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Abstract

A novel method for protection of DNA from high shear induced damage is presented. This method uses simple divalent cations
and the lyophilizable alcohdlgrt-butanol, to self-assemble DNA into condensed, shear-resistant forms. The DNA used in these
studies was a 5600 BP plasmid DNA encoding a therapeutic gene. Various solvents and salts were used to identify optimal
conditions to condense plasmid DNA. A stable formulation was identified with plasmid DNA condensed in a cosolvent solution
containing 20% (v/v}ert-butanol and 1 mM calcium chloride. The DNA was formulated at 180ml and condensed into rod
and toroidal shapes that were approximately 50—300 nm in diameter. The rods were found to be kinetically stable for greater
than 24 h following their preparation. Condensation of the plasmid DNA in this manner results in nearly 100% of the plasmid
DNA remaining intact after 1 min of high shear stress applied by a 50 W probe sonicator. Uncondensed control plasmid DNA
is completely fragmented following 30's of identical sonication. It is believed that condensation of DNA in this manner will
permit utilization of high shear-stress inducing processing techniques, such as lyophilization or spray-drying without resulting
in damage to the DNA.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction 1999; Lengsfeld and Anchordoquy, 2Q0Processing
of DNA during manufacture of the drug product can
The utilization of naked DNA as a pharmaceutical result in many medium and high shear processes that
product requires adequate stability of the formula- affect the stability of the DNA. Examples of such
tion during both the manufacturing process and upon medium to high shear processes are mixing, turbulent
long-term storage. DNA is a labile molecule that flow during transport, filtration, lyophilization, and
is susceptible not only to chemical degradation via spray-drying. Since any strand breakage that occurs
hydrolytic (Waterman et al., 2002aand oxidative in the DNA affects the quality and performance of
pathways \Vaterman et al., 2003pbut is also sen-  the drug product, especially if the damage is in the
sitive to damage induced by she#&dami and Rice, promoter or gene-coding region, it is imperative to
address the potential of shear related damage that
- may occur during processing of the DNAghgsfeld
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rearrangement by physical manipulation with ma- of DNA by polycationic proteins was first proposed

terials that bind and condense the DNA. In nature, by McGhee and von Hippel (1974 Application of

condensation and tight packaging of chromosomal these condensation theories to inorganic polycations

DNA, with histones in the cell nucleus, has evolved was conducted byanning (1978)and experimen-

to not only reduce the size of the DNA but also to tally demonstrated byilson and Bloomfield (1979)

stabilize the DNA. Although organisms have elabo- The two major forces driving cation-induced con-

rate mechanisms for packaging their DNA, a similar densation are a reduction in repulsion between DNA

collapse of extended DNA into compact structures segments and an increased attractive force based on

has been observed in vitro through the addition of the fluctuations of correlated counterionglarquet

various complexation agentsi@nning, 1978; Wilson and Houssier, 1991 Structural manipulation of the

and Bloomfield, 1979; Widom and Baldwin, DNA was achieved via solvent and cation selection.

1980. This study tested a hypothesis that condensation of
Many of the condensation reagents, including DNA via solvents, particularly the lyophilizable al-

cationic lipids (Vheeler et al., 1996 peptides Adami coholtert-butanol Kasraian and DelLuca, 199%nd

et al., 1998, and cationic polymers{gris et al., simple cations would result in condensed stabilized

1998; Tang and Szoka, 199have been studied as forms of DNA.

transfection agents in nonviral gene therapy. These ex-

cipients typically ion-pair with the anionic phosphate

backbone of DNA resulting in the condensation of the 2. Materials and methods

DNA, which provides a compact and stabilized form

for gene delivery. Additionally, it has been shown 2.1. Materials

that the polycationic condensing agents protect DNA

from nucleolytic enzyme and sonication-induced A proprietary therapeutic 5600 BP plasmid DNA

degradation Adami and Rice, 1999 Despite their encoding feline erythropoietin (80% supercoiled, 18%

many advantages, however, high molecular weight open circular) was used in the experiments below.

condensing agents are not without their drawbacks Construction, sequence and expression of the plas-

and have met with limited success in vivo due to their mid is described in European Patent Application 99

cytotoxicity (Wolfert et al., 199% and complement  309201.4, published on 28 June 2000 as EP 1 013 288

activation Plank et al., 1996 A2. The salts zinc chloride, magnesium chloride hex-
Naked DNA gene therapy clinical trials represent ahydrate, were from Aldrich, and the calcium chloride

approximately 10% of the protocols currently being was from Fisher. The alcohols used were methanol

conducted (Journal of Gene Medicine, “Protocols by (J.T. Baker), 2-methyl-2-propanol teft-butanol,

Vector” online athttp://www.wiley.co.uk/genetherapy/  t-BuOH) (Aldrich), and ethanol (Pharmco). All dilu-

clinical/ on 24 June 2002). Naked DNA is typically tions were into water purified via the Alpha-Q water

plasmid DNA formulated in a buffer that protects purification system (Millipore). Stocks of DNA, al-

the DNA from chemical degradation, but does not cohol, salt, and water were prepared and filtered

include excipients to complex the DNA and pro- through a Millex-GP 0.22m filter unit prior to

tect it from physical degradation. Additionally, it is use.

sometimes lyophilized to extend room-temperature

stability, although there is data suggesting that 2.2. Preparation of condensed naked DNA

lyophilization may damage the DNA leading to a formulations

loss of transfection efficiencyPpoxon and Hughes,

2000. Although the formulation is simple, manufac- A deionized solution of plasmid DNA (5600 BP)

turing the final drug product requires stabilizing the was prepared by washing the DNA on a 10,000

highly labile naked DNA to process-induced shear MWCO Amicon ultra-dialysis membrane using 10

stresses. volumes of deionized water. The deionized DNA was
We sought to use a lyophilizable alcohol and simple dissolved in diHO to a 1 mg/ml stock solution. The

dications to achieve DNA stabilization. Condensation DNA was diluted to the desired concentration in an
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aqueous alcohol solution. The alcohols used were (excitation 493 nm, emission 527 nm) with similar
methanol, ethanol, isopropanol, atedt-butanol. Var- results.

ious amounts of the chloride salt form of zinc, mag-

nesium, or calcium were added to the alcohol/DNA 25 Particle size measurements

solution. The solutions were mixed well by vortexing

and incubated for 1-1.5h at room temperature. Particle size measurements were performed on a
90Plus Particle Size Analyzer from Brookhaven In-
2.3. Design of experiment struments Corporation (Holtsville, NY). Three runs

of 1 min each were performed for each sample, and
A central composite experimental design was im- the mean of the three runs was reported. Solvent
plemented to determine the optimal conditions to viscosity of a 20%4-BuOH solution was 1.723cP as
identify a phase space for condensation of the plas- measured on a TA Instruments AR1000 rheometer
mid DNA. The central composite design incorporated and this viscosity value was used in the measurement
five factors. Three factors were internal: plasmid of particle size in the dynamic light scattering mode.
concentration, ion concentration, and pH, and two The particle size measurements accounted for the in-
were external factors: temperature, and time. The trinsic light scatter of 20%-BuOH in water, which
central composite design had 8 cube points, 2 centerresulted in reported particle sizes similar to those
points, and 6 star points. The order the experiments of condensed DNAKinney et al., 2000 The DNA
were performed was randomized. The cube points particles were distinguished from this background by
consisted of the full factorial design points, allowing the count rate. DNA samples were considered uncon-
assessment of both main effects as well as possibledensed if the light scattering count rate was not at
interactions among the three internal factors. Six axial least two times higher than the same sample without
points were added to provide information on possi- DNA and at least two times higher than the same
ble nonlinear effects. The positions were chosen to sample without CaGl Samples with a count rate less
ensure rotatability of the design, which ensured that than three times higher than the control were inves-
for a given distance from the center of the design, tigated further via centrifugation and absorbance to
the variability of the predictions was the same in all determine if condensation was present.
directions.
2.6. Electron microscopy
2.4. Determination of DNA condensation
Samples were prepared and incubated at room tem-
Condensed DNA was distinguished from uncon- perature for 1.5h before being stained for electron
densed DNA by centrifugation and absorbance mea- microscopy. Formvar coated copper grids (200 mesh)
surement. Samples were centrifuged for 4min at were treated by glow discharge for 2min. A drop of
15,800x g. An 80+l aliquot from the top of the su-  the DNA was floated on the grid for 60s and blot-
pernatant was diluted 1:10 and concentration of DNA ted dry. A 2% uranyl acetate stain was then applied
was measured (#onm) and compared to that of a for 60s and blotted dry. Grids were viewed on a Hi-
corresponding aliquot taken prior to centrifugation. tachielectron microscope at 50,30@nagnification at
The difference in absorbance was correlated to the 100kV power.
amount of DNA remaining in suspension. Uncon-
densed forms of DNA would remain buoyant and have 2.7, Light scattering studies
similar absorbance values before and after centrifuga-
tion. Aggregates and condensed particles would settle  The kinetics of particle formation were investigated
and absorbance would be lower following centrifu- with a Hitachi F-2000 fluorescence spectrometer with
gation. Alternatively, for sample DNA concentrations excitation and emission wavelengths set to 400 nm.
<50p.g/ml, the aliquots were diluted intoxl Gel- The total light scattered at 9®f an equilibrated so-
Star DNA stain (FMC BioProducts) and analyzed lution of DNA in t-BuOH was measured for a 5s in-
on a Hitachi F-2000 fluorescence spectrophotometer terval. Increase in light scattered was measured as a
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function of time after the addition and thorough mix- 3. Results
ing of CaC} to the DNAt-BUOH solution.
Conditions that led to DNA condensation were
2.8. Measurement of zeta potential rapidly screened using a centrifugation assay that
measured the sedimentation of condensed DNA.
The zeta potential of DNA condensed with 20% Condensation of plasmid DNA at 1Q@/ml in var-
t-BuOH and 1mM CaGl was measured using a ious concentrations of Mggl CaCh, and ZnCh
90Plus Particle Size Analyzer from Brookhaven In- and methanol, ethanol, d&rBuOH was investigated
struments Corporation. Zeta potential was calculated (Table 7). Depending on the conditions, the structure
using the Smoluchowski model with the viscosity of the plasmid DNA resulted in either (1) uncondensed
set at 1.723cP and the dielectric constant as 66.5.DNA, (2) precipitated aggregates, or (3) structured
Six runs of 15 cycles each were performed and the condensed particles. Both the aggregates and the con-

average zeta measurement was reported. densed form led to a 5-10-fold decrease in absorbance
after centrifugation, while uncondensed DNA had a re-
2.9. Shear-stress resistance duction of 15% or less. In all solvents, exc&@BuOH,

aggregation, which was manifested as formation of

Samples were prepared as described above and in-visible flocculates, occurred most rapidly with MgCl
cubated for 24 h at room temperature. One milliliter However, the magnesium salt was the least effective
aliquots of condensed DNA formulations and uncon- of the three salts for condensing DNA irBuOH
densed controls were sonicated for various amounts solutions, requiring a higher concentration to induce
of time using a Cole Parmer 4710 Series 50 W probe condensation. In 80% (v/At}BuOH, precipitation oc-
sonicator. Damage to the DNA was analyzed by elec- curred overnight in the presence of any ion. A central
trophoresis through a 1.1% Seakem agarose gel (FMCcomposite factorial design experimental methodology
BioProducts) electrophoresed for 60 min at 80V and was used to determine the optimal conditions that
stained using SyBrGold (Molecular Probes, Eu- lead to condensation within the vicinity of the initially
gene, OR). A linear DNA marker was obtained by identified region (data not shown). Conditions that led
restriction digest of the plasmid DNA with EcoRV to robust DNA condensation occurred at 1a§ml
(Gibco). Quantitative densitometry was performed by plasmid DNA in 20%t-BuOH with 1 mM CaCj}.
scanning the gel on a Molecular Dynamits Flu- Optimization of conditions leading to condensa-
orimager (Amersham Biosciences, Piscataway, NJ) tion without aggregation in 20%BuOH and 1 mM
and using ImageQuant software to calculate relative CaCh was performed by varying solution conditions

band intensities. around this point Kig. 1). Condensation without
Table 1

Initial salt—alcohol condensation screening assay

Salt Methanol (50%) Ethanol (50%) t-BUOH (20%) t-BuOH (50%) t-BuOH (80%)
0.1 mM CaCh - - — - 24

1mM CaCh 4 3 Condensed 24 24

10mM CaCp 1.5 3 3 24 1

0.1mM ZnCh — - - — 24

1mM ZnCh 3 3 — 24 24

10mM ZnChb 4 3 3 24 24

0.1mM MgCh - - — - 24

1mM MgCl, 3 3 - — 24

10 mM MgCh 1 1 3 2 1

Samples were observed following the addition of the indicated amount of salt to solvent containimg/m0@®Ilasmid DNA. Numbers
indicate time (h) when visible aggregation was first noticed; (-) indicates samples which did not show a decrease in absorbance after
centrifugation. Sample that was condensed but did not visibly aggregate is marked “condensed.”



J.D. Knight, R.C. Adami/International Journal of Pharmaceutics 264 (2003) 15-24

10 5 >

B A A A

u A A
s B N AAA
3 ° A
~ 1 HE BB ® A A
% | [ ] A

"= = = o0
© | | (]

n [ )

E B E =

5 15 25 35 45

Percent Tert-Butanol

Fig. 1. Conditions for condensation of DNA #BuOH and CaGl.

Condensation was determined by centrifugation and absorbance
and/or by count rate comparison of particle size measurements.

Circles @) indicate conditions leading to condensation, squares
(M) indicate lack of condensation, and triangl&j {ndicate for-
mation of visible flocculates. Conditions selected to perform the
condensation for further experiments were 20BuOH and 1 mM
CaCb.

aggregation was found in a narrow range of condi-
tions, with less CaGl required as thé-BuOH con-
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Fig. 2. Calcium chloride induced condensation leads to compaction
of the DNA which can be quantified using quasielastic light scat-
tering particle sizing. There is a bimodal distribution of particle
sizes due to differences in the hydrodynamic radii of the smaller
diameter toroids and larger diameter rods following Gacdn-
densation. In this representative sample 63% of the particles (by
volume) have a diameter centered at 64nm and 37% of the par-
ticles have a diameter centered at 220 nm.

intensity was dominated by condensed DNA, which

centration increased. The effect of varying the DNA reached a plateau after 1 h and remained there for sev-
concentration was also investigated, and it was found eral hours. Visible aggregation of these particles was
that more CaCl was required for condensation as not noticed after 24 h, although the fraction of parti-

the DNA concentration was increased, although this cles in the 200-500 nm size range was greater (data

dependence was much less dramatic than that of thenot shown).

salt-alcohol concentrations.

Particle size data for DNA condensed with 20%
t-BuOH and 1 mM CaGl indicated that two popula-
tions of particles spontaneously formed in solution.
The diameters of the two populations of particles were
40-70 and 200-500 nnFig. 2). These sizes corre-
spond to two forms seen with electron microscopy: a
toroid form with diameter 50—100 nm and a rod-like
form that is approximately 25-50 nm in width and sev-
eral hundred nm in length~{g. 3B).

The kinetics of particle formation was investigated
using total intensity light scattering at 400 nFid. 4).
The results show two phases of particle formation:
the first, seen also in the control, occurs within 2 min
after the addition of CaGland is thought to reflect

The effect of temperature on particle formation rel-
ative to background was studied using particle size
measurements$=(g. 5. As shown inFig. 5A, the count
rate increased with increasing temperature while the
background count rate decreased with increasing tem-
perature. The reported particle size decreased for both
sample and control with increasing temperature, al-
though the decrease between 30 an8iGWas greater
for the control (55%) than the DNA-containing sam-
ple (40%) Fig. 5B).

The zeta potential of DNA particles condensed with
20%t-BuOH and 1 mM CaGl was determined to be
—17.28+1.29 mV under an electric field of 7.24 Vicm.

The shear-stress stability of DNA condensed with
20%t-BuOH and 1 mM CaGlwas investigated using

a structural arrangement of the solvent system upon a probe sonicator to induce shear stress. The struc-

the addition of salt. After 5min, the light scattering

ture of DNA condensed with 20%BuOH and 1 mM
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Fig. 3. Transmission electron microscope photos of DNA in 20%
t-BuOH with 1mM CaC} (panel B) and without 1mM Cagl
(panel A). The magnification of both photos is 50,80@nd the
scale bar length is 270nm. Panel B shows the presence of rods
and toroids £100 nm diameter) of DNA following condensation
with 1 mM CacCp.
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Fig. 5. Temperature dependence of particle size and light scatter
in active (A) vs. control @) sample. Panel A represents the
decreasing particle size formed at higher temperatures, decreasing
from 155 nm at 30C to 95nm at 70C. Panel B demonstrates the
inverse relationship between the increasing count-rate of scattered
light from condensed DNA at higher temperatures vs. decreasing
counts for the control.

——400 nm . . .
- O--Control, 400 nm CaCh was protected from the sonication-induced

100 4 . shear-stress damagdeéig. 6. The numbers above the

Light Scattering Intensity

0 50 100 150 200 lanes indicate time (s) of exposure to 50 W probe son-
Time (min) ication. Following 30s of sonication nearly 100% of
. o . . . the uncondensed open circular, linear, and supercoiled
Fig. 4. Kinetics of particle formation. Condensation of DNA was f fth | id DNA d ded It .
monitored using light scatter at 400 nm. Scatter intensity reaches a orms o € plasmi are degraded resufing In
plateau 45min after the addition of CaCIndicating completion the fragment smear seen at the bottom of the gel. In
of condensation. The control sample of 2688uOH demonstrates contrast, the condensed DNA retains 100% of the
a scatter intensity less than 10% that of the condensed particle. supercoiled and open circular form of the plasmid
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Fig. 6. Shear protection of DNA in condensed (A) and uncondensed (B) form. Numbers above the lanes indicate time (s) of exposure to
50 W probe sonication. Following 30 s of sonication 100% of the uncondensed open circular, linear, and supercoiled forms of the plasmid
DNA are completely degraded resulting in the fragment smear seen at the bottom of the gel. In contrast, the condensed DNA retains 100%
of the supercoiled and open circular form of the plasmid DNA following 60 s of sonication.

DNA following 60 s of sonicationFig. 7 shows the DNA after 60 s of probe sonication (50 W). There was
cavitation induced shear-stress protection afforded to only a 3% loss of supercoiled DNA after 60s. It is
condensed plasmid DNA. The total percent of intact seen that more than 60% of the uncondensed DNA is
DNA, defined as supercoiled, open circular, and linear degraded after only 5s of sonication, and only 1.6%
forms of plasmid DNA, was 100% for the condensed of the intact plasmid DNA remains after 60s.
While uncondensed DNA is degraded into oligonu-
120 cleotide fragments after as little as 5s of sonication,

T 100 | the majority of the condensed DNA was still in its ini-
E tial supercoiled and open circular forms after 60 s of
& 8o sonication.
o
- 60
(4]
£ 40 N
= 4. Discussion
= 20
0 A The condensation of DNA by inorganic polycations
('] 2‘0 4'0 60 was first proposed bylanning (1978)and demon-
strated byWilson and Bloomfield (1979)The two
Time (sec)

major forces driving this cation-induced condensation
Fig. 7. Cavitation induced shear-stress protection afforded to con- aré a reduction in repulsion between DNA segments
densed plasmid DNA exposed to 50 W probe sonication is shown. and an increased attractive force based on the fluctua-
Triangles @) represent percent intact DNA remaining for con-  tions of correlated counterionsl@rquet and Houssier,

densed DNA after various exposure times. The percent of intact 199]) DNA can be described as a polyanion with an
DNA is defined as supercoiled, open circular, and linear forms ’

of plasmid DNA. Squaresl) represent the uncondensed control average Cha_rge spaC|_ng of 1'7'&’ and th_e fraction of its
plasmid DNA. Only 1.6% of the intact plasmid DNA remains after  Charger that is neutralized bijX-valent cations present
60s. in solution is given byr = 1 — (N¢§)~L. Here,£ is a
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dimensionless parameter determined by the solution bending and condensation. Although2tahas the
conditions. In a solution of dielectricat temperature  largest ionic radius of the three in crystal form, it has
T, £ is described by = ¢?/¢kTh, whereq is the pro- the smallest hydrodynamic radius in aqueous solu-
ton chargek is Boltzmann’s constant, anld is the tion, and thus the highest charge to surface area of
linear charge spacing of the DNAM@nning, 1978; the three divalent ions studieB4ulsen et al., 1988
Wilson and Bloomfield, 1979 In water, the value of We show that DNA condensation occurs re-
£ for B-DNA is 4.2, and experimental results have producibly in 20%t-BuOH with 1mM C&* and
shown that DNA condensessat- 0.90, which can be  100pg/ml DNA. This corresponds to a molar ratio of
achieved in water with a counterion of valenge> 3 3:1 C&*:DNA phosphate. The range of conditions
(Wilson and Bloomfield, 19791n a less polar solvent,  under which we observe condensation is very narrow
divalent cations are sufficient, and ethanol alone can compared with those observed with trivalent cations in
promote condensation into orderly, compact particles aqueous solution, suggesting that our condensates may
when the conditions are carefully controlle@ifod be a thermodynamically metastable self-assembled
et al., 1973. Although DNA condensation by trivalent  form, which kinetically proceeds slowly on a pathway
cobalt compounds has been extensively studied, con-toward a lower energy aggregate. The rodlike forms
siderably less is known about condensation with diva- we observe are often found when DNA is condensed
lent metals in alcohoeng and Bloomfield, 1999; Ma  in a solvent with low dielectricArscott et al., 199)
and Bloomfield, 1994; Kejnovsky and Kypr, 1998 and may be more susceptible to eventual aggregation
Condensation has been observed with®Min 50% than toroids. Our condensates reached an equilibrium
methanol Wilson and Bloomfield, 1979 and with particle size in 1-2 hKig. 4) and did not aggregate
trivalent metals in ethanol and isopropandlrgcott within several days, which is an appropriate timescale
et al., 1995, but to our knowledge has not been stud- for pharmaceutical processing.
ied in binary aqueous solutions 6BUOH. The lifetime of the condensed form and the ratio of
tert-Butanol is the most nonpolar alcohol that is rod to toroid condensation could be further improved
fully miscible with water Bowron et al., 1998 The by optimization of several parameters, including tem-
dielectric constant of 20%BuOH is 65, which corre- perature. We observe a general decrease in effective di-
sponds to- = 0.90 for B-DNA and a divalent cation.  ameter with increasing temperature, indicating a shift
Another interesting physical property 6BuOH is to smaller, aggregation-resistant particl€g( 5A).
that it has a much higher freezing point than ethanol The decreased effective diameter does not represent a
and can be used in lyophilizatioRifiney et al., 2000;  transition to the uncondensed state, as the count rate
Kasraian and DelLuca, 1995Given these properties, did not decrease with increasing temperattig.(5B).
pharmaceutical preparations of plasmid DNA should We suggest that larger particles may disassemble into
be able to be condensed with divalent cations in 20% smaller condensed patrticles at a transition temperature
t-BuOH and subsequently manipulated via different lower than that of smaller particles unraveling.
processes, such as lyophilization or spray-drying to  The condensed DNA particles we observe have a
enhance long-term plasmid stability. negative surface charge due to the fact that divalent
According toManning’s (1978)theory, any diva- cations in this solvent system are not expected to
lent cation should be able to condense DNA under fully neutralize the negative charge of the DNA. This
these conditions, provided its concentration is suffi- negative charge is in stark contrast to DNA condensed
ciently higher than that of residual monovalent coun- with liposomes or lysine-rich peptides, which are
terions present with the DNA. However, at 1 mM salt positively charged. The negatively charged surface
in t-BuOH we only observe condensation with®Ca permits further complexation with cationic species to
and not with M@t or Zr?+ (Fig. 1). The specificity further modify the properties of the DNA, or develop
for condensation in the presence of one species overenhanced formulations.
another of the same valence is based on coulombic The property of the condensed DNA that was most
interactions. Rouzina and Bloomfield (1996have interesting and unexpected was the remarkable degree
shown that, due to an electrostatic mechanism, a of stability imparted to the DNA following conden-
smaller ion can fit better into DNA grooves to induce sation Fig. 6). Essentially 100% of the condensed
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DNA remained intact following sonication. In con-
trast, 100% of the uncondensed control DNA was de-
graded under identical shear conditioR$g( 7). The
degree of stabilization maintained following sonica-
tion was equivalent to the amount of stabilization pro-
vided in peptide condensed DNA formulatioAgiami

et al., 1998. This finding suggests that collapsing the
DNA upon itself into a rigid and condensed structure
is all that is required to fully stabilize the DNA from
shear-induced strand breakage.

We conclude that this method of stabilizing DNA
is highly effective for use in a variety of process
operations, such as spray-drying, filtration, mixing,
or lyophilization. Additionally, it may be possible to
further modify the condensed structures by apply-
ing formulation molecules, such as peptides, poly-
mers, cationic lipids, and other cationic formulation
molecules to the surface of the DNA condensates.
This approach to stabilizing DNA results in an effec-
tive and safe way to process DNA.
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