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Supercoiled DNA via Cryopreparation and Carbohydrate Stabilization
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Abstract [ Biodegradable microspheres containing plasmid DNA have
potential uses as mediators of transfection in cells, particularly
phagocytic cells such as macrophages. However, the hydrophilic nature
and the structural instability of supercoiled DNA preclude its facile
encapsulation in polymer matrixes such as poly(d,l-lactic-co-glycolic
acid) (PLGA) by traditional methods. We initially studied the micro-
encapsulation of plasmid DNA using the established water-in-oil-in-
water double-emulsion solvent-evaporation method and found that (1)
the encapsulation efficiency was low (about 20%), (2) the micro-
encapsulation procedure nicked (degraded) the supercoiled DNA, and
(3) lyophilization of the microsphere also nicked the DNA. We have
therefore designed a new microsphere preparation method (called
cryopreparation) to specifically address these concerns. Using the
cryopreparation method, the aqueous phase of the primary emulsion
containing the plasmid DNA is frozen and then subjected to
homogenization. Because there is no shear stress inside a solid, we
hypothesized that freezing the aqueous phase of the primary emulsion
would help to preserve the supercoiled plasmid DNA during formation
of the secondary emulsion. We also hypothesized that the formation
of crystals from buffers within the primary emulsion was a causative
factor for nicking during freezing or lyophilization, and that disruption
of the crystal formation by the addition of saccharides into the primary
emulsion would improve the supercoiled-DNA content of the spheres.
Our results support the two hypotheses. Not only was the supercoiled-
DNA content increased from 39% to over 85%, but the encapsulation
efficiency was also elevated from 23% to over 85%.

Introduction

The importance of DNA therapeutics, in particular in
gene therapy, has led to increased research and develop-
ment in this area.l~® The use of such therapeutics can be
problematic, however, because during delivery the DNA is
subject to degradation. To maximize the power of these
agents, it would be desirable to develop a mode of delivery
in which the DNA-based therapeutic is protected from
degradation. It is known that nano- or micro-encapsulation
techniques can be used to protect sensitive bioactive agents,
such as DNA, from degradation.6-10

Biodegradable microspheres, such as those based on
PLGA, have the potential to act as mediators of DNA
transfection targeted to phagocytic cells such as macro-
phages, and to protect against biological degradation by
nucleases. Uptake of biodegradable microspheres by mac-
rophages has been extensively studied,* and more recently
Ciftci et al.’? reported a method to introduce DNA into
mammalian cells using a polymer-based gene-delivery
system. Spheres in the range of 1—10 um are too large to
enter cells via endocytosis, and therefore “target” phago-
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cytic cells such as macrophages by size exclusion. Because
macrophages are antigen-presenting cells for the immune
system, microencapsulated plasmid DNA is particularly
useful for the rapidly developing field of DNA-based
vaccines.?

One of the most common techniques for preparation of
biodegradable polymer microspheres encapsulating hydro-
philic molecules is the double-emulsion solvent-evaporation
method. Using this technique, the molecule to be encap-
sulated is placed in aqueous solution while the polymer is
dissolved in an organic phase commonly consisting of
methylene chloride or ethyl acetate. The two phases
(volume organic/volume aqueous = 3—20) are emulsified,
typically by sonication or homogenization. This primary
emulsion is then added to a second aqueous phase (20- to
100-fold larger volume) and again mixed by homogenization
to form the (water-in-oil)-in-water double emulsion. Upon
evaporation of the partially water-miscible solvent, the
polymer-containing droplets harden to form microspheres
which can then be isolated by filtration or centrifugation.
Lyophilization removes water from the interior aqueous
phase resulting in a dry suspension of the encapsulated
material within the polymer matrix.

Our initial experiments using the standard double-
emulsion microsphere formulation process demonstrated
the tendency of plasmid DNA to be converted from its
supercoiled state to a nicked or linear state. The preserva-
tion of the supercoiled DNA is important because it is
known that supercoiled DNA retains the highest level of
bioactivity.1*16 Furthermore, the encapsulation efficiency
of DNA into the hydrophobic matrix of PLGA was low, on
the order of 20%. On the basis of these observations, we
formulated hypotheses for the mechanisms of DNA deg-
radation during the microsphere formulation process and
then adopted a design approach to develop an encapsula-
tion process that maximized both the supercoiled-DNA
content in the microsphere and its overall encapsulation
efficiency. Our hypotheses were as follows: (1) shear stress-
induced plasmid DNA degradation occurred during homog-
enization and (2) buffer salt crystal formation induced
plasmid DNA degradation during freezing or drying.

The first hypothesis led to the design and development
of a new microencapsulation process for plasmid DNA
called cryopreparation. Cryopreparation describes a process
in which the temperature of the DNA-containing primary
emulsion is lowered below the freezing point of the aqueous
inner phase resulting in a solid particulate suspension prior
to homogenization to form the secondary emulsion. Because
the shear stress within a solid equals zero, the plasmid
DNA frozen in the inner phase is exposed to minimum
shear stress during homogenization, and the supercoiled
state of the plasmid DNA should be preserved. Cryoprepa-
ration should also enhance the overall encapsulation ef-
ficiency by preventing diffusion of the plasmid DNA out of
the microsphere during homogenization. Cryopreparation
differs from other microsphere preparation methods that
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use temperature as a variable parameter in that cryo-
preparation involves selective freezing of the aqueous inner
emulsion whereas other procedures freeze or gel the entire
microsphere.1”-18 The second hypothesis led to the inclusion
of saccharides in the primary emulsion to disrupt the
formation of DNA-nicking crystals during homogenization
and lyophilization.

Experimental Section

Materials—Plasmid DNA (pCMV-{-gal) was purified from E.
coli (DH5a) using Plasmid Mega Kit column isolation (QIAGEN,
CA), followed by ethanol precipitation. Poly(d,l-lactic-co-glycolic
acid) (PLGA), with a comonomer ratio of 50:50 and an inherent
viscosity 7 = 0.4 (Resomer RG503, MW 34 000) was purchased
from Boehringer Ingelheim (Germany). The emulsifier, poly(vinyl
alcohol) (PVA) (88 mol % hydrolyzed, MW 25 000), was purchased
from Polysciences, Inc. (Warrington, PA). All other chemicals used
were of the highest grade commercially available.

Cryopreparation—DNA-containing microspheres were pre-
pared following the established water-in-oil-in-water double-
emulsion solvent-evaporation method® except for specific steps
noted below. The two phases, consisting of 250 uL of DNA solution
(250 ug of DNA) and 7 mL of methylene chloride containing 200
mg of PLGA, were emulsified by sonication for 10 s (ultrasonic
probe, Sonic & Materials Inc.) at room temperature. The primary
emulsion temperature was then lowered below the freezing point
of the aqueous inner phase by liquid nitrogen immersion, and 50
mL of a 5% PVA solution (4—7 °C) was added and homogenized
at 5000—9000 rpm for 14 s (Silverson L4R homogenizer). After
homogenization, the resulting emulsion was diluted in 100 mL of
1% PVA, and the system was stirred magnetically for 3 h to allow
for evaporation of the organic solvent. Microspheres were finally
collected by centrifugation and washed 3 times with water to
remove excess PVA. Note that all PVA solutions were adjusted to
the osmotic pressure of the inner aqueous phase using agents such
as saccharides. The microspheres were resuspended in approxi-
mately 1 mL of water, frozen in liquid nitrogen, and lyophilized
at room temperature for 24 h on a Labconco Freeze-Dryer 8.

Achieving DNA Stability against Lyophilization Using
Excipients—The effect of lyophilization on DNA was studied by
directly lyophilizing DNA samples (20 xg/mL). Aliquots (1 mL
each) of the DNA solutions, with or without excipients, were frozen
in 20-mL disposable scintillation vials by liquid nitrogen immer-
sion and immediately lyophilized at room temperature for 15 h.

Optimized Microsphere Preparation—The two phases,
consisting of 250 L of DNA in water (750 ug of DNA) containing
1 mM EDTA and 300 mM lactose (pH 7.0) and 7 mL of methylene
chloride containing 200 mg of PLGA, were emulsified by sonication
as described above. After the primary emulsion was cryoprepared,
50 mL of 5% PVA solution containing 300 mM lactose was added
to the solution and homogenized at 7000 rpm for 14 s. The
resulting double emulsion was then diluted in 100 mL of 1% PVA
solution with 300 mM lactose, and the system was stirred
magnetically for 3 h to allow the evaporation of the organic solvent.
Microspheres were finally collected by centrifugation, washed three
times with distilled water, and then lyophilized at room temper-
ature to obtain a powder.

Analysis of DNA Structure—The DNA structure was ana-
lyzed by agarose gel electrophoresis (1% agarose containing
ethidium bromide, 110 V, 90 min) and compared to untreated stock
DNA for semiquantitative determination of supercoiled-DNA
content using a Bio Rad Gel Doc 1000 (Software, Molecular
Analyst 2.1).

As shown in Figure 1, each DNA band was integrated as a
volume. Supercoiled-DNA (SC DNA) content was defined as the
volume integrated from the supercoiled DNA band over the total
volume integrated from all bands. In other words, SC DNA content
equals (SC DNA volume — background volume)/{ SC DNA volume
+ linear DNA volume + nicked DNA volume — (3 x background
volume)}. SC DNA content remaining after preparation was
calculated as follows: SC DNA remaining (initial %) = 100 x (SC
DNA content of sample DNA)/(SC DNA content of initial DNA).

Quantitation of DNA Content in Microsphere—The micro-
sphere DNA content was determined using fluorescent reagent
PicoGreen (Molecular Probes, Eugene, OR) which preferentially

Figure 1—Schematic representation of agarose gel electrophoresis of DNA:
(A) supercoiled DNA, (B) linear DNA, (C) nicked DNA, and (D) background.

Table 1—Effect of Homogenization Rate, Cryopreparation, and
Addition of EDTA on Remaining Supercoiled DNA (SC DNA) (N = 3)

SC DNA remaining (initial% + SD)
at homogenization rate

DNA solution 5000 rpm 7000 rpm 9000 rpm
water without cryopreparation 369+19 261+36 20.1+34
water with cryopreparation 544+11 462+07 373x47
EDTA® without cryopreparation  68.4+19 470+26 40.6+0.3
EDTAa with cryopreparation 922+13 755+21 64.7%35

21 mM EDTA, pH 7.5.

binds to double stranded DNA and to a lesser extent to single
stranded DNA. Fluorescence (lex = 480 nm, Aem = 520 nm) of
extracted DNA was compared to a standard curve, using plasmid
DNA, which was linear from 1 to 50 ng/mL. The encapsulation
efficiency was determined as the amount of DNA recovered from
the microspheres relative to the initial amount of DNA used
(encapsulation efficiency = 100 x (DNA recovered)/(initial DNA)).

Particle Size of Microsphere—Particle size distribution of
microspheres was analyzed by a Coulter Multisizerll (Coulter
Electronics Inc., Hialeah, FL), and the mean volume diameter
distribution was determined.

Results and Discussion

Stability of DNA Structure against Shear Stress—
In the cryopreparation method, the aqueous phase of the
primary emulsion is frozen. Since the shear stress inside
a solid equals zero, we hypothesized that cryopreparation
would help to preserve the supercoiled DNA during ho-
mogenization. To test this hypothesis, the structure of the
DNA after homogenization (and before lyophilization) was
checked by agarose gel electrophoresis. Table 1 indicates
that the supercoiled-DNA content decreases with an in-
crease in homogenization rate, and that using the cryo-
preparation method preserves the supercoiled-DNA con-
tent. These results support our hypothesis that freezing
the inner DNA solution protects the DNA from degradation
by shear stress, and suggests that cryopreparation is a
useful method to prevent supercoiled DNA from degrading
during microsphere preparation. When ethylenediamine-
tetraacetic acid (EDTA) was added to the DNA solution,
the supercoiled-DNA content of the resulting microspheres
was significantly higher than in the absence of EDTA.
EDTA is a chelator of divalent metal cations and inhibits
the activity of DNase by this mechanism.1® Therefore, it
was possible that the DNA stability in the presence of
EDTA was actually due to DNase inhibition. To examine
the possibility of calcium-dependent DNase-mediated deg-
radation, we also included a calcium ionophore (N,N,N’,N'-
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Table 2—Effect of Excipients on Retaining Supercoiled DNA
(SC DNA)?

Table 3—Effect of Lyophilization on Retaining Supercoiled DNA
(SC DNA)?

SC DNA remaining

SC DNA remaining

DNA solution (initial% + SD) DNA solution (initial% + SD)

water 46.2+0.7 water 97.9+1.0

1 mM EDTA solution, pH 7.5 755+2.1 1 mM EDTA solution, pH 7.5 95.2+0.6

1 mM calcium ionophore II 36.1+0.8 10 mM Tris buffer, pH 7.5 701+25
10 mM Tris buffer, pH 7.5 405+25 phosphate-buffered saline, pH 7.5 425+338
phosphate-buffered saline, pH 7.5 36.1£35 300 mM lactose solution, pH 7.5 95.8+04
300 mM lactose solution, pH 7.5 39627 1 mM EDTA/10 mM Tris buffer, pH 7.5 73.0+0.8

1 mM EDTA/10 mM Tris buffer, pH 7.5 62.1+£2.7 1 mM EDTA/phosphate-buffered saline, pH 7.5 474+26

1 mM EDTA/phosphate-buffered saline, pH 7.5 68.2+5.2 300 mM lactose/1 mM EDTA solution, pH 7.5 95.6 £0.6
300 mM lactose/1 mM EDTA solution, pH 7.5 945+1.0 - — -

300 mM lactose/L mM EDTA/L0 mM Tris buffer, pH 7.5 86.2 + 356 2 DNA samples were directly lyophilized without the presence of plga or

@ Samples were prepared by cryopreparation; homogenization rate = 7000
rpm, 14 s (n = 3).

tetracyclohexyldiglycolic diamide: calcium ionophore I1, log
Kca = 10.1, u = 0.1, 20 °C)% instead of EDTA (log Kca =
11.0, u = 0.1, 20 °C).21 As shown in Table 2, it is apparent
that the calcium ionophore Il did not act as a DNA
stabilizer. Therefore, it is likely that the mechanism of
DNA stabilization during cryopreparation is not a result
of calcium-dependent DNase inhibition. However, DNase
activity dependent on other divalent ions such as manga-
nese and magnesium,?? could not be eliminated. In addi-
tion, Table 2 indicates that DNA degradation during
cryopreparation was not inhibited by the addition of PBS
(1 mM K;HPO,, 10 mM Na;HPO,4, 137 mM NaCl, 2.7 mM
KCI, pH 7.0), Tris, or lactose to the DNA solution. In the
case of addition of PBS or Tris to the DNA solution
containing unbuffered EDTA, the supercoiled-DNA content
was slightly lower than that in unbuffered EDTA solution,
but we found that by adding lactose to the DNA/EDTA
solution, the supercoiled-DNA content was increased from
75% to 95%. The exact mechanism of DNA stabilization is
unknown. However, it is apparent that the presence of both
lactose and EDTA in the DNA solution is important for
the stabilization of supercoiled DNA against degradation
during cryopreparation.

Regarding the analysis of the DNA structure by agarose
gel electrophoresis, it is well-known that the intercalation
efficiency of ethidium bromide to DNA is not the same
among supercoiled, nicked, and linear DNA. In fact, the
intercalation efficiency of ethidium bromide to supercoiled
DNA is the lowest.?® Thus we consider that the estimation
of SC DNA ratio in our method is lower than the true value,
and that this analytical method is a semiquantitative
determination of the supercoiled-DNA content.

Predictably, the microsphere diameters are dependent
on the homogenization rate.?* The volume-mean diameters
of microspheres formulated by cryopreparation were 10.2
(£2.4) um at 5000 rpm, 4.6 (£0.3) um at 7000 rpm, and
3.6 (£0.2) um at 9000 rpm (N = 3). For optimum phago-
cytosis by macrophages, spheres with a size of approxi-
mately 5 um or less are desired.!* However, increasing the
homogenization rate leads to increased DNA degradation.
Therefore, homogenization at 7000 rpm was optimal for
the cryopreparation method.

Stability of DNA Structure during Lyophiliza-
tion—DNA samples were directly lyophilized to study the
effect of lyophilization on DNA stability. Table 3 indicates
that the DNA stability in 300 mM lactose and in 1 mM
EDTA was the same as that of DNA in water. On the other
hand, when Tris buffer or PBS was used in the DNA
solution, DNA degradation was increased. Salts such as
sodium phosphate are known to form crystals upon freez-
ing,%® and we speculated that DNA nicking was caused by
the salt crystallization. (In the presence of 1 mM EDTA,
however, the salt concentration might not be high enough
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Figure 2—Effect of saccharides on DNA stability during lyophilization (DNA
in TE buffer with increasing saccharide concentration). O: Glucose, OI: lactose,
and A: sucrose.

% of Supercoiled-DNA Remaining

to degrade DNA by its crystallization.) Saccharides are
known cryoprotectants for proteins during lyophiliza-
tion,?627 and we reasoned they may protect DNA in a
similar fashion. Therefore, the effect of saccharides on DNA
stability upon lyophilization from TE buffer was examined.
Figure 2 indicates that the DNA degradation was decreased
with an increase in the amount of saccharide. Other
disaccharides such as maltose, trehalose, and cellobiose
showed DNA stabilization similar to the effect of lactose
(data not shown). The addition of saccharides in the inner
aqueous phase of the primary emulsion improved the
supercoiled-DNA content of the microspheres, as well (vide
supra). Note that the concentrations of glucose are 100, 200,
and 600 mM while those of sucrose and lactose are 50, 100,
and 300 mM. This indicates that DNA stability depends
on the total mass of saccharide and not the molar concen-
tration of sugar.

Acidic pH is also known to damage DNA by depurina-
tion.28 Freezing of sodium phosphate buffer, initially at pH
7.0, may result in pH as low as 4.0,%° and this process could
potentially contribute to the observed plasmid degradation.
However, DNA which was incubated for up to 60 min at
room temperature in PBS (Figure 3) or TE (10 mM Tris/1
mM EDTA; data not shown) showed no degradation at
either pH 7.4 or pH 4.0. Thus, we believe any pH changes
in the solution upon freezing have negligible effect on the
DNA stability during microsphere preparation.

Characteristics of Microspheres Optimized for
High Supercoiled-DNA Content—We have found that
both (1) the addition of lactose and EDTA to the DNA
solution and (2) the cryopreparation procedure were im-
portant to stabilize DNA against degradation during
homogenization and lyophilization. We manufactured mi-



Figure 3—Agarose gel electrophoresis of DNA incubated at room temperature
in PBS at pH 7.4 (lanes 1-4) and pH 4.0 (lanes 5-7) for 0 (lane 1), 10 (lanes
2, 5), 30 (lanes 3, 6), or 60 (lanes 4, 7) min.

Figure 4—Agarose gel electrophoresis of DNA in microspheres (MS) (N =
3). From left to right, lanes 1 and 11: 1 kb ladder; lanes 2—4: initial DNA,
lanes 5—7: DNA in MS before lyophilization; lanes 8—=10: DNA in MS after
lyophilization.

Table 4—Effect of Excipients on Retaining Supercoiled DNA (SC DNA)
under Microsphere Procedure Such as Homogenization and
Lyophilization?

SC DNA remaining
(initial% + SD)
before after
lyophilization  lyophilization

water 423+0.7 39.0+42
1 mM EDTA solution, pH 7.5 782+1.7 68.3+3.6
phosphate-buffered saline, pH 7.5 49.1+438 19.8+0.4
300 mM lactose solution, pH 7.5 41.7+24 208+1.3
300 mM lactose/1 mM EDTA solution,pH 7.5 95.1+0.7 88.6+19

a Samples were prepared by cryopreparation, and the homogenization rate
was 7000 rpm for 14 s (n = 3).

crospheres according to optimized conditions for the mi-
crosphere preparation described above to determine these
combined effects. The characteristics of the microsphere
such as particle size distribution, DNA conformation, and
DNA encapsulation efficiency were determined.

Using the optimized conditions for microsphere prepara-
tion, the mean volume diameter of the microspheres was
4.8 um, the remaining supercoiled DNA was 88% (Figure
4 and Table 4), and the DNA encapsulation efficiency was
89%. In comparison, using the standard double-emulsion
preparation method (5000 rpm homogenization rate), the
resulting microspheres had a mean volume diameter of 4.5
um, a remaining supercoiled-DNA content of 39%, and a
DNA encapsulation efficiency of 23%. It is apparent that
cryopreparation prevents degradation of DNA and in-
creases the encapsulation of DNA. These results suggest
that the increase in DNA encapsulation efficiency is caused
by preventing its diffusion out of the inner aqueous phase
by freezing the primary emulsion. Furthermore, addition
of DNA-nicking inhibitors to the DNA solution is important

to prevent DNA degradation during this microsphere
manufacturing process. Ninety-five percent of supercoiled
DNA was retained before lyophilization, and 88% of su-
percoiled DNA was retained after lyophilization as shown
in Figure 4. In addition, Table 4 compares the supercoiled-
DNA content in microspheres using water, EDTA, PBS,
or lactose in the DNA solution. The results also show the
reproducibility of the DNA stability data as compared to
the isolated homogenization and lyophilization experiments
(Tables 2 and 3).

In conclusion, a method for the microencapsulation of
plasmid DNA is presented. The method, cryopreparation,
maximizes both the retention of supercoiled DNA and the
overall DNA encapsulation efficiency. Cryopreparation is
characterized by the freezing of the aqueous phase of the
primary emulsion. DNA-nicking inhibitors such as lactose
and EDTA significantly improve the supercoiled-DNA
content in the final sphere preparation.
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