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ABSTRACT

DNA can be condensed with an excess of poly-
cations in aqueous solutions forming stable particles
of submicron size with positive surface charge. This
charge surplus can be used to deposit alternating
layers of polyanions and polycations on the surface
surrounding the core of condensed DNA. Using poly-
L-lysine (PLL) and succinylated PLL (SPLL) as poly-
cation and polyanion, respectively, we demonstrated
layer-by-layer architecture of the particles. Poly-
anions with a shorter carboxyl/backbone distance
tend to disassemble binary DNA/PLL complexes by
displacing DNA while polyanions with a longer carboxyl/
backbone distance effectively formed a tertiary
complex. The (¢ potential of such complexes became
negative, indicating effective surface recharging. The
charge stoichiometry of the DNA/PLL/SPLL complex
was found to be close to 1:1:1, resembling poly-
electrolyte complexes layered on macrosurfaces.
Recharged particles containing condensed plasmid
DNA may find applications as non-viral gene delivery
vectors.

INTRODUCTION

9pEOjUMO(]

The ability of the DNA/pC complexes to function as non-
viral gene transfer agents is influenced by their charge ratios
and associated structures. Optimal transfection activity general
requires excess pC (5). The compact toroid morphology:
(which corresponds to the completely condensed DNA) wag
demonstrated to be associated with efficient gene tramsfer 5
vitro (3,6,7). However, the presence of a large excess of pC cah
be toxic to cells and tissues (8). Also, non-specific binding o
cationic particles to all cells forestalls cell type specificity &
(9,10). Positive charge also adversely influences biodistributiog
of the complexe vivo (9). g

Previous efforts to avoid these unwanted effects have utilizegd

=
3

anionic particles (DNA:pC charge ratio <1) containing anz
excess of DNA and ligands for cell receptor targeting (10,11)g
Also, pC-condensed DNA has been complexed with negatively
charged liposomes (12,13). The present study describes the
layer-by-layer deposition of oppositely charged polyelectrolytes:
on the surface of condensed DNA particles and the formatiop
of negatively charged particles containing completely condensegd
DNA.

MATERIALS AND METHODS

Materials

The plasmid DNA (pClLuc) (14) used for the condensationg
studies was produced by a commercial supplier (Bayou Biolabs,
Harahan, LA). Poly--lysine (PLL) (mol. wt 34 or 210 kDa),

oly-L-aspartic acid (pAsp) (mol. wt 36 kDa), polyglutamic &
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DNA is condensed into compact structures by polycations (pQScid (pGlu) (mol. wt 49 kDa) and rhodamine B isothiocyanates

that contain more than +2 charge (1). This phenomenon igere products of Sigma (St Louis, MO). PLL of 34 kDa size'3
critical to not only chromatin and viral assembly but also of\;55 sed unless otherwise indicated. Polymethacrylic acid
importance in the construction of artificial gene delivery(pMAA), metrizamide and fluorescein isothiocyanate were
vectors. The DNA/pC complexes form a diverse set offrom Aldrich (Milwaukee, WI). LabelT kits (Mirus Corp.,

structures dependent in part on the charge ratio of DNA/pGyiadison, WI) were used for covalent labeling of DNA with
When DNA is in excess (DNA:pC charge ratio >1), complexesijyorescein (Fl) and rhodamine (Rh) (15).

assemble into ‘daisy-shaped’ particles with loops of ) )

uncondensed DNA that inhibit aggregation of the particles (2)Synthesis of succinylated PLL (SPLL)

When pC is in excess (DNA:pC ratio <1), DNA condensesSuccinic anhydride (30 mg) dissolved in 1i0DMSO was
completely within particles that customarily adopt a toroid oradded to PLL (20 mg) dissolved in 1 ml of 0.1 M sodium
rod morphology (3). In low salt aqueous dilute DNA solutions,tetraborate solution, pH 9.0, in two equal portions (15 mg
an excess of pC stabilizes these highly condensed structureach). Reaction mixture pH was adjusted back to 9.0 with 4 M
and maintains them in a soluble state (4). HCI after addition of the first portion. After 10 min incubation
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at room temperature, the polymer was precipitated with twagy 125
volumes of isopropanol following subsequent reprecipitation
and washing with the same solvent. The final preparation was
reconstituted with deionized water.

100~

754

Labeling of PLL and DNA with fluorescein and rhodamine s DASP
Fluorescein isothiocyanate (0.37 mg ipEDMSO) was added 7 L S::-'-
EP—

to PLL (20 mg) in 1 ml of 0.1 M sodium tetraborate solution
and incubated for 1 h. The resulting FI-PLL was purified by
isopropanol precipitation. FI-PLL was also used for prep- 0 : ,
aration of FI-SPLL by succinylation as described above. For 0.1 ! 10 100
DNA labeling, DNA and LabelT reagent were mixed in COOH/NH 2 ratio (mol/mol)
HEPES buffer (25 mM HEPES, 1 mM EDTA, pH 7.5) in reagent/
DNA weight ratios of 1:1 and incubated for 1 h at°87
Labeled DNA was precipitated twice with NaCl/ethanol mixture 250
(final NaCl concentration 0.2 M, ethanol 66%) and immediately
redissolved in deionized water.

The condensation state of DNA was monitored as previously
described as self-quenching of fluorescein groups on the DNA
upon its collapse (15).
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FI-DNA fluorescence,
% of uncondensed DNA
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DNA/polyion complex formation

Complexes were formed in 25 mM HEPES, pH 7.5, or in water
at DNA concentrations of 20-10Qg/ml. The DNA/PLL/ 0 .
SPLL complexes with a DNA/PLL charge ratio of 1:3 were 0.1 1 10 100
formed by sequential addition of PLL and various amounts of COOH/NH 5 ratio, (mol/ mol)
SPLL followed by vortexing for 30 s. Before addition of each

sequential polyion, the complexes were centrifuged for 5 min

at 13 000g in a microfuge. C s

50

----O---- % particles
50

lg g, arbitrary units
% particles < 100 nm

Light scattering and ¢ potential measurements

The intensity of scattered light measured at & @Mhgle
(90, static light scattering) was estimated using a Shimadzu RF 25
1501 Spectrofluorometer a,, = 600 nm,A,, = 600 nm.
Particle sizing and, potential measurements were performed
using a Zeta Plus Particle Analyzer (Brookhaven Instruments
Corp., Holtsville, NY), with a laser wavelength of 532 nm. For
the particle sizing experiments depicted in Figure 3 the

samples were prepared in water at a DNA concentration of 0 o1 1 10 100
40 pg/ml. Series of samples were prepared where each con-
secutive layer was added to the complex with 1.25- to 3.5-fold
charge excess. After addition of each layer, the samples were
centrifuged in a microfuge for 5 min at 13 090

mV

{-potential,
EI;.’ °

COOH/NH 5 ratio (mol/mol)

. . Figure 1. The effect of pA on the physical state of DNA/PLL complexes
Atomic force microscopy (2:3 charge ratio, [FI-DNA] = 2qug/ml) under low salt conditions (25 mM

. - . . EPES, pH 7.5).4) FI-DNA decondensation during titration of FI-DNA/
Images of DNA partlcles were obtained using a BIOF)rOb%jLL complexes with different pA K) Titration of DNA/PLL complexes with

AFM microscope (Park SCien_tiﬁC Instruments, Sunnyvalespi| as assessed by light scattering methods. Intensity of scattereddight (I Q
CA). Samples (DNA concentrationgg/ml in 25 mM HEPES,  was measured using a spectrofluorometer before and after centrifugation in &
pH 7.5) were adsorbed onto freshly cleaved mica in the presengecrofuge (5 min, 13 00). Percentage of particles <100 nm in diameter was

of 1 mM NiCl. for 5 min and then viewed in the buffer in non- measured using a particle size analyz€)). { Potential during titration of the
contact modez DNA/PLL complex with SPLL.
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Ultracentrifugation experiments

For stoichiometry studies, two types of tertiary complexegitracentifuge (Beckman Instruments) at 30 000 r.p.m. for
containing fluorescent dye-labeled DNA, PLL and SPLLZ20 min. DNA-containing complexes were retrieved from the
(charge ratio 1:3:10) were formed in 25 mM HEPES, pH 7.5 sucrose/metrizamide boundary using a Pasteur pipette and were
with either FI-PLL (Rh—-DNA/FI-PLL/SPLL complexes) or dissolved in 2.5 M NacCl solution. Visible spectra of the com-
FI-SPLL (Rh—DNA/PLL/FI-SPLL complexes). The samplesplexes and 1:1 charge ratio Rn—DNA/FI-PLL and Rh-DNA/
(1 ml) were layered on top of 10% sucrose solution (10 ml)FI-SPLL standards pre-mixed in the same medium were
with 1 ml of 40% metrizamide cushion on the bottom and wergecorded using a Shimadzu UV 1601PC spectrophotometer in
centrifuged in a SW-41 Beckman rotor in an Optima LE-80Kthe 700—-400 nm wavelength range.
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Figure 2. Decondensation of FI-DNA/PLL/pA (1:3:20) complexes at increasingFigure 3. Sizing of DNA/PLL (layer 1), DNA/PLL/SPLL (layer 2) and DNA/

NaCl concentrations. Complexes (DNA concentrationugfml) were initially PLL/SPLL/PLL (layer 3) complexes in water (dynamic light scattering,
dissolved in 5 mM HEPES, pH 7.5. After addition of salt to the indicated unimodal mode). Core DNA/PLL particles were prepared at a 1:1.2 chargeg
concentration, the samples were allowed to stand for 5 min before fluorescen¢atio at a DNA concentration of 2g/ml in water. Each additional polyion
measurement. was added in 1.5-4 charge excess. PLL and SPLL with mol. wt of 210 kDa&

jumoq
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were used for this experiment. g

SPLL. The particles become negatively charged and accordingly
RESULTS . X ;

recharged at approximately the charge equivalency ponﬁ
Recharging of pC-condensed DNA particles (Fig. 1C). 3

Further studies explored the effect of ionic strength on thg
ability of pGlu or SPLL to decondense DNA/pC complexesg
Fig. 2). While neither pA decondenses the DNA/PLL complex ing

HEPES). Under these conditions, plasmid DNA is completely, 5"\ HEPES buffer, pGlu but not SPLL displaces DNA at=
condensed and compacted into toroid-shaped soluble part'dﬂ&]her salt concentratibns.

stabilized with excess pC (3,4). The DNA particles were charac- The effect of the additional layers of polyions on particle sizez

terized after addition of a third polyion component to such as determined usin T : : e
. . . g dynamic light scattering (Fig. 3). In this2
binary DNA/pC complex. Using a new DNA condensation o, heriment, the next polyion of opposite charge was added at

assay, we found that certain polyanions (pA) such as pMAA 106 excess to underlying complexes in water. For example,

and pAsp decondensed DNA within the DNA/PLL complexes,y cass SpLL (ranging from 1.25 to 35atio) was added to §

(Fig. 1A). Surprisingly, pA such as SPLL and pGlu, evenwheny,e pna/pLL (1:1.5) complex in water. Consecutively, the S

a_dded in 20-fold charge excess to the condensing pC (PLLy3me excess of PLL was added to the DNA/PLL/SPLLY
did not decondense DNA in DNA/PLL (1:3) complexes 1.1 5:2) complex. For DNA/PLL/SPLL/PLL particles, each =
_(F|g. 1A). Itis interesting that pAsp and pGlu, although S|m|Iar|ayer increased particle diameter ~10 nm on average. Aftef
in structure, had such differing effects. _ addition of the third layer polyion (PLL) DNA was still found =
The extent of aggregation of condensed DNA particles wagondensed inside this quaternary complex (data not shown). 5
determined using both static and dynamic light scattering atomic force microscopy was used to visualize the size and
techniques. Upon fitration of the DNA/PLL (1:3) complex shape of the DNA/PLL/SPLL complexes (Fig. 4). It revealed;,
with increasing amounts of SPLL, turbidity of the reactionthe DNA/PLL/SPLL complexes to be non-aggregated spheroids,
mixture, an indication of flocculation, increases when theso nm in diameter on average. The slight discrepancy betweén
lysine to lysyl succinate (NHICOOH) ratio approaches 1:1 the AFM and dynamic light scattering data may be the result of.
(Fig. 1B). A similar phenomenon was observed during earliept least two factors: (i) dynamic light scattering data is base&
studies of DNA/pC interactions (16). With an excess of pA, theon unimodal particle size measurements which can be affected
extent of aggregation decreases. After addition of SPLL th@y a certain amount of cross-bridged aggregates inevitably
samples were centrifuged for 5 min at 13 0§Go remove present in any sample of polyelectrolyte complexes; (i) the
flocculated material. TheyJ value after centrifugation reflects apparent size on AFM imaging can be affected by interaction
the amount of small particles in solution. Note that with anof particles with the support.
excess of SPLL they} value is unaffected by centrifugation, o -~ )
indicating that a large number of particles avoid flocculation ifStoichiometry of purified DNA particles

the NH,/COOH ratio is not 1. Correspondingly, assessment ofn order to obtain a preparation of fully condensed DNA, DNA
particle size by dynamic light scattering shows that small DNAmust be mixed with at least an equimolar amount of pC (in terms
particles (<100 nm) exist before and after the charge equivalen@y phosphate/amine ratio). However, mixtures with a ratio
point. Large aggregates are present only at a pC/pA charggiose to 1:1 usually result in flocculation due to lack of charge
ratio of 1:1. stabilization of the DNA particles formed. The number of
Figure 1C demonstrates the change in particle surface chargggregates is dependent on the NaCl concentration. Hence, in order
(€ potential) during titration of DNA/PLL (1:3) particles with to obtain preparations with a maximum number of non-aggregated

The principal DNA/pC complex used in this study was DNA/
PLL (1:3 charge ratio) formed in low salt aqueous buffer (25 mM

e/ie

i
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Figure 4. Atomic force microscopic images of DNA/PLL/SPLL complexes (1:3:10 initial ratio) absorbed on mica in 25 mM HEPES, 1 mMoNCI5.
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particles of condensed DNA, one needs to add excess pC ovdr.3:10) mixtures, all Rh—DNA entered the 10% sucrose solution?
DNA. Consequently, during recharging, an excess of recharginghe top fraction contained no Rh—DNA but did contain PLL and>
PA is required to obtain non-aggregated negatively charge8PLL. This indicates that, under these experimental conditiong,
particles of condensed DNA. Therefore, due to stoichiometrioo ‘blank’ particles entered the 10% sucrose solution, there
considerations, the recharged DNA/pC/pA tertiary complesallowing effective separation of DNA-containing and blanks
contains some pC/pA or ‘blank’ particles, with the amountPLL/SPLL particles (Fig. 5A and B).
depending on the excess of pC used during formation of the In order to determine the stoichiometric ratio of DNA/PLL/
first layer. To obtain only DNA-containing particles an ultra- SPLL complexes, the ultracentrifugation experiments were
centrifugation method was used that separates DNA-containirfgrther modified to include 1 ml of a 40% metrizamide cushion
particles from ‘blank’ ones. as a bottom layer. This dense solution aids in isolation of the
DNA complexes were isolated from the DNA/PLL/SPLL DNA/PLL/SPLL complex atthe boundary between the sucrose
(1:3:10 ratio) mixture using ultracentrifugation through a 10%and metrizamide layers. After centrifugation of the preparations
sucrose solution to determine their polyelectrolyte stoichiometrycontaining DNA/PLL/SPLL at 1:3:10 charge ratios, all of the
Rh-DNA and either FI-PLL or FI-SPLL were used to determineRh—DNA appeared at the sucrose/metrizamide border as pre-
their relative amounts within DNA complexes. Optical densitiescipitated complex. Precipitation apparently occurred due to
at 495 and 595 nm indicated the amount of rhodamine anhbss of excess SPLL, which served as charge stabilizer to the
fluorescein label, respectively. After ultracentrifugation ofwhole complex. The recovered complexes were solubilized in
Rh—-DNA/FI-PLL/SPLL (1:3:10) or Rh—DNA/PLL/FI-SPLL 2.5 M NaCl and their visible spectra were compared to a 1:1
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Figure 5. Fractionation of samples after ultracentrifugation of Rh—DNA/FI-PLL

SPLL (A) and RA-DNA/PLL/FI-SPLL (B) complexes layered on top of 10% - Figre 6. Visible spectra of ultracentrifuged DNA/PLL/SPLL complexes isolated
sucrose solution. Optical density indicates the relative amounts of Rh and Ko the sucrose—_metrizamide bordek) (Rh—DNA/FI—PLL/SPLL (1:3:10)

label in the fractions. Fraction 1 is at the bottom of the tube. after ultracentrifugation and Rh—DNA/FI-PLL (1:1) standard dissolved in
2.5M NaCl. 8) Rh—DNA/PLL/FI-SPLL (1:3:10) after ultracentrifugation
and Rh—DNA/FI-SPLL (1:1) standard dissolved in 2.5 M NacCl.
standard mixture of Rh—DNA and FI-PLL or FI-SPLL in the
same high salt solution (Fig. 6A and B). The data indicate that
precipitated DNA/PLL/SPLL complexes contain all three poly-
electrolytes with a stoichiometry close to a 1:1:1 charge ratio.DNA was ascertained by an assay that uses DNA covalently
) -~ ) modified with fluorophores (Fig. 1A; 15). Polycarboxyls with &
( Potential of purified, soluble particles a short carboxyl/backbone distance (pMAA and pAsp)2
In a further modification of the ultracentrifugation studies, andecondensed DNA within PLL complexes while pA with a™
attempt was made to isolate soluble triple complexes by placingnger carboxyl/backbone distance (pGlu and SPLL) did nog
1 mg/ml SPLL solution in 15% sucrose immediately above théFig. 1A). These results are similar to the effect of pA on the2
40% metrizamide fraction. Since free PLL did not enter therelease of DNA within cationic lipid complexes (17). Polyanionsy,
SPLL-10% sucrose layer, only DNA/PLL particles wereWwith a high linear charge density, such as dextran sulfate o8
recharged with SPLL. The excess SPLL at the sucrose/metrizamitieparin, release DNA from cationic lipid complexes while
interface prevented the DNA complexes from aggregatingother pA, such as polyglutamic acid, with less charge density
After centrifugation, sample retrieval and dialysis againstdo not. Given that condensed DNA invariably compacts into
25 mM HEPES, pH 7.5, to remove sucrose and metrizamidegarticles, the condensed state of DNA in the DNA/PLL/SPLL
soluble DNA-containing particles were isolated and the sizemixture provides strong evidence that the DNA is within
and{ potential were found to be indistinguishable from non-particles.
separated DNA/PLL/SPLL complexes (data not shown). The ability of certain pA to release DNA from complexes
with pC was found to be dependent on the salt concentration
(Fig. 2). The higher the salt concentration the easier pA can
DISCUSSION release DNA from the complex. Under physiologic salt con-
This study demonstrates that negatively charged particles coditions, pGlu decondensed DNA/PLL particles but SPLL,with
taining condensed DNA can be formed by recharging DNA/ slightly longer carboxyl/backbone distance, did not (Fig. 2).
polylysine particles with certain pA. The condensed state of thA&n accelerating effect of low molecular weight salt on reaching
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equilibrium in ternary DNA/pC/pA complexes has recently complex with polyiom—2. The 1:1:1 polyion stoichiometry is
been demonstrated (18). This result highlights the importanceonsistent with a similar charge stoichiometry that occurs
of the carboxyl/backbone distance for the pA in determining itsvhen oppositely charged polyions are deposited layer-by-layer
interaction with DNA/PLL particles. It is also relevant to the on flat macrosurfaces (19).
preparation of complexes in pharmaceutical solutions. The early studies on DNA condensation induced by pC
The size of the DNA particles increased with each additionaprovided a model system for better understanding of how DNA
polyion (Fig. 3). Given that the DNA remains condensed, thidgs compacted in viral particles (25,26). Given that most viruses
suggests that more polyion assembles on the particles witlire negatively charged, our study provides an advance for
each additional layer. Each additional polyion may be layereehodeling viral assembly. In addition, the use of these novel,
onto the preceding polyion of opposite charge without completaegatively charged DNA particles for gene transfer is currently
interpenetration, as has been observed for solid macrosurfacesder study. The preparation of negatively charged complexes
(19) and latex particles (20). containing condensed DNA opens up new opportunities in
¢ Potential measurements determined the surface charge iafiproving biodistribution of such complexésvivoas well as
the DNA particles. As SPLL was added to DNA/PLL complexes,reducing their toxicity and modulating their tissue tropism.
the { potential of the particles became negative when the ratio
of SPLL carboxyls to PLL amines was equal to or greater tha
1. Since the DNA/PLL/SPLL mixture presumably containedr|]'u5':|5|:u5’\ICES
both DNA particles and ‘blank’ PLL/SPLL particles, DNA 1. Bloomfield,V.A. (1996)Curr. Opin. Struct. Biol.6, 334-341.
particles were isolated using an ultracentrifugation procedure?- Hansma,G.H., Golan,R., Hsieh,W.,, Lollo,C.P., Mullen-Ley,P. and
i which DNAJPLL paricles were Separated fromfree PLL by  Kieh.10000ueet Aot ests 21 2487, )
spinning them into a 10% sucrose layer containing EXCESSy Kabanov,A.V. and Kabanov,V.A. (19984v. Drug Deliv. Rev.30,
SPLL. The excess SPLL enabled non-aggregated DNA particles 49-60.
to be recovered. Thé potential of these isolated DNA/PLL/ 5. Pouton,C.W., Lucas,P., Thomas,B.J., Uduehi,A.N., Milroy,D.A. and

SPLL particles free of contaminating ‘blank’ PLL/SPLL particles _ Moss,S.H. (1998]. Controlled Releas&3, 289-299.
was negative 6. Wagner,E., Cotton,M., Foisner,R. and Birnstiel,M.L. (19Bi9c. Natl

. . . Acad. Sci. USP88, 4255-4259.
The negatlveZ pOtentlal of the DNA partlcles has to be 7. Sosnowski,B.A., Gonzales,A.M., Chandler,L.A., Buechler,Y.J.,

considered in the light of the stoichiometry of their poly-  Pierce,G.F. and Baird,A. (1998) Biol. Chem.271, 33647—33653.
electrolyte constituents. Our previous study showed that,8. Brazeau,G.A,, Attia,S., Poxon,S. and Hughes,J.A. (1898ym. Res.
contrary to a common assumption, DNA/PLL particles formed o #ikgi%—rg%‘-and Hashida,M. (199Bharm. Res 13, 620-831

from mixtures ConFammg excess PLL, have a rat_lo Of.DNA 10. Kircheis,F’Q., KichIer,A.,WéIIner,G., Kursa,M.,SOdris,M., Felzman,T.,
phosphate:PLL amine close to 1:1 even though theiotential Buchberger,M. and Wagner,E. (1093ne Ther.4, 409-418.

is positive (21). Presumably, this results from an excess of DNA 1. zanta,M.-A., Boussif,O., Adib,A. and Behr,J.-P. (198)conjugate

in the inner core and an excess of PLL in the outer layer of the Chem,8, 839-844.

particles. This would be similar to the partially overlapping 12-\/"\'/?)%1;2‘;”"(31-9596 )Sgigﬁf]?rf”é'i\g-%vftfé‘;{'z\g&?'-“:stkevllv Fritz,J.D. an
(‘fuzzy’) layers of_ polyelectrolytes with opposite charge 13. Lee,R.J. and Huang.L. (19%;08%'. Chem.271 84818487
adsorbed onto solid macrosurfaces (19). Alternatively, the 4 zhang,G., vargo,D., Budker,V.G., Armstrong,N., Knechtle,S. and
particles could contain a slight excess of pC (within the slight  wolff,J.A. (1997)Hum. Gene Ther8, 1763-1772.

imprecision of the assays) that imbues the particles with &5. Trubetskoy,V.S., Budker,V.G., Slattum,P.M., Hagstrom,J.E. and
positiveZ potential. Concordant with our observations of a 1:1 _ Wolff.J.A. (1999)Anal. Biochem 267, 309-313.

ratio in particles is that when PLL is added to genomic orls'gg’fﬁf”o“”s’“" and von Hippel,P.H. (196¥)Mol. Biol, 24,

phage DNA solutions in high salt (~1 M NaCl) aggregates; 7, xy,y. and Szoka,F.C.,Jr (199B)ochemistry35, 5616-5623.
form that also contain a 1:1 ratio of DNA:PLL (22). The 1:1 18. Izumrudov,V.A., Kargov,S.1., Zhiryakova,M.V., Zezin,A.B. and

DNA:PLL ratio is also congruous with the 1:1 ratio within Kabanov,V.A. (1995Biopolymers35, 523-531.

complexes of oppositely charged strong polyelectrolylest9: Decher,G. (1997 cience277, 1232-1237.
(23,24). 20. Sukhorukov,G.B., Donath,E., Davis,S., Lichtenfeld,H., Caruso,F.,

L. Popov,V.l. and Mohwald,H. (199&)olymer Adv. Techngl9, 759-767.
Nonetheless, it is remarkable that DNA/PLL/SPLL complexes,; Trbetskoy,V.S., Loomis,A., Slattum,P.M., Hagstrom,J.E., Budker,V.G.

isolated by ultracentrifugation from excess PLL and SPLL  and Wolff,J.A. (1999Bioconjugate Chemin press.

contained a 1:1:1 ratio of DNA phosphate:PLL amine:SPLL 22. Shapiro,J.T., Leng,M. and Felsenfeld,G. (198@Fhemistry8, 3219-3232.
carboxyl. There must be a major redistribution of charges tg3- Webster,L., Huglin,M.B. and Robb,.D. (197plymer 38, 1373-1380.
enable the initial DNA/PLL particle to bind an equimolar 2% 189‘:23”1‘1'35; and Nordmeier,E. (199xcromol. Chem. Phys198
amount of SPLL carboxyls. The last added polyion (lagBr 25 Hendrix,R.W. (1998%ell, 94, 147-150.

partially displaces the underlying polyion (layer 1) fromits  26. Hud,N.V. (1995Biophys. J.69, 1355-1362.
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