio. For total cell-associated values, fractured dendrimer/DNA complexes were prepared, incubated with
cells, and assayed as in (a). For determination of tightly cell-associated complex, the cells received an
additional rinse with 1 M NaCl, as described in "Experimental Procedures". The radioactivity recovered in
this rinse were included in the medium fraction. The mean and standard deviation of triplicate runs in a
single experiment are reported here.

4.4.2 The Effect of Various Cellular Trafficking Inhibitors upon Transfection Activity

To explore the cellular processes involved in gene delivery by cationic polymers,

the effect of various inhibitors of endosomal trafficking upon transfection activity as

measured by luciferase activity was examined (figure 4-2). The baseline transfection

activity of each cationic polymer, in absence of any inhibitors, is indicated by its control

value. A cellular transport inhibitor was considered to exert a significant effect if the

transfection activity differed by at least one order of magnitude from the control value.

N-ethylmaleimide (NEM) prevents the NEM-sensitive factor (NSF) from

mediating intracellular membrane fusion events such as the fusion of early endosomes,

likely including the pinching-off of the invaginated plasma membrane to form pre
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Figure 4-2: The effect of cellular trafficking inhibitors on transfection by cationic polymers. Cells were
prepared as described in the "Experimental Procedures". Control wells, in which no inhibitor was used were
present on each set of plates. The values reported are the mean and range of duplicate wells.

endosomal vesicles (Rothman, 1994; Diaz et al., 1988). As seen in figure 4-2,

transfection activity of all the cationic polymers is significantly reduced in the presence

of NEM. Azide/deoxyglucose acts to deplete cellular ATP, which is required for a

multitude of cellular processes, including the NSF-mediated endosomal fusion pathways

(Schmid, 1993; Rothman, 1994). This also significantly reduces transfection activity by

all the cationic polymers. Cytochalasin B, an agent that acts to depolymerize

microfilaments, which are required for cellular uptake by phagocytosis or
macropinocytosis, but unnecessary for other endocytic processes, such as absorptive or

receptor-mediated uptake (Paccaud et al., 1992; Carpentier et al., 1991; Silverstein et al,

1971), has no significant effect on transfection by any of the cationic polymers.
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Nocodazole acts by depolymerizing microtubules which, although does not

prevent endocytosis, does prevent endosome maturation by blocking fusion with

prelysosomal vesicles (Kelly, 1990). Nocodazole has no effect on the transfection

activity levels of the intact or fractured dendrimers or polyethyleneimine and yet

increases the transfection activity of polylysine.

Brefeldin A inhibits general transport between the endoplasmic reticulum, the

Golgi, and the lysosome/prelysosome membrane systems, although trafficking within

each system is unaffected; it has been observed to leave receptor-mediated endocytosis

and subsequent lysosomal degradation unaffected as well (Misumi et al., 1986;

Chakrabarti et al, 1994). Transfection by polylysine is inhibited in the presence of

brefeldin A; however, no significant effect was observed for the other cationic polymers.

Bafilomycin A is a very specific inhibitor of the vacuolar ATP-dependent proton

pump that regulates the acidification of the late endosome/early lysosome and some other

acidic compartments (Bowman et al., 1988; Umata et al., 1990). Bafilomycin A

significantly reduces the transfection activity of all the polymers except polylysine.

Ammonium chloride and chloroquine (Dean et al, 1984) are lysosomotropic

agents that have been observed to augment transfection in other delivery systems (Cotten

et al., 1990; Legendre & Szoka, 1992). Ammonium chloride and chloroquine are weak

bases that tend to accumulate in and thus neutralize the pH of acidic intracellular

compartments. Both ammonium chloride and chloroquine have little effect on

transfection by polyethyleneimine or fractured dendrimer. However, both ammonium

chloride and chloroquine increase the transfection activity of the polylysine, and

chloroquine improves the activity of the intact dendrimer.

Monensin is a passive sodium ion transporter which acts to collapse pH gradients

in acidic compartments (Mollenhauer et al., 1990). Consequently, like ammonium

chloride and chloroquine, monensin can act as a lysosomotropic agent in pH-regulated
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intracellular compartments. Monensin is observed to significantly reduce transfection

activity in all the cationic polymers except for the intact dendrimer.

4.4.3 The Effect of Charge Ratio upon the Composition of the Cationic Polymer/DNA

Complex

In order to determine whether the ratio of cationic polymer to DNA in the

complexes was the same as the input ratio used to prepare them, solutions containing

complexes were sedimented to separate the complex from non-associated cationic

polymers in solution. It is assumed here that the composition of the isolated complex

resembles that of the compound that is actually mediating transfection. The proportion of

cationic polymer to DNA in the isolated complex is considerably lower than the ratios

used to prepare the complex (figure 4-3). For both the intact and fractured

dendrimer/DNA complexes, the amount of cationic polymer in the isolated complex

appears to approach a limiting value of 1.8 as the input charge ratio increases. At the

optimal charge ratios for transfection (which are 6 and 4.5 for the intact and fractured

dendrimers, respectively) the cationic polymer associated with the isolated complex is in

excess of unity; thus, the respective complexes have a positive charge, which is

consistent with the positive zeta potential of the complex (Chapter 3).
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Figure 4-3: Composition of cationic polymer/DNA complexes with varying charge ratio. Fluorescently
labeled intact or fractured dendrimer was mixed in varying proportions with DNA in HBS as described in
"Materials and Methods." Complexes were pelleted by centrifugation. Both supernatants and pellets were
assayed for polymer content. Reported values are the mean and standard deviation of the supernatants in
triplicate samples.

4.4.4 The Effect of pH upon the Composition of the Cationic Polymer/DNA Complex

In the endosome, the cationic polymer/DNA complex would be exposed to an

increase in proton concentration which could influence its composition. To determine if

there is a change in composition as the pH is reduced, complexes were prepared at the

charge ratios at which maximum transfection activity is observed and their cationic

polymer content was determined at neutral and acidic pH's, following sedimentation. As

before, the isolated complex is assumed to reflect that of the transfection-mediating

complex. At neutral pH, the charge ratio in the resulting isolated complex is

considerably less than the input ratios (6:1 for polylysine and the intact dendrimer, 4.6:1

for the fractured dendrimer, and 2.3 for polyethyleneimine), but still greater than unity

(figure 4–4). When the pH is lowered to 4.5, significantly less of the titratable cationic

polymers, polyethyleneimine, intact, or fractured dendrimers, is associated with their

respective isolated DNA complexes; the excess polymer is released into the solution.



Polylysine, which contains only primary amines, shows an increase in the amount

associated with the DNA complex upon acidification.

This release of excess polymer upon acidification suggests that higher order

amines in the interior of the polymer can interact electrostatically with DNA phosphates

near the polymer surface. To test this possibility, an intact dendrimer was modified with

-OH groups in place of primary amines (see “Methods”) and studied for its ability to

interact with DNA under conditions of varying pH. The results are shown in table 4-1.

When mixed with DNA at neutral pH, the hydroxylated dendrimer yields a several

hundred fold increase in scattering intensity over either component alone; however, at a

DNA concentration of 12 pig■ ml, the light scattering intensity is insufficient to obtain a

value for the diameter of the complex by DLS. At higher concentrations of DNA,

- pH 7.2
D. pH45

Polylysine Intact Fractured Polyethyleneimine
OP200 Dendrimer Dendrimer

Figure 4-4. The effect of pH on the composition of cationic polymer/DNA complexes. Fluorescently
labeled cationic polymer was mixed with DNA as described in "Materials and Methods." The values
reported are the mean and standard deviation of the supernatants of triplicate samples. Values obtained
from assaying the resuspended pellets yielded results within 7% of values measured in the supernatant
fraction.

aggregation is observed. These complexes exhibit no significant net charge, as

monitored by measurement of zeta potential. At pH 4.5, more than twice as many

tertiary amines are protonated than at pH 7.2 as determined from titration. When mixed

with DNA at low pH, sufficient light scattering occurs, yielding a complex with a

solution diameter of 150 nm and a zeta potential of 23 mV (table 4-1). These results
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indicate that tertiary amines located in the interior of the ethanolamine-modified

dendrimer become protonated as the pH is decreased and can interact with DNA

phosphates

Table 4-l

Physical Properties of Ethanolamine-Modified Dendrimer
and its DNA Complex

Not measureable at pH 7
Diameter of complex'

150 +/- 50 nm (pH 4.5)

-0.83 +1-2.5 (pH 7)
Zeta potential of complex

23.0 +/- 2.5 (pH 4.5)

Extent of Protonation 29% (pH 7)
of Internal Amines”

70% (pH 4.5)

'Measured by dynamic light scattering.
* Values were estimated from the titration curve.
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4.4.5 Characterization of Polyethyleneimines

Of the various polyethyleneimines obtained for this study, only the 25 kD

material from Aldrich showed high levels of transfection activity in our laboratory. The

transfection activities and several properties of the different polyethyleneimines are

summarized in table 4-2. Significant, but not high, levels of transfection activity are

observed for high molecular weight materials (50 kD, 750 kD, and 800 kD), but no

detectable activity was observed for the 2 kD material. It has been proposed that the

activity of polyethyleneimines might be primarily due to their capacity to absorb protons

thereby inducing osmotic stress in the pH-regulated endosomal compartment (Boussif et

al, 1995); the buffer capacities at acidic pH's of all the polyethyleneimines (table 4-2),

however, are very similar and so this, alone, cannot account for the observed differences

in transfection activity. DLS measurements show that the complex size decreases with

increasing molecular weight of the polyethyleneimines, although this does not correlate

with their transfection activity. The observation that the complexes do form particles

indicates that all the polyethyleneimeines are equally able to associate with, interact with,

and compact DNA. Moreover, as shown in figure 4-1a, the resulting DNA complexes

formed from all these polyethyleneimines are observed to associate with cells to the same

extent. The primary amine content by weight of the highly active 25 kD material,

however, is significantly lower than that of all the others (table 4-2), indicating that this

material has fewer terminal groups and more secondary amines than the other

polyethyleneimines.
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Table 4-2

Some Properties of the Various Polyethyleneimines
and their DNA Complexes

2 kD 25 kD 50 kD 750 kD 800 kD
Aldrich Aldrich Sigma Sigma Fluka

Transfection
Activity" Not 10.0 0.8 2.1 1.6

(xe3 3-gal- detected
actosidase

enzyme units)

Buffer Capacity”
(xe4 AIH’]/ApH) 7.8 6.8 7.0 7.6 6.7

Diameter of 1090 166 126 70 80
DNA Complex' +/- 180 +/- 30 +/- 10 +/- 18 +/- 18

(nm)

Amine Content" 6.9 5.3 9.2 9.6 9.5
(ºumol/mg)

mred Change’ 1.4 2.9 1.9 1.9 1.4

* The values reported are the average activities observed in at least two different experiments. Transfections
were performed and assayed as described in “Experimental Procedures.”
* The value reported in the change in hydrogen ion concentration required to raise the pH of a 0.5 mg/ml
solution of polymer from 4.5 to 7.2, as determined from the titration curve for each polymer.
* Complex diameters were determined by dynamic light scattering, as described in “Experimental
Procedures.” The values reported are the z-average results of triplicate measurements.
“Primary amine content was determined by quantitative ninhydrin assay.
* The factor-fold change in reduced viscosity with pH, as described in “Experimental Procedures” and the
legend of figure 4-5.
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4.4.6. Dilute Solution Viscosity of Cationic Polymers

To quantify the degree of flexibility of the various cationic polymers, their

reduced viscosities were measured at pH 10.5 and at pH 7.2. At pH 10.5, the polymers

are predominately deprotonated, and at pH 7.2, their primary amines are predominately

protonated. The reduced viscosity of a polymer is directly proportional to the effective

volume occupied by the polymer in solution (Hiemenz, 1984). Polylysine exhibits the

greatest response to this change in pH (figure 4-5). As a linear random coil polymer, it

has the fewest constraints on its degree of extension. The sterically constrained intact

dendrimer exhibits virtually no change, whereas the less constrained fractured dendrimer

demonstrates a greater than 2-fold change (figure 4-5). At pH 10.5, the various

polyethyleneimines show reduced viscosities that increase with their molecular weights.

Of the polyethyleneimines, only the 25 kD Aldrich material exhibits a greater than 2-fold

increase in viscosity upon protonation (figure 4-5, table 4-2). Thus, polylysine, the 25 kD

polyethyleneimine, and the fractured dendrimer demonstrate a greater than 2-fold

increase in reduced viscosity with the change in pH.

200

- pH 10.5
[] pH 7.2

150

50

100

Polytysine int-cº Fractured 2ko 25 ko 50 ko 750 ko 800 ko
DP200 Dendrimer Dendrºner Aldrich Akirch Sigma Sigma Fluk

Figure 4-5: Reduced viscosities of cationic polymers at pH 10.5 and pH 7.2. Measurements were
performed in triplicate, with coefficient of error of no more than 5%. The values indicated above each set of
bars is the ratio of the reduced viscosities at pH 7.2 and pH 10.5.
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4.5 Discussion

An impressive variety of cationic protein, polypeptide and polymer DNA

transfection systems have been developed over the past three decades to deliver genes

both in vitro (reviewed in Felgner, 1990; Behr, 1993; Kabanov & Kabanov, 1995) and in

vivo (reviewed in Perales et al., 1994; Wu & Wu, 1994). Despite substantial

methodological advances, there has been little progress in understanding the underlying

mechanisms of DNA transfer into cells by these cationic systems. The role of a positive

charge on the polymer for enhancing interactions between negatively charged nucleic

acids or viruses and the negatively charged cell surface has been recognized in earlier

work (Smull and Ludwig, 1962; Veheri & Pagano, 1965; Juliano & Mayhew, 1972).

Most notably, Farber and coworkers (1975) showed the importance of the ratio of

polycation to the nucleotide phosphates for DNA uptake. Numerous groups have also

documented that chloroquine, a lysosomotropic agent, can increase transfection when

added to these cationic transfection systems. Chloroquine enhancement suggests that the

complex enters cells via an endosomal/phagosomal pathway and that a fraction of the

internalized DNA escapes into the cytoplasm prior to degradation in the lysosome. Thus,

the general internalization pathway exploited by the cationic polymer transfection

system, at least up to the lysosome, is established. However, the reason for higher

transfection levels for one cationic polymer compared to the others is not understood,

thereby hampering efforts to rationally improve transfection in these systems.

The studies reported here are an attempt to understand the basis of polymer

mediated transfection. Based upon these findings we propose that alone polymers that

are highly active in transfection share three traits: 1. high, positive charge density at

neutral pH to facilitate electrostatic interaction with DNA phosphates, 2. a high

proportion of groups that are protonatable at the endosomal pH which provides a

lysosomotropic effect and also promotes polymer release from the complex as the pH is
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lowered, and 3. a flexible structure that can collapse or swell in response to its extent of

protonation. The data that leads us to these conclusions is discussed below where we also

elaborate on why these traits may enhance DNA exit from the endosome.

We were struck by the observation that certain cationic polymers such as

fractured dendrimer (Haensler & Szoka, 1993; Tang et al., 1996) and polyethylenimine

(Boussif et al., 1995) mediate high levels of transfection whereas polymers that are

closely related in molecular weight, chemistry, and structure to these active polymers can

lack significant transfection activity. For instance, when intact dendrimers are activated

by heating, the maximum transfection activity occurs within a narrow window of heating

times; fractured dendrimers on either side of this window can Still bind DNA in Small,

stable complexes, yet exhibit little or no transfection activity (Tang et al., 1996).

Likewise, only one of the five polyethyleneimines tested here showed significant

transfection activity (25 kD, Aldrich), although two of these were of the same size and

from the same supplier (50 kD, Sigma and 800 kD, Fluka) previously reported to have

activity comparable to that of the fractured dendrimer (Boussif et al., 1995; personal

communication). Since polymerization of polyethyleneimine is not a well controlled

process and variations in the ratio of primary and tertiary to secondary amines can arise

during synthesis (Mark et al., 1972; Ferruti & Barbucci, 1984), we suspect that subtle

variation in polymer structure between synthesis lots is responsible for the difference in

transfection. Because similarly high activities can be observed for chemically different

polymers, it is likely that some critical biophysical polymer property or combination of

properties is responsible for high activity transfection.

We first examined whether complex formation or cell association of the

complexes might correlate to the transfection activity for the various polymers. All of the

cationic polymers were observed to associate with DNA to form compact particles of a

toroidal structure (Chapter 3, Tang et al., 1996). The diameter of the complexes in

solution ranged from 70 nm to circa 1100 nm for active complexes (Chapter 3, table 4-2).
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The range in diameter of the particles appears to be caused by the tendency of the basic

toroidal unit structures to aggregate, rather than a fundamental difference in the

morphology of the complexes (Tang et al., 1996). In the presence of an excess positive

charge to nucleotide phosphates, particles with a positive zeta potential are formed with

all of the polymers studied here (Chapter 3). When excess positive charge is used to

prepare the initial complex with DNA, particles with an excess positive charge are

isolated by sedimentation (figures 4-3 and 4-4). Interestingly, the amount of cationic

polymer that remains associated with the complex after sedimentation saturates at about

1.8/1 (+/-) for a 6/1 input ratio (figure 4-3) in both the intact and fractured dendrimers.

This is the input charge ratio where maximum transfection activity was observed in the

initial report (Haensler & Szoka, 1993) and with the fractured dendrimer (Tang et al,

1996).

There was no significant difference in degree of cell-association among

complexes formed from the various polymers at a similar positive charge ratio (figure 4

1a). The percent cell-associated radiolabeled DNA is dependent only upon the amount of

positive charge in the complex and attains close to a maximum value at a 0.4 (+/-) input

ratio (figure 4-1b). However, only a fraction of the DNA that is cell-associated at the end

of three hours remains associated following a rinse with 1 M NaCl, suggesting that only a

portion of the associated complex is internalized by the cells at this time. This result is

consistent with the findings of Farber and coworkers (1975) who used DNAse treatment

of the cells to differentiate absorbed from internalized DNA. The tightly cell-associated

DNA, in the case of complexes prepared with the fractured dendrimer, appears to saturate

at a 1:1 input charge ratio which is at a lower charge ratio then where maximal

transfection activity (6/1) occurs (Haensler & Szoka, 1993). This suggests that the excess

positive charge in the complex needed for high transfection activity functions in a step

after the complex has bound to the cell.
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We employed a number of widely used inhibitors of the trafficking pathway to

study their influence on the transfection by the various polymers. These inhibitors were

applied just prior to the addition of transfecting complexes and maintained on the cells

until complexes were removed three hours later. Since a substantial proportion of the

cationic polymer/DNA complexes cannot be dissociated from the cell with a rinse of

isotonic medium (figures 4-1a and 4-1b), it is likely that processing of the cell-associated

complexes resumes after the inhibitors are removed. And since the reporter gene

expression is assayed 18 hours later, the extent of inhibition of transfection is most likely

underestimated. Even with this protocol, the most potent agents were still able to

suppress expression of luciferase by 3 to 4 orders of magnitude, or to enhance expression

by one to wo orders of magnitude (figure 4-2). The reduced transfection activities

observed in the presence of N-ethylmaleimide or azide/deoxyglucose and lack of effect

on transfection activity by cytochalasin B for all of the cationic polymers indicates that

their DNA complexes are internalized into endosomes. This observation is also

consistent with the hypothesis that cellular uptake occurs following electrostatic

association of DNA complexes with the membrane surface in which a fraction of the

complexes are internalized in an absorptive zipper-like process (Haensler & Szoka, 1993;

Behr, 1993).

Bafilomycin A specifically inhibits the acidification of intracellular compartments

(Bowman et al., 1988). The observation that it significantly inhibits transfection by both

dendrimers and polyethyleneimine suggests that acidification is required for these

polymers to mediate transfection. Inhibition of transfection by bafilomycin A has also

been observed for polylysine/DNA complexes utilizing pH-responsive fusogenic peptides

which likewise require acidification for their action (Plank et al., 1994). Monensin is a

sodium ion transporter that can collapse pH gradients by transporting protons out of

acidic compartments, thereby preventing an accumulation of protons within endosomes

(Mollenhauer, 1990). Inhibition of transfection by monensin also supports the notion that
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acidification is important for transfection by these polymers. The lysosomotropic activity

of both the dendrimers and PEI is dependent upon acidification and the fact that the effect

is so pronounced supports the idea that successful transfection by the high activity

cationic polymers (the fractured dendrimer and polyethyleneimine) is dependent upon

their protonation in the acidic environment of the late endosome (Haensler & Szoka,

1993; Boussif et al, 1995; Tang et al., 1996).

The observation that chloroquine and ammonium chloride have no effect on the

transfection activities of fractured dendrimer or polyethyleneimine, both of which possess

high buffer capacities, would suggest that the lysosomotropic activity of these agents is

redundant with that of the polymers (Haensler & Szoka, 1993). Consistent with previous

studies, both ammonium chloride and chloroquine significantly increase transfection by

polylysine (Cotten et al., 1990); however chloroquine, but not ammonium chloride
increases the activity of the intact dendrimer. Brefeldin A generally leaves the processes

of endocytosis and lysosomal degradation unaffected (Misumi et al., 1986; Chakrabati et

al, 1994). Its lack of effect upon transfection by the fractured dendrimer and

polyethyleneimine is consistent with the proposed acidification requirement. Thus, the

inhibitor results are consistent with two hypotheses: first, uptake of complexes occurs via

an absorptive endocytic process leading into the lysosomal pathway; and Second, an

accumulation of protons in the endosomal/lysosomal compartment is required for high

transfection by the most active polymers.

In the sedimentation experiments (figure 4-4), acidification of the DNA

complexes of those polymers containing titratable amines leads to a decrease in the

amount of polymer associated with the DNA and a corresponding increase in the amount

of polymer in the solution. The sedimentation results imply that higher order amines

located in the interior of the branched polymers can interact with DNA phosphates. This

is supported by the finding that the ethanolamine-modified dendrimers which possess

only internal, tertiary amines can, when protonated, form a complex with DNA (table 4
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1). Thus, these electrostatic interactions can occur at least over a distance comparable to

the dimension of the dendrimer. Therefore, an increase in the charge of the cationic

polymer, even if localized internally in the polymer, could alter its binding behavior to

the extent its degree of association with DNA in a complex changes as a function of pH.

When the pH is lowered in the case of the polylysine-DNA complex, there is a

30% increase in the amount of polylysine in the isolated DNA complex. Since polylysine

is greater than 85% protonated at pH 7.2 one would expect to see at most a modest

decrease in the amount of complex-associated polylysine upon acidification. However,

binding of polylysine to DNA has a pronounced specific chemical component as well as a

strong electrostatic component (Olins et al., 1967); this chemical interaction may account

for the increase in complex-associated polylysine. Thus polylysine differs from the other

polymers in its lack of protonatable amines at neutral pH and in that it remains tightly

associated with the complex as the pH is decreased.

Amines of low basicity and release of polymer from the complex are not the only

factors responsible for the high transfection activity. The intact dendrimer, for example,

has titratable amines and is released from the acidified complex to approximately the

same extent as are the fractured dendrimer and 25 kD polyethyleneimine (figure 4-4) and

yet exhibits significantly lower transfection activity than these other polymers. The

additional factor may be in the flexibility of the polymer; the intact dendrimer does not

swell, whereas the highly active fractured dendrimer undergoes pronounced expansion as

the pH is lowered (Tang et al., 1996). This is clearly demonstrated in figure 4-5, in

which only polylysine, the fractured dendrimer, and the 25 kD polyethylenimine show a

greater than 2-fold change in reduced viscosity upon protonation. The other, less active,

polyethyleneimines are very similar in their titration behavior (Chapter 3) and in their

ability to condense DNA into small, compact particles (table 4-2) compared to the 25 kD

material. They differ from the 25 kD polyethyleneimine, however, in their degree of

flexibility, as shown by their reduced viscosity behavior at different pH (figure 4-5).
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Because of the stoichiometry in the polymerization of ethyleneimine monomer, there is

an equal number of primary amines, forming the branch terminii, and tertiary amines,

forming each branch point. The less active polyethyleneimine contain more primary

amines by weight (table 4-2) than the highly active 25 kD material, and therefore also

contain more tertiary amines. Hence, they are more branched than the 25 kD polymer.

We propose, analogous to the intact dendrimer, that these more highly branched

polyethyleneimines are sterically constrained from swelling and collapse in their

protonated and deprotonated states, unlike the 25 kD polymer and the fractured

dendrimer. Finally, although polylysine can collapse and swell to a high degree, it lacks

titratable amines, is not released from the complex at low pH (figure 4-4) and, thus,

exhibits low transfection activity.

Step 1: Assembly of the complex.
Cationic polymer electrostatically associates with DNA

to form compact, positively charged complexes.

Step 2: Interaction with the cell surface.
Complexes electrostatically associate with cell surfaces
leading to endosomal; uptake of the complex by the cell.

Step 3: Endocytic processing.
The cationic polymer in the complex buffers the acidification

of the endosome, becoming more protonated in the process.
The resulting influx of negative cmounterions and

associated water gives rise to the lysosomotropic effect.

Step 4: Partial disassembly of the complex.
Excess cationic polymer is discharged from the complex
and swell, contributing to the lysis of the endosome and

release of the DNA or the DNA complex into the cytoplasm.

Figure 4-6: A proposed mechanism of transfection by cationic polymers.
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The general mechanism we propose for transfection by the highly active cationic

polymers is outlined in figure 4-6. First, cationic polymers with sufficient positive

charge at neutral pH interact with DNA phosphates to form toroidal complexes (step 1).

Because of charge neutralization, the DNA and cationic polymer both collapse into a

compact conformation in the complex. An excess of cationic moieties in the polymer to

DNA phosphates results in a net positive charge on the complexes. Next, the positively

charged complexes associate via electrostatic interactions with the negatively charged

cell membrane. In order to maximize electrostatic contacts, the cell membrane envelopes

the complex and, thus, some of the cell-associated complex is taken up into intracellular

compartments which evolve into endosomes (step 2). As the endosomes proceed along

the lysosomal pathway, protons are electrogenically pumped into the endosomes. The

titratable amines of the cationic polymer become protonated, which buffers the pH drop

in the endosome. With the continued action of the proton pump, anions flow passively

into the endosome, resulting in an increase in osmotic stress (step 3). Protonation of the

titratable amines also causes the net positive charge on the polymer to increase; thus, less

cationic polymer is required to maintain charge neutralization of the DNA and some

cationic polymer is expelled from the complex. The released cationic polymer expands in

volume and contributes to lysis of the endosome and release of DNA or the DNA

complex into the cytoplasm (step 4).

This proposed sequence leads up to the rupture of the endosome. However, a

complete description of the mechanism of transfection by cationic polymers must

additionally address three questions. First, could another mechanism be involved in

endosome disruption in addition to the proposed combination of osmotic stress and

polymer expansion? Bondeson and Sundler (1990) have examined in great detail the

interaction of cationic polymers with anionic liposomes and showed that polylysine and

polyornithine promote lipid mixing at neutral pH and lipid fusion at pH 5.0. This raises

the intriguing possibility that the titratable and flexible cationic polymers that are released
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from DNA complexes at low pH can also promote disruption of the endosomal

membrane. Second, how and where is the DNA released from the cationic polymer so it

can be transcribed? A number of biological materials might be involved; candidates

include anionic lipids found in intracellular membranes, as proposed for release of

nucleic acids from cationic lipid/polynucleotide complexes (Xu & Szoka, 1996; Zelphati

& Szoka, 1996a), or water soluble anions or cations such as ATP, RNA, DNA, spermine

or histones that are found within the cell. Third, how does the nucleic acid get into the

nucleus? The available evidence is that only a fraction of the DNA that enters the cell

finally makes it into the nucleus (Meyer et al., 1997), making this last issue a formidable

experimental challenge.

We have identified a combination of chemical and physico-chemical aspects of

cationic polymers that are associated with high levels of transfection and proposed how

these factors are involved in the mechanism of action of the polymers at the cellular level

(figure 4-6). This mechanism can account for a number of observations on transfection;

however, a complete explanation of transfection by cationic polymer/DNA complexes

will require a considerable amount of additional work.
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APPENDIX Random-BondSolvolysisModel

Therandombondsolvolysis
of
PAMAMdendrimerdegradationwasmodeledassumingthatalltheamidebondsinthedendrimerwereequallysusceptible
to

cleavage.Thedendrimergeneration,
its
symmetry
ofcore,andthedegreeof
degradation
tobemodeledarespecified.Eachamidebondis
assigned
a
uniqueinteger value.A

randomnumbergenerator
isusedtopickabondtobecleaved.Anarraydefiningthenumberof
branchesextendingfromthisbondisusedto
eliminate theseamidebondsfromthetotal.Anotherbondis

randomlychosenandtheprocessrepeateduntilthefinaldegreeof
degradation
is
achieved. ThefollowinggeneralQBASICprogramwasusedto

generatetheparameterdataplottedinfigures
9and10ofChapter
2.

Dendrimer-specificparameters
are indicatedbybolditalics.

DIMd(1TO9,1TO9)ASINTEGER2-Darraydefiningthenumberofamidebondsineachgenerationshell,asa
function
oflinkage DIMg(1TO9)ASINTEGER1-Darraydefiningthetotalnumberofamidebondsineachgenerationshell

n=0
randomnumberseed p=0

counterforiterations OPEN“■ ilename”FOROUTPUTAS#1specifyoutputfile gen=6
specifythegenerationnumberofthedendrimer
tobemodeled gen
l=gen+1

5tot=192specifytotalnumberofterminalaminesintheintactdendrimer pc=0.9specifythefractionofbondsremaining
atwhichdegradationstops

p=p+1
FOR
i=1togenlgeneratearraytodefineinitialnumberofamidebondsineachgenerationshell

FORj=
1togenl d(i,j)=0

NEXTj
FOR
i=0togen



10 50

FOR
j=0TO
i

d(genl
-j,genl
-I)=
2^(i-j) NEXT
j

NEXT
i

g(l)=4 FOR
I=2togenl

g(i)=
g(i-1)*
2

NEXT
i n=n+1

RANDOMIZE
n

totgrp
=0

ngrp=0 a■■=RND FOR
i=1togenl

totgrp
=
totgrp
+g(i)

Next
i

totgrp
=
totgrp
+1

FOR
i=1togenl

tot=tot-d(i,m) g(i)=g(i)
-
d(i,m)

NEXT
i

ºisa■,:tº

º

specifythesymmetry:3-foldsymmetryfortheTAEAcore;4-foldsymetryfortheEDAcore generatearraySpecifyingthenumberofamidebondspergenerationshell generaterandomnumberbetween
0and
1

tallyupthetotalnumberofamidegroupsremaining

FOR
i=1togenl

ngrp=ngrp+g(i) IF
INT(totgrp
*aff)<=ngrpTHEN

m=1 IFg(m)<=0THENGOTO10 GOTO50 ENDIF

NEXT
i

checking
ateachgenerationshellwhichbondhasbeencleaved removingtheamidebondsinthebranchesassociatedwiththecleavedbond

*



IFtotpc*totTHENGOTO100checkiffinaldegreeof
degradation
is
achieved;
ifnot,thencleaveanotherbond

ELSEGOTO10

FOR
i=1togenlwritetooutputfilethenumberofamidebondsremaining
ateachgenerationshell

WRITE#1,
i-1,g(i)

Next
i IFp=500THENENDELSEGOTO

5endprogramafter500iterations END
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