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ABSTRACT: Cationic polymers are capable of spontaneously condensing DNA into
complexes suitable for nonviral gene therapy. The precisely defined molecular weights
and highly symmetric surface chemistries of dendrimers, such as poly(amidoamine)
(PAMAM), have made them attractive alternatives to conventional linear polymers for
DNA delivery applications. In this paper, we use small-angle X-ray scattering (SAXS)
coupled with osmotic stress to directly measure the effect of pH on the packaging and
forces in low generation (G0 and G1) PAMAM−DNA complexes or dendriplexes.
Because of the presence of both primary and tertiary amines with differing pKas,
PAMAM changes its net charge with pH. We show that changing the pH at
condensation results in large differences in the packaging and intermolecular forces in
PAMAM dendriplexes. Both dendrimer/DNA systems show a large increase in
attractions with decreasing pH scaling linearly with the inverse of the dendrimer charge,
while repulsions in the system are nearly unaffected. pH also greatly influences the
resulting phase behavior and salt sensitivities of the PAMAM−DNA complexes. With increasing salt concentration, a
discontinuous phase transition is observed from a hexagonal packaging of DNA helices to a more loosely ordered cholesteric
phase for both PAMAM dendriplex systems studied. The phase transition occurs at a critical salt concentration, c*, that is
dependent on both the PAMAM generation number and the pH. When normalized by c*, this salt-induced melting transition is
found to be universal for a given dendrimer/DNA system.

■ INTRODUCTION

Gene delivery is a complicated multistep process with the
ultimate goal of replacing a defective gene sequence with a
corrected version of that gene. Currently gene delivery focuses
on either viral or nonviral vectors to deliver nucleic acids into
cells in a safe and effective manner.1,2 Viral vectors suffer from
potential limitations including broad tropism, limited DNA
packaging capacity, and difficulties in large-scale production,
thus motivating studies on nonviral alternatives.3 Many nonviral
systems rely on cationic polymers to both package DNA and
facilitate the delivery of genes in vivo.4 Possible benefits of
cationic polymers over viral vectors include low immunoge-
nicity and ease of chemical modification.5,6 In recent years,
cationic dendrimers have become attractive alternatives to
traditional linear cationic systems. Dendrimers are hyper-
branched macromolecules with near uniform polydispersity and
well-defined surface chemistries. Typically, dendrimers are built
in an iterative fashion with concentric branching units
stemming from a central core. With each growth step, or
generation, a doubling of the reactive surface groups of the
preceding generation is achieved. Dendrimers have distinct
advantages over linear cationic polymers which typically suffer
from inherent problems such as chain polydispersity and
random attachment of functional domains. DNA condensed
with commercially available cationic dendrimers such as
poly(amidoamine) (PAMAM) and polypropylenimine (PPI)
dendrimers are the most studied dendrimer−DNA, or
dendriplex, systems for gene delivery. Both dendrimers are

capable of condensing DNA and protecting nucleic acids from
restriction nucleases.7−9

Successful gene therapy requires first a packaging of DNA
through complexation of the cationic agent to DNA, and then
after successful transport to the cell of interest, the DNA must
unpackage. Both packaging and unpackaging are dependent on
the structure and forces within the polycation−DNA complex.
For successful application of dendriplexes as a therapeutic,
there is a need to characterize the resulting structure and
compaction energies within dendrimer−DNA complexes.
Theoretical studies and simulations on semiflexible polyelec-
trolyte interacting with charged spheres have predicted that
wrapping of the polymer chain around the sphere to form so-
called “beads on a string” (BOS) structures are possible.10,11

Similar structures have also been predicted for DNA complex-
ing with high generation dendrimers.12−15 One of the first
experimental studies by Evans et al. showed dendriplexes to
have a mesomorphic nature forming either 2D hexagonal or
square columnar mesophases with G4 and G5 PPI
dendrimers.16 Further experiments with different chemistries
and generation of dendrimers have shown highly conflicting
results in terms of internal structure upon DNA complexation.
Dendriplex structures with square, tetragonal, and hexagonal
packaged columnar mesophases, as well as DNA wrapping and
BOS structures, have all been reported as observed by small-
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angle X-ray and neutron scattering (SAXS/SANS), atomic
force microscopy (AFM), and single molecule experi-
ments.17−28

Using osmotic force coupled to SAXS, we are able to directly
measure packaging and forces within ordered DNA assemblies.
In an earlier study, we compared DNA packaged by low
generation (G0 and G1) PAMAM dendrimers to linear
polyarginines (R4 and R8) which carried the same number of
positive charges at neutral pH: +4 and +8, respectively.29 The
forces in low generation PAMAM−DNA complexes are well
described by exponential functions with fixed 2.5 and 5 Å decay
lengths. This form is consistent with previous work on forces
within DNA condensed with Co(NH3)6 and a wide variety of
linear polycations.30−33 Using force measurements to quantitate
the contributions to the overall forces, we showed that DNA
condensed by the hyperbranched dendrimers display signifi-
cantly different physical behavior in comparison to linear
cation−DNA assemblies. These differences arise due to
PAMAM having both increased repulsions and significantly
weakened attractions when compared to linear cations of the
same net charge. We argue these differences likely arise due to
dendrimers being unable to bind to DNA within grooves, as has
been suggested for linear cations, but rather must use
alternative binding modes such as bridging to induce
condensation.
We report here on studies performed to better understand

the effect of pH on low generation PAMAM dendriplexes. We
have systematically investigated packaging and compaction
energies within G0- and G1-PAMAM dendriplexes condensed
between pH 4 and pH 8. We show that changing the pH at
condensation has significant effects on the observed structure
and phase behavior of the resulting PAMAM/DNA complexes.
Because of the presence of primary and tertiary amines in
PAMAM with varying pKas, tuning pH directly alters the total
charge of the dendrimers. At low pH, or higher net dendrimer
charge, more tightly packaged DNA is achieved. Despite
variations with pH in the packaging density achieved at
equilibrium, or zero applied pressure, we see a convergence of
the force stress curves at high osmotic pressure for each
dendriplex system. Fits to the force curves indicate that the
repulsive contributions for a given PAMAM/DNA system are
relatively insensitive to pH while the attractions vary greatly,
scaling linearly with the inverse net dendrimer charge. Lastly,
we examined the salt dependence of the phase behavior in
PAMAM dendriplexes as a function of the pH at condensation.
A universal phase behavior is observed for both G0- and G1-
PAMAM dendriplexes with a discontinuous phase transition
observed above a critical salt concentration, c*. This critical salt
concentration is sensitive to both dendrimer generation and
pH.

■ MATERIALS AND METHODS
Materials. Low generation PAMAM dendrimers (generations 0

and 1, ethylenediamine core, amine-terminated polyamidoamine) were
purchased from Sigma-Aldrich (St Louis, MO). Before use, methanol
was removed using a Labconco Centrivap at reduced pressure.
Dendrimers were subsequently dissolved in appropriate buffer
solution, and the final pH was adjusted with NaOH or HCl to the
desired pH value (from pH = 4 to 8). Bioultra grade poly(ethylene
glycol) (PEG, 8 kDa) was obtained from Fluka Chemical Co. and used
without further purification. Highly polymerized calf-thymus (CT)
DNA sodium salt (molecular weight ∼10−15 million Da) was
purchased from Sigma-Aldrich. High-molecular-weight chicken blood
(CB) DNA (molecular weight >5 × 106 Da) was prepared and purified

from adult chicken whole blood as described previously.34 CT and CB
DNA were further purified by phenol/chloroform extraction to
remove excess proteins followed by ethanol precipitation before use.
After purification, both DNAs were extensively dialyzed against 1 mM
EDTA solution. The successful removal of protein from both CB and
CT DNA was verified by measuring the ratio of absorbance at 260 and
280 nm of DNA solutions and found to be satisfactory with values
exceeding 1.8.

Sample Preparation. DNA was observed to spontaneously
precipitate in the presence of both G0- and G1-PAMAM for all pHs
used in this study. In preparing samples, both the DNA (CB or CT
DNA) and dendrimer (G0 or G1) stock solutions were first separately
dissolved in an appropriate 10 mM pH buffer. After dissolution, these
stock solutions were further buffered with HCl or NaOH to achieve
the desired final pH (pH ± 0.1). Buffers used were 10 mM sodium
acetate solution for pH 4, 10 mM MES solution for pH 6, and 10 mM
Tris-HCl for pH 8 and pH 7.5. The double-helix structure of DNA is
known to be stable over this pH range. Condensed DNA samples for
X-ray scattering were subsequently prepared in one of two ways.
Concentrated PAMAM stock solutions were added to 1 mg/mL calf-
thymus (CT) or chicken blood (CB) DNA in 10 mM pH buffer in a
stepwise fashion. Each addition was mixed thoroughly before adding
additional PAMAM, and the process continued until all DNA was
precipitated. Alternatively, a single aliquot of condensing cations was
added to DNA to an equivalent final concentration. The final cation
amine to DNA phosphate ratio was approximately 1.2 at the end point.
The resulting fibrous PAMAM−DNA samples were then centrifuged
for 10 min and transferred to a 10 mM pH buffered PEG-salt solution
and allowed to equilibrate ∼2 weeks before X-ray analysis. X-ray
scattering profiles did not depend on the type of DNA used or the
sample method employed to prepare the DNA precipitate. In all
samples, a small excess PAMAM concentration was maintained in the
PEG-salt bathing solution to ensure cation concentration was above
the critical concentration for these cations as previously determined.
The observed spacing between helices does not depend on the excess
cation concentration in the bath over an approximately 2−5-fold
concentration range. X-ray scattering patterns were not observed to
change even after several months of storage.

Osmotic Pressure. The method for direct force measurements by
osmotic pressure has been described previously in detail.30,35 In brief,
condensed DNA arrays equilibrate against a bathing PEG polymer
solution with a known osmotic pressure. PEG chains are too large to
enter into the condensed DNA phase, thus providing a direct osmotic
pressure on the DNA condensates. In these samples, small molecules
including water and salt are free to exchange between the PEG and
condensed DNA phases. After equilibration, the osmotic pressures in
both phases are the same. Osmotic pressures of the bathing PEG
solutions were measured directly using a Wescor Vapro vapor pressure
osmometer (model 5660). In the condensed state with low generation
PAMAM, the DNA rods are found to be packaged in a hexagonal array
for all pHs at low salt conditions. Using small-angle X-ray scattering
(SAXS), the interaxial spacing between DNA rods (Dint) can be
determined as a function of the osmotic pressure from the Bragg
scattering of X-rays to obtain force−separation curves as described
below.

X-ray Scattering. X-ray scattering experiments were performed
using graded-multilayer focused CuKα radiation (1.54 Å) from a
Nonius FR-591 rotating anode fine-focus X-ray generator operating at
45 kV and 20 mA. Samples were sealed in a sample cell with a bath of
equilibrating PEG solution and mounted in a sample holder at room
temperature. The flight path from the sample to detector was filled
with helium gas to minimize air scatter, and the primary beam was
collimated by a fine aperture beam tunnel. Diffraction patterns were
recorded by a SMART 6000 CCD detector with phosphor optimized
for Cu Kα radiation. Fit2D and Origin 8.0 software were used to
analyze all images. Calibration of the SAXS sample-to-detector
distance was performed using silver behenate powder and found to
be 23.2 cm. Bragg scattering peaks were used to determine interaxial
DNA−DNA spacings. Bragg spacings are calculated as DBr = 2π/qBr,
where qBr is the scattering vector, q (defined as q = (4π/λ) sin(θ),
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where 2θ is the scattering angle), which corresponds to the maximum
in the scattering. For a hexagonal lattice, the relationship between the
Bragg spacing and the actual interaxial distance between helices (Dint)
is calculated as Dint = (2/√3)DBr. For different samples equilibrated
under the same PEG-salt conditions, Dint values were reproducible to
within ∼0.1 Å. X-ray scattering patterns were reproducible over several
months of storage, and there was no significant sample degradation
due to X-ray exposure. Typical exposure times were 120 s.
Force Analysis. G0- and G1-PAMAM are both able to condense

DNA spontaneously in vitro into hexagonal DNA arrays with a finite
separation at equilibrium between the DNA helices. We use the
osmotic stress technique to directly probe the intermolecular forces
between the PAMAM condensed DNA. Previous studies indicate that
DNA−DNA forces are well described by two exponentials at close
interhelical distances.30−33 We fit the osmotic pressure Π versus
interhelical spacing Dint curves to a double-exponential equation with
variable attractive and repulsive pre-exponential factors A and R:

Π = Π + Π = +λ λ− −D D D R A( ) ( ) ( ) e eR A
D D2 / / (1)

with the long-range decay length λ fixed at 5 Å. This form and decay
length constraint are the result of prior experiments that combined
osmotic stress measurements with magnetic tweezing experiments to
independently evaluate the attractive and repulsive contributions to
the free energies at equilibrium for several common cationic
condensing agents.31

Equation 1 with λ = 5.0 Å has been used previously and gives very
good fits for a variety of condensing agents including G0- and G1-
PAMAM dendrimer.29,32,33,36 Results are only slightly dependent on
the decay length λ over the range of ±0.5 Å. For condensed DNA
systems, the coefficients A and R are connected through the
interhelical equilibrium distance, Deq, since Π(Deq) = 0, resulting in
a fitting equation with only a single variable, R.

λ
Π = − + − λ− −D R

D
log( ( )) log( )

2
2.303

log(1 e )D D( )/eq

(2)

With hexagonal packing of DNA, the repulsive and attractive free
energy contributions per DNA base pair can be calculated at any
spacing D by integrating Π dV for each exponential from ∞ to D as

λ λΔ
= + Π

G D
kT

b D
kT

D
( ) 3 ( /2)( /2)

( )R
R (3)

and

λ λΔ
= + Π

G D
kT

b D
kT

D
( ) 3 ( )

( )A
A (4)

where b, the linear spacing between DNA base pairs, is 3.4 Å.

■ RESULTS
Role of pH on Intermolecular Forces in PAMAM−

DNA. The pH at condensation plays a significant role in
changing the observed DNA packaging for both G0- and G1-
PAMAM/DNA complexes at equilibrium. We previously
observed that the pH at condensation has a much stronger
effect on PAMAM/DNA packaging compared to changing the
pH after dendriplex formation.29 For all samples discussed in
this paper, both dendrimer and DNA stock solutions were first
made separately in pH appropriate 10 mM buffers. Stock
solutions were subsequently titrated with concentrated HCl or
NaOH to achieve the desired final pH. Dendrimer−DNA
complexes were then precipitated by mixing the separate stock
solutions and maintained at the same pH with buffer.
Osmotic stress experiments coupled to small-angle X-ray

scattering (SAXS) were performed to investigate the effect of
pH on the compaction energies and intermolecular forces in
low generation PAMAM condensed DNA. Figures 1 and 2
show osmotic stress force curves for DNA condensed with G0-

and G1-PAMAM, respectively, as a function of the pH at
condensation. Plotted are log osmotic pressure Π versus
interaxial spacings (Dint) between DNA helices. Arrows indicate
the interaxial spacings for these PAMAM/DNA complexes in
the absence of applied osmotic pressure. All force curves are
well described by the double-exponential formalism described
above. Solid lines are fits of the data to eq 2 with decay length λ
fixed at 5.0 Å. These fits allow us to separate the net force into
its attractive and repulsive contributions to the free energies.
At all pHs studied, both G0- and G1-PAMAM were able to

spontaneously condense DNA consistent with a hexagonal
packaging of the DNA at equilibrium (i.e., Π = 0). At
equilibrium, we see a pH-dependent interaxial DNA spacing

Figure 1. Osmotic stress force curves are shown for G0-PAMAM/
DNA as a function of pH at condensation. DNA and dendrimer were
mixed and maintained at the pH indicated. Arrows indicate the
equilibrium spacing in the absence of applied osmotic pressure. Solid
lines are fits of the data to eq 2 with λ = 5 Å.

Figure 2. Osmotic stress force curves are shown for G1-PAMAM/
DNA as a function of pH at condensation. Samples were mixed and
maintained at the pH indicated. Arrows indicate the equilibrium
spacing in the absence of applied osmotic pressure. Solid lines are fits
of the data to eq 2 with λ = 5 Å.
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(Deq) as tabulated in Table 1 with the tightest packaging
observed at low pH. Deq in G0-PAMAM/DNA ranges from
30.1 to 31.6 Å (±0.1 Å) for pH 4−8. DNA condensed with G1-
PAMAM, with its larger number of total amines, has an even
larger range of Deq spacings from 29.7 to 33.5 Å (±0.1 Å) over
the same pH range.
Role of pH on Free Energy Contributions in G0- and

G1-PAMAM−DNA Condensates. Also given in Table 1 are
the pH-dependent osmotic pressure contributions, ΠR and ΠA,
and the repulsive and attractive free energy contributions, ΔGR
and ΔGA, as determined from the osmotic stress force curve fits
and evaluated at 25 Å or equivalently 5 Å water separating
DNA helices. As shown, we see a continuous decrease in Deq as
pH is lowered. This increase in packaging density could be
accounted for by a decreasing repulsive force and/or an
increasing attraction with pH. Free energy contributions for
both G0- and G1-PAMAM dendrimers show that these systems
have nearly pH-insensitive repulsive contributions. The
attractive free energy contributions, however, are highly pH
dependent with the largest values measured at low pH. Lastly in
Table 1, we also show the pH dependence of the net ΔG per
DNA base pair calculated at equilibrium. Here, ΔGNET(Deq) =
−(ΔGA(Deq) + ΔGR(Deq)). The calculated ΔGNET(Deq) are
small (<0.6 kT/DNA bp), consistent with experimentally
measured values from magnetic tweezing experiments of DNA
condensation with multivalent cations.31

PAMAM dendrimers have both primary and tertiary amine
groups with different pKas, resulting in a pH-dependent
protonation state. G0-PAMAM has 4 primary and 2 tertiary
amines while G1-PAMAM has 8 primary and 6 tertiary amines.
At neutral pH, PAMAM’s tertiary amines carry almost no
charge, but complete protonation of the primary amine groups
results in +4 and +8 total charge for G0- and G1-PAMAM,
respectively. Lowering the pH further increases the net
PAMAM charge due to protonation of the tertiary amines.
For pH above 7, primary amines can be deprotonated, thus
decreasing the net charge. Using the degree of protonation
estimates of Cakara et al.,37 we calculate to a first approximation
the nominal net charge of G0-PAMAM to be approximately
+3.5 to +5.1 and G1-PAMAM to be approximately +7 to +13
over the range of pH 8 to pH 4. Figure 3 shows how the
measured attractive and repulsive free energies depend on the
estimated inverse charge of the PAMAM dendrimers, N. The
repulsive free energies for G1-PAMAM/DNA are measured to
be about 18% greater than G0-PAMAM/DNA at all pHs
measured. Both dendrimers however show only slight variations
(<4%) in their repulsive force magnitude as a function of the

dendrimer net charge, N. In contrast, attractive free energies
vary greatly with N. For both G0- and G1-PAMAM condensed
DNA, the ΔGA scales approximately linearly with the inverse of
the estimated residual charge of the dendrimer, N. This 1/N
behavior in attractions is similar to homologous linear cations,
such as alkylamines, lysines, and arginines, studied previ-
ously.32,33

pH Effects on Salt Stability and Phase Behavior in
PAMAM−DNA. A summary of the observed changes in the
Bragg spacings (DBr) with increasing added NaCl salt
concentration is given in Figure 4 for G0-PAMAM/DNA and
G1-PAMAM/DNA condensed at pH 4−8. Here, we plot the
dependence of the Bragg reflections to avoid complications
with possible phase transitions that may occur at high salt.
Figures 4A and 4B show the DNA Bragg spacings for G0- and
G1-PAMAM dendriplexes as a function of added NaCl salt
concentration. Figures 4C and 4D show the absolute change in
the Bragg spacing compared to no added salt (DBr−DBr,eq) for
G0- and G1-PAMAM/DNA, respectively. For all pHs in both
G0- and G1-PAMAM/DNA, we observe swelling of the Bragg
spacings with increasing added NaCl concentration. The
swelling behavior is highly dependent not only on which
dendrimer was used to condense DNA but also on the pH at
condensation. Where Bragg scattering is observed, we observe

Table 1. Equilibrium Interhelical Spacings, ±0.1 Å, from SAXS Measurements and Repulsive and Attractive Force Component
Contributions to Osmotic Pressures and Free Energies (±5%) for G0- and G1-PAMAM Condensed DNA at Different pHsa

cation pH
Deq
(Å)

ΠR(25 Å)
(108 erg cm−3)

ΠA(25 Å)
(108 erg cm−3)

ΔGR(25 Å) kT per base
pair

−ΔGA(25 Å) kT per base
pair

−ΔGNET(Deq) kT per
base pair

G0-PAMAM 4 30.1 2.30 0.82 2.27 1.76 0.39
6 30.5 2.25 0.75 2.22 1.61 0.34
7.5 30.9 2.29 0.70 2.26 1.50 0.29
8 31.6 2.32 0.62 2.29 1.33 0.23

G1-PAMAM 4 29.7 2.72 1.06 2.69 2.28 0.55
6 30.7 2.61 0.84 2.58 1.81 0.37
7.5 32.0 2.67 0.66 2.64 1.42 0.23
8 33.5 2.83 0.52 2.79 1.11 0.14

aAll values are calculated from fits to force curves and shown for 25 Å separations or 5 Å water between DNA helices. Net free energy gain (ΔGNET)
evaluated at the equilibrium spacing, Deq, is also given.

Figure 3. Dependence of the free energy contributions, ΔGR (open)
and ΔGA (filled), evaluated at 25 Å for G0- and G1-PAMAM
condensed DNA as a function of the inverse net charge, N, of the
PAMAM estimated for the various pHs used in this study.
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two regimes with different slopes, or rates of swelling, with
added salt. We define a critical salt concentration, c*, as the salt
concentration where these two slopes cross. c* for G0-PAMAM
is observed to change from ∼75 mM for DNA condensed at
pH 8 to 150 mM NaCl for DNA condensed at pH 4. Similarly,
G1-PAMAM dendriplexes have c* values ranging from 200 to
nearly 460 mM NaCl over the same pH range. At still higher
NaCl concentrations, samples completely lose any Bragg
scattering, and no reflections are observed.
At salt concentrations below c*, the Bragg reflection

observed for G1-PAMAM/DNA samples shifts to lower Q, or
equivalently larger DNA−DNA spacings, but maintain their
peak shape with added salt. In contrast, we see significant peak
broadening at salt concentrations at or above c*. This peak
broadening at high salt concentration is shown for G1-
PAMAM/DNA at two different pHs in Figure 5. Here we
plot the normalized SAXS scattering intensity (I/Imax) as a
function of scattering vector Q for G1-PAMAM/DNA
condensed at pH 4 and pH 8 under both low and high salt
concentrations. For G1-PAMAM/DNA condensed at pH 4, we
plot 0 and 525 mM added NaCl concentration. For pH 8, we
plot 0 and 250 mM added NaCl concentration, where 250 mM
NaCl is already above c* for this system. Once above c*, Bragg
reflections are observed to simultaneously shift to lower q and
broaden with further added salt. Equivalent results are seen in
G0-PAMAM/DNA complexes (not shown).
Figure 6 shows we can collapse the salt-dependent phase

behavior data for G1-PAMAM dendriplexes for all pHs studied

to a single curve. Here, we plot the relative change in the Bragg
spacing (DBr/DBr,eq) as a function of the added NaCl salt
concentration normalized by the crossover salt concentration
for each pH/cation system (c/c*). Here, DBr,eq is the
equilibrium Bragg spacing observed without added salt. The
slopes at all pHs are quite similar for G1-PAMAM/DNA in
both regimes: above and below c*. As discussed above, the
scattering profiles also show significant peak width changes
occur at c*. To quantify this peak broadening, we plot in Figure
6B the average in-plane correlation lengths, ξ, calculated from
the full width at half-maximum of the observed Bragg
reflections as ξ = 2π/ΔqBr, as a function of c/c*. This
correlation length reflects the in-plane, long-range ordering of
the DNA helices in the system. Below c*, there is some
variation of ξ between samples, but they remain fairly
consistent and independent of pH. Typical values of ξ below
c* range between 220 and 300 Å and do not vary significantly
with salt. At or above the critical salt concentration, however,
we see a dramatic decrease in the correlation lengths of G1-
PAMAM/DNA for all three pHs that decreases continuously
with added salt. Eventually sufficient salt is added that no
further Bragg scattering is observed. This last regime is
indicative of either an isotropic network of DNA and
PAMAM forming or complete dissolution of the samples.

■ DISCUSSION

In vitro condensation of high molecular weight DNA by a
variety of multivalent cations has been studied extensively.

Figure 4. (A) Bragg spacing dependence as a function of added NaCl concentration for G0-DNA and (B) G1-DNA condensed systems at different
pHs. (C) and (D) plot the change in the Bragg spacing relative to DBr in 10 mM monovalent buffer without added salt (DBr,eq). The equilibrium
solutions show no Bragg scattering at the next higher salt concentration in each series.
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Spontaneous packaging of DNA into hexagonal arrays typically
occurs in the presence of cations with net charge of +3 or
higher.38,39 DNA helices in these packaged arrays do not touch
but are separated by ∼5−15 Å of water, equivalent to a few
monolayers of water.40 The water present is indicative of a
balancing of attractive and repulsive thermodynamic forces
within the condensed cation/DNA phase. In the presence of
condensing cations, there is a substantial reduction of the
repulsive electrostatic interaction between DNA helices. This
reduction, however, does not by itself account for the attractive
interaction measured, indicating DNA condensation requires
more than just counterion condensation.39 Most current
theoretical models therefore require correlation of charges or
water structures between DNA helices to account for the
magnitude of the experimentally determined attractions
stabilizing condensed DNA.40−44 A convenient means to
accomplish such correlations is to presume that cation binding
occurs in one of the grooves of the DNA helix, thus
coordinating charges, or restructuring the water molecules,
along these interfaces. In this model, cations bind in grooves
and allow the bound positive charges on one DNA to correlate
to negative phosphate backbones on an apposing DNA
molecule. Some experimental results suggest that linear cations
do indeed bind in the grooves of DNA though it is not clear if
this binding is in the major, minor, or both grooves.45−49

Hyperbranched molecules, such as dendrimers, present a
significant problem for such groove binding models. Even for
low generations, the size of the dendrimer already approach or

exceed the dimensions of even the major groove of DNA. The
major groove in B-DNA is approximately 8.5 Å deep and 12 Å
wide. In comparison, G0-PAMAM has a diameter of ∼15 Å
while G1-PAMAM has a diameter of 22 Å. We would anticipate
therefore that PAMAM is not likely capable of coordinating in
DNA grooves in the same manner as has been proposed for
linear cations. Recently, using osmotic force measurements, we
showed that low generation PAMAM dendrimers condense
DNA in hexagonally packaged arrays, but their dependence on
cation charge at near neutral pH is completely different than
comparably charged linear cations.29 We proposed the
differences are likely due to PAMAM using other binding
modes, such as cation bridging between DNA double helices, to
condense DNA as has been proposed by others theoretically
and experimentally.16,23,50

In this paper, we are interested in understanding the effect of
pH on the intermolecular forces in DNA condensed by low
generation PAMAM and the resulting phase behavior and salt
stabilities of the complexes. Our earlier experiments showed
that condensing DNA with PAMAM at a specific pH alters
DNA packaging more strongly than changing the pH after
dendriplex formation.29 These results most likely suggest that
the pKas of the PAMAM amines, once bound, are shifted and
their ability to protonate or deprotonate are different than
unbound PAMAM in solution. To keep samples as uniform as
possible, we have made all the samples here by first pH
buffering the DNA and the dendrimer separately and then
mixing the solutions to condense at the desired pH. After
condensation, samples were maintained at the same pH with 10
mM buffer solutions.
The ability for G0- and G1-PAMAM to spontaneously

condense DNA at all pHs in our experiments is consistent with

Figure 5. Scattering profiles for G1-DNA assemblies at (A) pH 4 and
(B) pH 8 for both low salt and high salt conditions. Shown is the
normalized intensity (I/Imax) as a function of scattering vector Q.

Figure 6. (A) Normalized DBr spacing and (B) in-plane correlation
lengths, ξ = 2π/ΔqBr, for DNA condensed with G1-PAMAM at
different pH as a function of the salt concentration normalized by the
critical salt concentration for each system (c/c*). A discontinuous
phase transition occurs at c* where both the salt sensitivity and the
long-range order of the PAMAM/DNA condensed phase are
significantly altered.
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the net valency exceeding +3 in all the samples. As discussed in
the Results section, G0 is estimated to be +3.5 to +5.1 and G1
is estimated to be +7 to +13 over the pH range of 8 to 4. At
equilibrium (i.e., Π = 0), we see a pH-dependent interaxial
spacing (Deq) for both PAMAM/DNA systems. As DNA has a
2 nm diameter, these interaxial spacings indicate ∼10.1−11.6 Å
of water for G0-PAMAM/DNA and ∼9.7−13.5 Å of water
between helices in G1-PAMAM/DNA depending on the pH.
All of these spacings are smaller than the G0- and G1-PAMAM
molecule diameters in solution. While large generation
dendrimers are thought to have spherical shapes, low
generation dendrimers are believed to be more disk-like in
shape.51 This molecule shape may allow G0 and G1 to
condense DNA to spacings smaller than the PAMAM
diameters.
We previously showed that homologous linear cations, such

as alkylamines, arginines, or lysines, converge at high osmotic
pressure to the same repulsive limit regardless of cation length
or charge for a given cation species.32,33 The magnitude of the
repulsions however changed with cation chemistry. The
attractions in all these linear cationic systems were shown to
have a similar ∼1/N dependence, where N is the charge of the
polycation. We argued the 1/N dependence likely arises from
translational entropy of the bound cations where, for example,
there is less loss of entropy in correlating one +3 counterion
than three +1 ions. Although the chemistries of G0- and G1-
PAMAM are essentially identical, we observe here by force
measurements that at near neutral pH the different PAMAM/
DNA complexes do not converge to the same repulsive limit. If
we compare the data for pH 7.5 given in Table 1, we see that
the measured attractions for the two PAMAM generations are
nearly identical despite G1-PAMAM being +8 and G0-
PAMAM being +4 at this pH. Repulsions, however, are larger
for G1-PAMAM/DNA. Combined, these forces result in G1-
PAMAM/DNA being more loosely packaged than G0-
PAMAM/DNA at neutral pH despite being more highly
chargeddirectly opposite to what is observed for homologous
linear cations.
Focusing on the effect of pH on the forces, we see that for a

given dendriplex system, despite starting at very different
interaxial spacings at equilibrium, both G0- and G1-PAMAM
condensed DNA converge to the same high pressure limit for
all pHs studied as shown in Figures 1 and 2. This convergence
is better in G0-PAMAM/DNA than in G1-PAMAM/DNA
complexes, perhaps reflecting increased steric effects in the
larger generation dendrimer. Using the estimates of residual net
charge, we can also determine the dependence of the attractive
and repulsive free energy contributions for the PAMAM
dendriplexes as a function of the inverse dendrimer charge N
(Figure 3). For both dendriplex systems, the respective ΔGR
are relatively insensitive to pH and show little dependence
(<4%) on dendrimer charge. The magnitude of the short-range
repulsive force in DNA condensed by G1-PAMAM is seen to
be ∼15% higher than G0-PAMAM at all pHs. In contrast, the
attractions vary significantly with the inverse charge of the
dendrimer, comparable to attractions observed for linear DNA
condensing agents. Over the pH range of 8 to 4, ΔGA values are
seen to increase ∼24% for G0-PAMAM and ∼50% for G1-
PAMAM. Surprisingly, the magnitudes of the attractions are
quite similar for G0 and G1 over pH 6 to 8 despite large
differences in the net charge of the two dendrimers. Ultimately,
G1-PAMAM does have a greater change in the attractions, and
we observe that at pH 4 the increased attractions allow G1-

PAMAM for the first time to condense DNA more tightly than
G0-PAMAM at the same pH. It is interesting to note that
extrapolating the force data suggests that, while trivalent or
higher is typically sufficient to condense DNA, an approx-
imately +5 G1-PAMAM would not be able to condense DNA
primarily due to the weak attractions of the hyperbranched
dendrimer compared to similarly charged linear or inorganic
cations. How exactly the dendrimer molecules are arranged
within the condensed phase still remains to be determined.
The salt dependence of the DNA−DNA spacings without

applied pressure was also determined for G0- and G1-PAMAM
dendriplexes condensed at different pHs (Figure 4). For all
systems, added NaCl salt causes the DNA packaging to swell,
resulting in larger spacings. We previously observed that salt
dependencies in protamine−DNA are highly dependent on the
salt species, not just charge.52 Added salt does not simply
screen electrostatic attractions in the cation condensed DNA
phase but acts through some complicated combination of
electrostatic screening, anion binding to the bound cation, and/
or cation competition with the bound cation for DNA binding.
Here, for PAMAM condensed DNA, we see large changes in
the DNA−DNA spacings increasing as much as 7.5 Å for G1-
PAMAM/DNA with added NaCl salt (Figure 4D). There are
also two unique salt regimes observed for both PAMAM/DNA
systems. At low salt, with DNA packaged tightly in a hexagonal
array, we observe a slow swelling regime. Then at a specific
critical salt concentration, c*, a phase transition occurs, and a
much faster rate of swelling is observed with additional added
salt. Both the rate of swelling and c* magnitude depend on the
PAMAM generation number and the pH at condensation.
Significantly higher NaCl concentration is needed to induce the
discontinuous phase transition with PAMAM/DNA condensed
at low pH compared to high pH. Also, the more highly charged
G1-PAMAM/DNA results in higher c* for all pHs compared to
G0-PAMAM/DNA.
Scattering profiles before and after c* are consistent with a

salt-induced melting transition (Figure 5). Before c*, sharp
Bragg reflections are observed to maintain their sharpness but
shift to lower Q, or equivalently larger DNA−DNA spacings,
with added salt. At c*, the observed Bragg reflections are
significantly broader. Above c*, these broad reflections
simultaneously shift to lower Q and broaden with further
added salt. These results suggest a discontinuous phase
transition occurring at c* from a tightly packaged hexagonal
DNA array at low salt to a more loosely organized, fluctuation
dominated phase above c*most likely a cholesteric liquid
crystalline phase. The cholesteric phase of DNA observed at
high salt is characterized by increased positional disorder and
greater sensitivity to configuration fluctuations with added salt.
Eventually, enough salt is added to disrupt DNA order
sufficiently that all Bragg scattering is lost. Because of the
relatively high concentration of DNA and cation in our X-ray
samples, this likely is an isotropic network phase of PAMAM
and DNA chains forming at high salt. Similar salt-dependent
phase transitions were observed for linear cation/DNA
complexes including polylysine, polyarginine, and spermi-
dine.53,54 For the linear cations, the critical salt concentrations
were highly dependent on the nature of the cation used to
condense DNA. In our study, the chemical makeup of our two
PAMAM systems are nearly identical; thus, the observed
differences in c* are most likely resulting from differences in the
net charge of the dendrimer and the ability of the monovalent
salt to compete with the polyvalent PAMAM molecules. The
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hexagonal−cholesteric transition, however, is likely a compli-
cated combination of chain configurational entropy and ion-
binding competition that is not easily understood. Recently,
similar phase transitions between a square, a hexagonal, and a
“bead on a string” phase were reported for G4-PAMAM/DNA
as a function of the charge ratio of amines to phosphates and
the degree of protonation (dp).26 In these samples, dp was
adjusted after complex formation by addition of concentrated
acid or base.
Lastly, we show that we can collapse all of the G1-PAMAM/

DNA salt data to a single curve by plotting the relative increase
in Bragg spacing (DBr/DBr,eq) as a function of the salt
concentration normalized by the critical salt concentration
(c/c*) for each pH/salt system. Similar results are seen with
G0-PAMAM/DNA (not shown). This universal behavior
suggests that there is a common physical origin for the
observed discontinuous phase transition that is independent of
pH for a given PAMAM/DNA system. Despite each G1-
PAMAM/DNA starting from its own unique pH-dependent
packaging state without added salt, we unexpectedly see all
three pH samples swell ∼10% from their original Bragg spacing
before reaching the salt-induced melting transition at c* to a
more loosely ordered array. Once above c*, G1-PAMAM
condensed at pH 8 swells an additional 20%, while G1-
PAMAM dendriplexes condensed at pH 4 and 6 swell
approximately 30% more before Bragg reflections are lost.
The average in-plane correlation lengths, ξ, also change
dramatically at c*. Below c*, G1-PAMAM has correlation
lengths ξ of ∼220−300 Å (or approximately 7−10 DNA
repeats) for all three pHs. Near c* we observe ξ quickly drops
to just a few DNA repeats for all the samples. Once in the
fluctuation dominated cholesteric phase, the PAMAM/DNA is
increasingly sensitive to monovalent salt and the complex opens
up quickly, becoming highly disordered until all Bragg
scattering is lost.

■ CONCLUSIONS

In this paper, we describe the role of pH on the packaging,
compaction energies, and phase behavior for DNA condensed
by low generation PAMAM dendrimers. At equilibrium, in low
salt conditions, all samples are consistent with DNA being
locally hexagonally packaged by the PAMAM dendrimers.
Using osmotic stress, we have directly measured the
intermolecular forces in G0- and G1-PAMAM/DNA con-
densates as a function of pH at condensation. By separating and
quantifying the attractive and repulsive free energy contribu-
tions, we show that repulsions for a given PAMAM generation
are nearly unaffected by pH while the observed attractions scale
approximately linearly with the inverse of the dendrimer charge.
Changes in the pH at condensation also greatly influence the
resulting phase behavior for PAMAM dendriplexes. For all
systems, a hexagonal to cholesteric phase transition is observed
with the addition of monovalent salt. The critical salt
concentration, c*, required to induce this melting transition is
observed to be dependent on both PAMAM generation
number and the pH at condensation. Together, our results
suggest that pH and salt play a central role in tuning the
intermolecular forces and packaging within the PAMAM/DNA
condensed phase. The ability to manipulate these forces are
essential for therapeutic uses of PAMAM, such as successful
gene delivery.
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