PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 12 Physical Chemistry Chemical Physics

PCCP Guidelines for Referees

Physical Chemistry Chemical Physics (PCCP) is a high quality journal with a large international
readership from many communities

Only very important, insightful and high-quality work should be recommended for publication in PCCP.

To be accepted in PCCP - a manuscript must report:
e Very high quality, reproducible new work
e Important new physical insights of significant general interest

e A novel, stand-alone contribution

(R

Routine or incremental work should not be recommended for publication. Purely synthetic work is not
suitable for PCCP

If you rate the article as ‘routine’ yet recommend acceptance, please give specific reasons in your report.

Less than 50% of articles sent for peer review are recommended for publication in PCCP. The current
PCCP Impact Factor is 3.83

PCCP is proud to be a leading journal. We thank you very much for your help in evaluating this
manuscript. Your advice as a referee is greatly appreciated.

With our best wishes,

Philip Earis (pccp@rsc.org) Prof Daniella Goldfarb
Managing Editor, PCCP Chair, PCCP Editorial Board

General Guidance (For further details, see the RSC’s Refereeing Procedure and Policy)

Referees have the responsibility to treat the manuscript as confidential. Please be aware of our Ethical Guidelines which
contain full information on the responsibilities of referees and authors.

When preparing your report, please:

e Comment on the originality, importance, impact and scientific reliability of the work;

» State clearly whether you would like to see the paper accepted or rejected and give detailed comments (with
references) that will both help the Editor to make a decision on the paper and the authors to improve it;

Please inform the Editor if:

* There is a conflict of interest;

¢ There is a significant part of the work which you cannot referee with confidence;

¢ If the work, or a significant part of the work, has previously been published, including online publication, or if the work
represents part of an unduly fragmented investigation.

When submitting your report, please:
¢ Provide your report rapidly and within the specified deadline, or inform the Editor immediately if you cannot do so.
We welcome suggestions of alternative referees.


mailto:pccp@rsc.org

Physical Chemistry Chemical Physics Page 2 of 12

Journal Name RSCPublishing

ARTICLE

Complexes Formed between DNA and Poly(amido
amine) Dendrimers of Different Generations —
modelling DNA wrapping and penetration

Cite this: DOI: 10.1039/X0XxX00000X

Khawla Qamhieh,”” Tommy Nylander,** Camilla F. Black,” George S. Attard,’

] . N d . . .
Received ooth January 2012, Rita S. Dias,*“ and Marie-Louise Ainalem “¢,
Accepted ooth January 2012

DOI: 20.1039/x0xx00000% This study deals with the build up of biomaterials consisting of biopolymers, namely DNA,
and soft particles, poly(amido amine) (PAMAM) dendrimers, and how to model their
interactions. We adopted and applied an analytical model to provide further insight on the
complexation between DNA (4331 bp) and positively charged PAMAM dendrimers of
generations 1, 2, 4, 6 and 8, previously studied experimentally. The theoretical models applied
describe the DNA as a semiflexible polyelectrolyte that interacts with dendrimers considered
as either hard (impenetrable) spheres or as penetrable and soft spheres. We found that the
number of DNA turns around one dendrimer, thus forming a complex, increases with
dendrimer size or generation. The DNA penetration required for the complex to become charge
neutral depends on the dendrimer generation, where lower generation dendrimers requires little
penetration to give charge neutral complexes. High generation dendrimers display charge
inversion for all considered dendrimer sizes and degrees of penetration. Consistent with the
morphologies observed experimentally for dendrimer/DNA aggregates, where highly ordered
rods and toroids are found for low generation dendrimers, the DNA wraps less than one turn
around the dendrimer. Disordered globular structures appear for high generation dendrimers,
where DNA wraps several turns around the dendrimer. Particularly noteworthy is that the
dendrimer generation 4 complexes, where the DNA wraps about one turn around the
dendrimers, are borderline cases and can form all types of morphologies.The net-charges of the
aggregate have been estimated by zeta potential measurements and are discussed within the
theoretical framework.

www.rsc.org/

Introduction dendrimers are probably the most promising examples of
synthetic molecules with proven great potential as delivery
The development of novel biomaterials for medical applications ~ Vectors for gene transfection. ™" Transfection efficiency and
with controlled nanostructure and organisation, a branch on functionality of dendrimer/DNA aggregates have been found to
material science often referred to as nanomedicine, is opening depend on the structure, size, and the charge density of the
up new avenues for disease prevention, diagnosis and dendrimers.'*"
treatment. It is becoming increasingly feasible to use structures The aim of this study is to provide further insights into the
engineered at the molecular level to monitor, repair and formation and structure of complexes and aggregates composed
construct at the cellular level.'® One of the ultimate goals is the ©0f DNA and PAMAM dendrimers of different generations by
detection of a disease in its earliest stage which allows for rapid  applying a relatively simple and applicable analytical model.
and targeted treatment.* This entails the delivery of a Here we use the term complex to refer to the entity formed by
therapeutic agent to the site of its action, which often poses ©one dendrimer and the part of a DNA molecule that wraps
major challenges that can preclude the use of a drug in the around it. The structure formed between the entire DNA

clinic. The issue of efficient and safe delivery is particularly molecule and multiple dendrimers is termed an aggregate. Our
important in the field of gene therapy, and several focusis on DNA and dendrimers but our approach could easily
nanotechnology approaches to packaging nucleic acids have be extended to any interacting system consisting of charged
been reported. Dendrimers have emerged as effective materials ~biopolymers and oppositely charged particles.

for delivering DNA for gene therapy. Dendrimers are branched ~Upon condensation of a double stranded DNA molecule (e.g.
polymeric molecules which have a specific size and shape, and by oppositely charged molecules) the dramatic decrease in the
which can be synthesized with a very narrow weight Volume occupied by the DNA results in a loss of

distribution. Thanks to their unique molecular structure, configurational entropy.'® In addition the double helix is bent
and intramolecular electrostatic repulsions are expected to
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increase due to the more compact structure. To overcome these
energy barriers, which oppose DNA compaction, oppositely
charged compacting agents (e.g. dendrimers) might be used.
The Manning counterion condensation theory states that about
90% of the DNA charges need to be neutralized for the DNA to
condense.'” This correlation theory, which has been studied
intensively by computer simulations,?*?° is usually applied to
describe the overcharging of an impenetrable macroion and
accounts for the interaction between a small excess of the
opposite charge on the macro-ion surface.”’** Both theory®®*’
and Monte Carlo simulations®?® show that charged hard
spheres can become overcharged by oppositely charged linear
polyelectrolytes (LPE) with constant charge density. The
overcharging phenomenon in complexes formed between
dendrimers and an LPE has been predicted by brownian
dynamics simulations,* as well as by using an analytical model
applied to poly(amido amine) (PAMAM) dendrimers
complexed with DNA.*!

PAMAM dendrimers have an ethylenediamine core and
primary amine functional groups at each branch end-point and
tertiary amine groups at each branch dividing point. This
architecture creates internal cavities with a different
microenvironment within the dendrimer core, compared to the
shell, as a consequence of the lower density at the center of the
molecule.’” The conformation of dendrimers depends on their
generation, i.e. dendrimers of higher generations may be
considered sphere-like whereas smaller dendrimers adopt a
flatter shape,®>>> and are also less rigid.***’ Unlike a hard
sphere a dendrimer is flexible and does not possess a clearly
defined surface, i.e. the surface structure allows for penetration
of a LPE. As a result modelling and prediction of the adsorption
of a LPE onto a dendrimer is challenging.

Table 1. Properties of the PAMAM dendrimers of different
generation, G, investigated in this study “

Dendrimer R, (nm) Z (e) o(e/mm? Iy, (nm)
Gl 1.10 8 0.52 1.37
G2 1.45 16 0.60 2.72
G4 2.25 64 1.00 10.88
G6 3.35 256 1.81 43.52
G8 4.85 1024 3.46 174.08

“The radius of the dendrimer is defined as R, and the number of
charged groups on the dendrimer is Z. o is the surface charge
density of the dendrimer. [, is the isoelectric length of the
DNA, i.e. the length of the double stranded DNA required to
neutralize the charge of the different dendrimer generations.

The condensation of DNA using PAMAM dendrimers has been
intensively studied experimentally and shown to be a
cooperative process, i.e. giving rise to coexistence of free DNA,
which adopts a random coil conformation, and fully condensed
DNA molecules at intermediate charge ratios.*®* The charge
ratio (reparge) is defined as the ratio between the charged groups
on the dendrimer surface and the phosphate groups on the DNA
backbone, i.e. (Tcharge) = n(NH;")/n(PO,). The number of
dendrimers bound per DNA molecule has been shown to
decrease for higher dendrimer generations, remaining, however,
independent of the charge ratio in dilute solutions at low charge
ratios (feparge < 1).>%% The morphologies of the aggregates
formed between DNA and PAMAM dendrimers at these low
charge ratios have furthermore been shown to depend on the
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dendrimer generation. Low dendrimer generation/DNA
aggregates give rise to rods and toroids, while high generations
cause the formation of globular and disorded structures.®
PAMAM dendrimers also protect DNA against DNase activity
and reduce in vitro gene transcription.***?

In order to understand the DNA condensation process using
dendrimers, it is important to better understand why these
different morphologies are formed and to reveal how these
structures are affected by dendrimer size, charge, and surface
charge density at low repae (<1). It is also important to
determine the number of dendrimers that bind to each DNA
molecule and to estimate the net charge of aggregates
composed of one DNA chain and multiple dendrimer
molecules. A theoretical model of the complex formation was
developed by Schiessel et al..** We previously used this model
to explore the effect of the DNA length on compaction using
G4 dendrimers,”' and we will therefore adopt and apply this
model in the present study. The modelling will be based on
experimental data obtained for the interaction between
PAMAM dendrimers of generation 1 (G1), 2 (G2), 4 (G4), 6
(G6) or 8 (G8) and DNA, see Table 1. The model will be used
to determine the charge of both the complexes and the
aggregates. It will also be possible to elucidate to what degree
the DNA molecule is wrapped around a dendrimer. The
obtained results will be used to better understand how the
experimentally observed morphologies depend on the
dendrimer generation.*>*** In addition to the theoretical model
applied we will use previously obtained experimental data as
well as recently recorded data on the charge of dendrimer/DNA
aggregates using zeta potential measurements.

Experimental

Experimental background

The composition and morphology of aggregates formed
between linearized DNA plasmids (4331 base pairs (bp)) and
PAMAM dendrimers of generation 1, 2, 4, 6 and 8 have been
thoroughly studied in aqueous solutions containing 10 mM
sodium bromide, NaBr, at 1ow reparge (<1).3*% Cryogenic
transmission electron microscopy (cryo-TEM) and dynamic
light scattering (DLS) were used to reveal that the lower
dendrimer generations give rise to well-defined aggregates, that
is G1 and G2 induce the formation of well-structured rods and
toroids. For the higher generation dendrimers (G6, GS),
globular and less well-defined aggregates are formed. The
intermediate dendrimer generation, G4, appears to behave as a
border case, where a range of morphologies (globules as well as
toroids) are formed.

Table 2. The number of dendrimers bound per DNA molecule
and the charge ratio of the dendrimer/DNA aggregate as
estimated from experimental data at low repuee (<1) in dilute
aqueous solutions.

Dendrimer G2 G4 G6 G8
Nexp 318 140 16 5
Teharge=NexpZ/Zehain 0.58 1.03 0.47 0.59

“ Data reproduced from Ainalem et al. ***' The experimentally
determined number of dendrimers bound per DNA molecule is
Nexp.38 The charge ratio of the dendrimer/DNA aggregate is
Tcharge> Zp 18 the dendrimer charge number and Zp,;;, (= 8662 for
4331 bp DNA) is the charge number of the DNA molecule.

This journal is © The Royal Society of Chemistry 2012
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The cooperative nature of the DNA condensation process,
described above, was confirmed using cryo-TEM and DLS
which displayed coexistence between dendrimer/DNA
aggregates containing condensed DNA, and free extended
DNA. Fluorescence spectroscopy was used to show that the
number of dendrimers bound per DNA molecule decreased for
larger dendrimers, but remained independent of rcyy.. Previous
experimental data are summarised in Table 2 and shows the
number of dendrimers bound per condensed DNA molecule and
the corresponding mean charge ratios of the aggregates.’>*!
These data indicate that all dendrimer generations give rise to
aggregates with a negative net charge except for G4
dendrimers, which appear to form aggregates that are slightly
positive.

Materials

Luciferase T7 Control plasmid DNA (Promega), 4331 basepairs
(bp), was amplified, linearized and purified as described in
detail elsewhere.** PAMAM dendrimers of different
generations (G1, G2, G4, G6, and G8) were purchased from
Sigma and were received at high concentration (>5% w/w) in
methanol. Before use, the methanol was removed under
reduced pressure at room temperature after which the
dendrimers were resolubilized in aqueous solutions (18.2 MQ
cm grade purity) containing 10 mM NaBr (Aldrich).
Dendrimer/DNA samples (2 mL) were prepared by adding
dendrimer solutions of appropriate concentration into equal
volumes of DNA solutions. The final DNA concentration was
0.025 mg mL™', which is well below the overlap concentration
C* for the 4331 bp DNA molecule (estimated from the relative
viscosity relationship of hard spheres).”* The dendrimer
concentration was varied in order to obtain samples with
different charge ratios. The solutions were then left to
equilibrate on a mixing board at 25 °C for at least 3 hours prior
to analysis. All solutions contain 10 mM NaBr to prevent DNA
denaturation. The pH of the samples was checked and found to
be equal to 7 (£0.3) in all samples. The results were therefore
interpreted assuming that all primary amine groups were
protonated under the conditions used.

Zeta potential measurements

Applying an electric field to a solution with charged particles
induces the migration of the particles towards an oppositely
charged electrode. The velocity (electrophoretic mobility) will
depend on the strength of the field, the dielectric constant of the
medium, the viscosity of the medium and the zeta potential.
The zeta potential is the potential at the boundary called the
slipping plane or hydrodynamic shear surrounding a particle
surface. This boundary is located within the so-called diffuse
layer where ions are less strongly attached compared to the
inner region of strongly attached ions, often called the Stern
layer. Ions within this boundary move with the particle and ions
beyond this boundary do not. The zeta potential gives a semi-
quantitative measure of the charge of the particles, in this case
dendrimer/DNA aggregates, and an indication of the colloidal
stability of the system, where approximately 130l mV usually
means that the particles are sufficiently charged to repel one
another, resulting in a stable system which will not coagulate. A
positive zeta potential indicates a positive surface charge, and
equally a negative zeta potential reflects a negative surface
charge. Zeta potentials of around 0 mV, the isoelectric point,
indicate that particles are close to neutral and, as such, the

This journal is © The Royal Society of Chemistry 2012

electrostatic repulsive interactions between the particles are
weak and the systems are likely to coagulate.

The Henry equation (1) allows the zeta potential to be estimated
from the electrophoretic mobility, Uy (m? s V™), obtained
experimentally:

_ 2ezf(ka)

U
E 3

(1)

where ¢ is the dielectric constant of the solvent, z is the zeta
potential (V), # is the viscosity (m? s!) and f(Oa) is Henry’s
function. Here [] is the inverse Debye length ([17) and a is the
radius of the particles. For [Ja—oo, i.e. when the electrolyte
concentration is moderate and the particles are large, f{[la) =3/2
(Smoluchowski approximation). For [la —0, when the ionic
strength is low and the particles are small, f{(la) =1 (Huckel
approximation). A Zetasizer (Zetasizer Nano ZS from Malvern
Instruments Ltd, Worshestershire, UK,) was used to measure
the zeta potential of the dendrimer/DNA aggregates. Five
repeat measurements were recorded for each sample and the
obtained electrophoretic mobility of samples was converted
into an average zeta potential value using the Helmholtz-
Smoluchowski approximation assuming that the particles are
spherical and large compared to the Debye length, [1017.

Theoretical model

A theoretical model for the electrostatic complexation of
spheres and chains under elastic stress, developed by Schiessel
et al.,* was adopted. This model has previously been applied to
describe G4/DNA aggregates for two DNA lengths, 2000 bp
and 4331 bp.*' Here it is applied to obtain a mechanistic
understanding of how the dendrimer generation affects the
formation and structure of the DNA-containing aggregates.
PAMAM dendrimers of generations 1, 2, 4, 6 and 8 and DNA
with 4331 bp were used in this study.

Figure 1. The proposed binding model between DNA, of
contour length L and radius r, and PAMAM dendrimers
modeled as hard spheres of radius R. In a) a segment of a DNA
molecule is shown to wrap around one dendrimer. The DNA
segments linking to the next dendrimer in an aggregate are
shown. In b) a dendrimer/DNA complex consisting only of one
dendrimer and the DNA segment of length, /, actually wrapping
the dendrimer is visualized. In c¢) the dendrimer/DNA aggregate
consisting of the entire DNA molecule and a multiple of
dendrimers is shown. The model is in accordance with the
cooperative binding model proposed by Orberg et al.*®

The dendrimer was first considered as a hard sphere of radius R
and charge Ze and the DNA as a linear polyelectrolyte of high

J. Name., 2012, 00, 1-3 | 3
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persistence length, which can be described as a semi-flexible
rod of radius » =1 nm and length L>>R. Figure 1 shows a
schematic picture of the proposed binding model between
dendrimers and DNA. We consider the 4331 bp DNA molecule
used experimentally, having a contour length L of 1472.5 nm.
The charge of the DNA per unit length is —e/b (=—/0.17 nm)
and the persistence length, [,, is 50 nm, which is large
compared to R. The fact that the experimental data were
recorded in monovalent salt solutions is taken into account
through the Bjerrum length, I;=e*/kpT, and the Debye
screening length, [1117'=(8c,l5)""%, where kzT is the thermal
energy and ¢ is the salt concentration. The experimental studies
were performed in 10 mM NaBr aqueous solutions, which
corresponds to[170"' = 3 nm, comparable to the size of the
dendrimers but smaller than L. However, the derivation
according to Schiessel et al. assumes that [1”! is large compared
to the radius of the sphere (low ionic strength and small
particles).* We argue that the assumption does not affect the
results to a large extent as we regard the apparent radius of the
dendrimer in the complex to be smaller than that of the free
dendrimer. Furthermore the electrostatic term for the interaction
within the aggregate is comparably small compared to other
contributions. As DNA is a highly charged polyelectrolyte, the
distance b between charges is smaller than /3= 0.7 nm using the
dielectric constant of water at room temperature.>'*

Calculation of the free energy for the dendrimer/DNA complex

The model by Schiessel et al. for electrostatic complexation,*’
assumes that the total free energy of the system consisting of
one dendrimer and one DNA segment can be expressed as a
sum of four contributions, according to:

F(D) = Fcompl(l) + Fchain(L -D+ Fcompl—chain(l) +(2)
Felastic(l)

where [ is the length of the DNA molecule wrapped around the
sphere (dendrimer), and the remaining chain is of length (L-/).
The complex, i.e., the sphere and corresponding wrapped chain
has, thus, a total charge eZ(l)=e(Z-1/b).
The first term, Feompi(1), is the electrostatic charging free energy
of a spherical complex of charge eZ(/)

222(1)
12D < Zax

1ZWDIkpTw(ZWD), 1ZD] > Zinax

Fcompl(l) =
3)

where, a(Z(l))= 2 ln(\Z(l)\lBK'I/Rz), is an entropic term that
takes into account the confinement of the counterions
condensed onto the sphere, in the case of a highly charged
sphere, and Z,,,, is the effective charge number of the sphere
and is of the order of wR/l5.*

The second term, F,;,(L-/), is the total entropic electrostatic
free energy of the remaining chain (L-/):

Fenain(L — 1) = 2220 (L — 1) @)

where Q(r)=2In(4&x Yr) is a term describing the condensed
DNA counterions, and &=lp/b is the so-called Manning
parameter.'’

The third term, Feompichain(l), 18 the electrostatic free energy of
the interaction between the complex and the rest of the chain:

4| J. Name., 2012, 00, 1-3
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Fcompl—chain(l) = Z*(DkpTIn(xR) 3)
where Z*(/) is the effective charge of the complex. For small
complex charges, |Z(l)|<Z,,..» which we will assume throughout,
the effective charge obeys to Z*(l)=Z(l) .

The final term in Eq. 2, F,.(]), is the elastic (bending) free
energy and can be written according to:

_ kgTl
Ferastic(D) = ?p

(6)
Again, for |Z(])|<Z,...» Eq. 2 can be written as:

2
%E;—Q(Z—é) +%+C07’l$t (7
where all contributions which are linearly dependent on the
wrapping length, [/, i.e. the bending energy, electrostatic
interaction between the complex and the un-complexed chain,
and the release of the counterions of the chain, are combined in
quantity A given by:

A= ’I’;—f — In(kR) — Q (8)

Calculation of the free energy for the dendrimer/DNA aggregate

For a system consisting of one DNA molecule and N
dendrimers, the total free energy can be expressed as:

F(N,D) = NF(D) + Fie (N, D)
&)

where F(/) is the total free energy of the dendrimer/DNA
complex as expressed in Eq. 2 and F;, is the interaction
between the dendrimer spheres which are decorating the DNA
molecule. Fj, is obtained as the sum of the electrostatic
repulsion between all complexes within one DNA molecule. In
the limit where the center-to-center distance between two
neighboring (hard-sphere like) dendrimers with the same
wrapping lengths, D(N,l)=(L-NI+2NR) is small compared to x'
(very low ionic strength) but larger than 2R (no excluded
volume effects), we can write the interaction force with the

following approximation of an (repulsive) electrostatic
interaction:

2
Fine(N, 1) = AkpT 2220 (10)

D(N,D

where the quantity [ is a logarithmic factor of the order
In(x'/D). Note that the expression for the interaction is an
approximation. A more rigorous treatment of the electrostatic
interaction force is not possible within our analytical
framework. It is also worth noting that this term will be small if
the complex charge is close to neutral, when the neighbouring
spheres are sufficiently far apart, or at high ionic strength.

For |Z(D)|<Z,.., i.e. for large wrapping lengths, the total free
energy of the dendrimer/DNA complex is quadratic in / and Eq.
9 according to Eq. 7 can be expressed as:

FIND _ len 2 Al AN?15Z%(1)
kgT ~— 2R z*() + b N—=Noz + D(N,L) an
+1In(kR) NZ

We will analyze the experimental results for the aggregates
formed between dendrimers of different generations and DNA

This journal is © The Royal Society of Chemistry 2012
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by using the model by Schiessel et al.** with a minor change in

Eq. 4. According to Manning, (1-&")L/b counterions condense
on a molecule and reduce its effective charge density to /p."
Schiessel et al. ignored &' in Eq. 4 because of the assumption
that £<<1. For our system &= 4.12 and as a result, &' is taken
explicitly into account in the second term in Eq. 1, which states
the total entropic electrostatic free energy of the remaining
molecule (L-]). As aresult Eq. 4 is expressed as:

Fenamn(L — D = “220(L — D(1 — )
(12)

The constant A in Eq. 11 then becomes:

A=22—In(xR) — (1 —§™) (13)

Results and discussion

Dendrimers regarded as non-penetrable spheres

The optimal wrapping length of DNA around a dendrimer (/,,)
can be estimated according to the analytical model by taking
the first derivative of the free energy (F, Eq. 11), with respect
to the wrapping length (/), and solving the equation dF/dI=0 for
lop- This requires, however, that the number of dendrimers
bound per DNA molecule is known. Here we use the

Table 3. Analytical model results for the interaction between
dendrimers and DNA of contour length L= 1472.5 nm.
Dendrimers are considered to be hard spheres of radius R = R,“.

Dendrimer

G2 G4 G6 G8
Lopt (nm) 3.2 12.2 50.4 182.8
Dif (nm) 0.5 1.4 6.8 8.8
VA -3 -8 -40 -51
VAV -0.19 -0.13 -0.16 -0.05
D(N,I) (nm) 4.3 2.8 48.4 121.4
D’=D-2R (nm) 1.4 -1.7 44.5 139.6
(D +Dif)Ne/L 0.41 -0.03 0.56 0.5
lop/2 TR 0.35 0.86 2.38 5.99
Fio/Fmin 0.004 0.009 0.019 0.004

“ The number of dendrimers per DNA, N, is set equal to Nexps
Table 2. [,y is the DNA wrapping length per dendrimer. The
difference between the optimal wrapped DNA length and the
length needed to neutralize the dendrimer charges is Dif = I~
liso- Z* is the charge of the complex and Z is the charge of the
dendrimer, see Table 1. The center-to-center dendrimer spacing
is given by D(N,l), D' is the length of the DNA linking two
neighboring dendrimers, and [,,/27R is, approximately, the
number of DNA turns around each dendrimer. (D +Dif)N.y/L
describes the fraction of the DNA strand (with length, L) not
needed to neutralize the dendrimer charge. F;, is the
electrostatic repulsion between complexes and Fy,;, is the
minimal total free energy of the system.

experimental value, Ny, (Fcharge<l) and substitute N for this
value in the equation to estimate /,,, containing a G2, G4, G6,
or G8 dendrimer. Since N,, was not available for Gl
dendrimers, the analytical model was not applied in this case.
The dendrimer-dendrimer spacing D(N,[) is set to (L — NI

This journal is © The Royal Society of Chemistry 2012

+2NR)/N for hard (non-penetrable) spheres. This means that R
= R, (Table 1) for the calculation of the dendrimer/DNA
aggregate free energy as described above. Table 3 shows that
the optimal DNA wrapping length increases for higher
dendrimer generations. The difference (Dif) between [,,, and the
isoelectric length of DNA, [, also increases as a function of
dendrimer generation. The /;, values are shown in Table 1 for
all dendrimer generations studied experimentally. Table 3 also
shows that the effective charge of the dendrimer/DNA
complexes, Z* is negative for all dendrimer generations and
increases for larger dendrimers. The charge of the individual
dendrimer in the complex is therefore reversed, giving a
negative value of the ratio between the charge of the
dendrimer/DNA complex and the charge of the dendrimer
alone, Z*/Z. It is interesting to note that the analytical model
values for the dendrimer/DNA complexes composed of a G2,
G4, or G6 dendrimer correspond to that of a nucleosome, which
has a net negative charge Z* and Z*/Z=-0.15."® The complex
formed with a G8 dendrimer shows the most negative value,
however, Z*/Z indicates that the complex is nearly neutralized.
As will be discussed further below the negative net charge is in
agreement with the negative zeta potential values obtained. The
center-to-center dendrimer spacing in a dendrimer/DNA
aggregate, D(N,[)=(L-NI+2NR)/N, increases as the dendrimer
generation increases. D', which is the length of the DNA
linking two neighboring dendrimers, was found to increase with
the dendrimer generation, except for G4 where an unphysical
negative value was found. This results from the fact that the
total DNA wrapping length, i.e. the DNA around the 140 G4
dendrimers (the number of complexes that constitute the
aggregate), is larger than the DNA contour length. The quantity
(D +Dif)-N/L describes the fraction of the DNA strand (with
length, L) not needed to neutralize the dendrimer charge. It is
calculated from the sum of the DNA linker lengths and the
difference between the optimal wrapped DNA lengths and the
lengths needed to neutralize the dendrimer charges. As an
example, 59% of the DNA is neutralized in a G2/DNA
aggregate (and the complex is net negative). G4/DNA
aggregates are, however, slightly positive (=294 ¢). This should
be compared to the Manning counterion condensation theory,
which predicts that about 90% of the DNA charges need to be
neutralized for the DNA to condense. '

The ratio between [y, and the dendrimer circumference (27R),
i.e. the number of turns that the DNA is able to wrap around the
dendrimer, increases with the dendrimer size (Table 3). The
less efficient charge neutralization found for G2 dendrimers can
be ascribed to their larger curvature and the stiffness of the
DNA. The inter-particle repulsive interaction, between
complexes, is therefore more pronounced. As a result the
smaller dendrimers are expected to decorate the DNA molecule
instead of the DNA being wrapped around the dendrimer. The
higher generation dendrimers, G6 and G8, which have lower
curvature and higher surface charge density, are, however, able
to interact more effectively with the oppositely charged DNA.
The DNA therefore wraps the larger dendrimer to a higher
extent, that is, more than one turn as obvious from the increased
value of l,/27R.

Dendrimers regarded as penetrable spheres

As a first step the simple model presented above assumes that
the dendrimers are hard spheres. However, dendrimers are
known to be soft and flexible.*>' Their internal structure and
size are controlled not only by molecular architecture but also
by the intramolecular electrostatic repulsions. One would
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therefore expect that the dendrimers contract upon interaction
with an oppositely charged DNA molecule. The simplest way
to take this effect into account in Eq. 11 is to vary the radius
(R=xR,) of the dendrimers. A reduced dendrimer size will
affect the distance between two dendrimers, the DNA wrapping
length, and, concomitantly, the charge of the complex. The
results from calculating the DNA wrapping length for
dendrimers of varying radius and generation are shown in
Tables 4-7.

Table 4. Analytical model results for the interaction between
G2 dendrimers and DNA of contour length L= 1472.5 nm. The
results of the interaction are modeled as a function of the
dendrimer radius R =xR,, where R,=1.45 nm

Physical Chemistry Chemical Physics

Fraction, x, of G6 dendrimer radius, Ry=3.35 nm
Penetration to radius R=xR,

1 0.9 0.8 0.7 0.6 0.5 0.4
Lop (mm) 50.4 49 474 46.4 454 447 43.6
Dif (nm) 6.8 5.5 39 2.9 1.8 1.1 =0
zZ* -40 -32 -23 -17 -11 -7 -0.23
VA/A -0.15 -0.12 -0.08 -0.06 -0.04 -0.02 -0.001
D(N,1) (nm) 48.4 49.1 49.9 50.3 50.7 50.7 51.2
D’=D-2R
44.5 459 47.6 48.6 49.8 50.5 51.7
(nm)
Nexp([/)L+D’f) 0.56 0.56 0.56 0.56 0.56 0.56 0.56
lop/2 7R 2.38 2.58 2.81 3.14 3.58 423 5.16
Fin/Fonin 0.019 0.012 0.006 0.003 0.001 0.001 0

Fraction, x, of G2 dendrimer radius, Ry=1.45 nm
Penetration to radius R=xR,

1 0.9 0.8 0.7 0.6 0.5 0.4

lopt (nm) 32 2.8 22 1.6 1.0 0.2 -0.8
Dif (nm) 0.5 =0.0 -0.5 -1.1 -1.8 -2.5 -3.5
zZ* -3 -0.2 3 6 10 15 20

iz -0.18 0 E)l 0.18 037 0.62 0.93 1.25
D(N.,I) (nm) 4.3 4.5 4.7 5.0 5.4 59 6.5

D’=D-2R (nm) 1.4 1.88 241 3.02 3.68 444 538
Nexp(D+Dif)/L. 0.41 0.41 0.41 0.41 0.41 0.41 0.41
lop/27R 035 033 0.3 025  0.17 0.04 -0.3
Find/Frin 0.004 0 0.005 0.03 0.117 0327 07

“ The parameters are defined in the footnote of Table 1 and 3.
Table 7. Analytical model results for the interaction between
G8 dendrimers and DNA of contour length L= 1472.5 nm. The
results of the interaction are modelled as a function of the
dendrimer radius R =xR,’, where R,=4.85.

Fraction, x, of G8 dendrimer radius, Ry=4.85 nm
Penetration to radius R=xR,

“The parameters are defined in the footnote of Table 1 and 3.

Table 5. Analytical model results for the interaction between
G4 dendrimers and DNA of contour length L= 1472.5 nm. The
results of the interaction are modelled as a function of the
dendrimer radius R =xR,“, where R,=2.25 nm.

1 0.9 0.8 0.7 06 05 0.4
Lop () 182.8 1822 180.0 179.0 177.8 176.0 175.0
Dif (nm) 8.8 8.1 59 49 3.7 1.9 0.9
z* -51 -48 -35 -29 222 -11 -5
VAY/A -0.04 -0.04 -0.03 -0.02 -0.02 -0.01 -0.005
D(N,I) (nm) 1214 121.1 1223 1223 1225 1233 1234
D’=D-2R (nm) 139.6 1404 143.1 1444 1459 148.1 1494
Nex(D+Dify/L 0.5 0.5 0.51 051 051 051 051
lop/27R 599 663 737 838 9.7 1153 143
Find/Frin 0.004 0.003 0.002 0.001 0.001 0 0

Fraction, x, of G4 dendrimer radius, Ry=2.25 nm
Penetration to radius R=xR,

I 09 08 07 06 05 04
o) 122 120 116 113 1.0 104 94
Difem) 14 L1 08 05 01 -04 -5

7 § 6 5 3 059 2 9
Zvz 002 009 007 004 -001 003 0.4

DD @m) 28 26 25 23 22 23 29
DED2R 47 44 a1 08 05 o1 L
(nm)

Neo(D“+Dif

) 0035 -0.035 -0035 -0.035 -0.034 -0.034 -0.034
/L
w22 086 093 103 Ll4 120 147 166
FulFan 0009 0002 0 0001 0 000 0001

“ The parameters are defined in the footnote of Table 1 and 3.

Table 6. Analytical model results for the interaction between
G6 dendrimers and DNA of contour length L= 1472.5 nm. The
results of the interaction are modeled as a function of the
dendrimer radius R =xR,, where R,=3.35.

6 | J. Name., 2012, 00, 1-3

“ The parameters are defined in the footnote of Table 1 and 3.

The optimal DNA wrapping length, /,,, is shown to decrease
with the dendrimer radius. The dendrimer radius (penetration)
effect on [,, is, furthermore, smaller for the lower generation
dendrimers, i.e. G2 and G4, than for G6 and GS8. It should be
noted that the [,,, value for the G2/DNA aggregates for x = 0.4
is negative (Table 4), which is obviously not physically
possible. The difference (Dif) between [,,, and [;, decreases for
all dendrimer generations when the radius of the dendrimer
decreases. For G2 and G4 Dif turns negative at x = 0.8 and 0.5,
respectively. The larger dendrimers always gives [, > [;,, for
all used dendrimer radii values, i.e. the degree of penetration.
As a result, the net charge of the complexes, Z*, composed of
G2 or G4 dendrimers turns from being negative to positive
when the dendrimer radius decreases. For dendrimers of higher
generations Z* is negative for all values of x, that is, charge
inversion is obtained for all considered dendrimer radii.This
suggests that the degree of dendrimer penetration does not
affect the charge reversal. The Z*/Z ratio decreases when the
dendrimer generation increases and is, in general, small, i.e.,
the electrostatic repulsion between complexes is low.

This journal is © The Royal Society of Chemistry 2012
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Figure 2. The ratio between the optimal DNA wrapping length
and the circumference of the dendrimer, [,,/27R, as a function
of dendrimer radius for different dendrimer generations, G.

As expected the (D +Dif)*N/L ratio is independent of the
dendrimer radius as the value of D~ increases with the same
amount as Dif decreases. Figure 2 shows the ratio between the
optimal DNA wrapping length and the circumference of the
dendrimer, [,,/27R, as a function of dendrimer radius for
different generations, G. In general, the decrease in the radius
of the dendrimers leads to a larger number of DNA turns
around the dendrimers (/,,/27R), with the exception of G2
dendrimers. Here, it should be recalled that the charge of the
dendrimer remains the same as the radius is decreased and the
number of DNA turns wrapped around the dendrimer is always
larger for the higher generation, even if the apparent radius is
the same. Contrary to the higher generation dendrimers, the
number of turns around the G2 dendrimers decreases slightly
when the dendrimer contracts. The decrease in the DNA
optimal wrapping length relative to the decrease of the G2
dendrimer size is furthermore large (Table 4). The opposite
trend was observed for higher generation dendrimers, where the
decrease of the optimal wrapping length compared to the
dendrimer size is not as pronounced. These differences are
expected to be related to the smaller size of the G2 dendrimer.
The cost in free energy to bend the DNA strand to the required
curvature, F,qic, 1S concluded to be too high relative to the gain
by neutralizing the DNA chain with the oppositely charged
dendrimer. This is also the reason why a negative value for a
60% decrease of the G2 dendrimer radius was observed. It is
worth to note from Tables 3-7 that the electrostatic interaction
between complexes, Fj,, for realistic values of R, is relatively
small or negligible in comparison with the electrostatic
interaction between the DNA and the dendrimer in the
complex. Thus, it is assumed that this interaction is not likely to
introduce any errors of significance in our calculations.

Relation between the wrapping of DNA and the observed
morphologies of DNA/dendrimer aggregates

Our modelling data shows that DNA wraps less than one turn
around the lower generation dendrimers. In fact G2 can be
regarded as decorating the DNA chain (Figure 3). It is therefore
not surprising that the predominant aggregate morphologies in
samples containing DNA and low generation dendrimers, as
visualized using cryo-TEM, were rods and toroids.*®* For
toroidal aggregates to form, the electrostatic attraction is
expected to have to be moderate such that a balance between
mobility and high affinity binding of the DNA to the dendrimer
exists. Toroidal morphologies have been reported in vivo, for

This journal is © The Royal Society of Chemistry 2012

example in some phages and vertebrate sperm cells. *"*® They
are often internally organised as hexagonal DNA arrays in
order to allow for high density packing.

The higher generation dendrimers, G6 and G8, have both lower
curvature and higher surface charge density. They are therefore
able to interact more effectively with the DNA charges at the
same time as the free energy cost of bending the DNA is less
than for lower generation. Therefore DNA is able to wrap the
larger dendrimer several turns, e.g. more than 5 turns for G8 as
illustrated in Figure 3. Consequently, cryo-TEM images
displaying more globular and disordered aggregates.** Manning
also reported that the curvature and the charge of the macroion,
ionic strength and the bending elasticity of the polyelectrolyte
limit the stability of the complex."’

It is clear that highly ordered rods and toroids are found for low
generation dendrimers, where the DNA wraps less than one
turn around the dendrimer. However disordered globular
structures appear for high generation dendrimers, where DNA
wraps several turns around the dendrimer. From Table 5 we
note that the net charge of the complex with G4 dendrimers is
close to zero. Furthermore DNA wraps about one turn around
each G4 dendrimer. These findings are interesting, as G4 has
been shown experimentally to form a variety of different
morphologies, that is, it behaves like a border case, allowing for
higher flexibility in terms of structure and shape compared to
other generations studied. *

disordered
aggregates

— G8

>5 turns

Figure 3. Schematic figure that depicts the relation between the
wrapping of the DNA and morphology of the formed
complexes. The number of turns the DNA can wrap the
dendrimer, ie. [,,/27R as given in Tables 4-7, are also
indicated. Note that G4 is the border case, where different
morphologies can form. The cryo-TEM images are adopted
from Ainalem et al.*

Table 8. The calculated charge of the complexes and the
linkers between adjacent complexes e(Z'+ Zp) in a
dendrimer/DNA aggregate composed of one DNA molecule
with contour length 1472.5 nm and a multiple of dendrimers.
Values for G2, G4, G6 and G8 dendrimers are presented for
different dendrimer radii, R=xR,. The values were estimated by
using the calculated wrapping lengths shown in Tables 4-7.

J. Name., 2012, 00, 1-3 | 7

Page 8 of 12



Page 9 of 12
Dendrimer  Charge Fraction, x, of dendrimer radius to which
penetration occurs

1 09 08 07 06 05 04

G2 A 3 =0 3 6 10 15 20
Zn 8 11 -14  -17 21 26 -31

Z'+7Zp <11 -11  -11  -11  -11 -11  -11

G4 A -8 -6 -5 -3 -1 2 9
Zp 10 8 7 5 3 0 -7

Z'+Zp 2 2 2 2 2 2 2

G6 A 40 32 23 17 -1l -7 =0
Zp 2261 =270 279 -286 -292 -297 -304
Z'+7Zp -301 -302 -202 -203 -203 -304 -304

G8 A 51 48 35 29 22 -1l -5
Zp: -821 -825 -841 -849 -858 -871 -878
Z'+7Z, -872 -873 -876 -878 -880 -882 -883

“Data for the expected charge of a dendrimer/DNA aggregate,
calculated based on the number of dendrimers per DNA
molecule.

Table 9. The calculated charge of a dendrimer/DNA aggregate

is presented as a function of dendrimer generation.
Experimental values are presented for comparison.
G2/DNA G4/DNA G6/DNA G8/DNA
(e) (e) (e) (e)
Calculated -3498 280 -4563 -3539
Experimental” -3574 298 -4566 -3542
“Data reproduced from Ainalem et al.***’
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Figure 4. The zeta potential of aggregates formed between DNA of 4331 bp and PAMAM dendrimers of generation 1, 2, 4, 6 and
8 in the presence of 10 mM NaBr. Data is presented over a range of charge ratios (rcharge) and the pH of solutions was 7.00 £ 0.3.

Charge of the dendrimer/DNA aggregates

The model presented above captures some features on the
interaction between DNA and dendrimers, and gives a realistic
account for the complexes formed when a DNA segment wraps
around one dendrimer. For gene delivery applications the
charge of the complexes is an important parameter and can be
estimated based on the DNA wrapping length. Table 8 shows

8 | J. Name., 2012, 00, 1-3

the calculated charge of the complexes and the linkers between
adjacent complexes e(Z'+ Zp') in a dendrimer/DNA aggregate
composed of one DNA molecule with contour length 1472.5
nm and a multiple of dendrimers. Values for G2, G4, G6 and
G8 dendrimers are presented for different dendrimer radii,
R=xR,. From Table 8 it can be concluded that the net charge of
one complex and one linker does not change when the

This journal is © The Royal Society of Chemistry 2012
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dendrimer size is decreased. For x= 1 these charges are -11e,
+2e¢, -301e, and -872¢ for G2, G4, G6, and G8 dendrimers
respectively. From these values the net charge of the aggregates
can furthermore be estimated by taking into account the number
of dendrimers bound per one DNA, see Table 9 which also
shows experimental data. The net charge is negative for all the
dendrimer generations except for aggregates composed of G4
dendrimers, for which the net charge is slightly positive.
Another way to estimate the dendrimer/DNA aggregate charge
is to measure its surface potential. For this purpose, zeta
potential measurements were performed on DNA-containing
aggregates in aqueous solutions of 10 mM NaBr. As a result of
the cooperative nature of the dendrimer/DNA aggregation
process for 10w 7charee Values, no free dendrimers exist in the
presence of condensed DNA.*®* No contribution to the zeta
potential from free dendrimers should therefore exist. However,
at low 7chages free DNA exists in equilibrium with the
dendrimer/DNA aggregates. It is important to note that
Dynamic light scattering (DLS) experiments have shown that
free DNA has two relaxation modes; a slow translational
diffusion mode and a fast mode arising from the internal
motions of the DNA coil.*>** Upon DNA aggregation, i.e.
increasing 7cpage» DLS experiments showed that the internal
motions of the DNA coil decreased and disappeared.* This is
related to the formation of DNA-containing aggregates with
negligible internal motions.>® For Teharge=1 the amount of free
DNA is therefore expected to be small. The translational
diffusion for the aggregate and the free DNA are furthermore
sufficiently well separated for the recorded zeta potential to
mainly reflect the dendrimer/DNA aggregates.’ Theoretically,
the internal motions of DNA should not affect the zeta potential
as it is a measure of surface charge.

Figure 4 shows the results of zeta potential measurements for
dendrimer/DNA aggregates formed at varying 7chage and for
varying dendrimer generation. The zeta potential was found to
be highly negative for rchuree<1, which is in good agreement
with the calculated aggregate charges, with maximum negative
values occurring at 7cyare values of 0.3 and 0.5. These results
signify a negative surface charge of the aggregates and high
colloidal stability, in good agreement with previous
experimental data showing the existence of stable dispersions
of rod-like and toroidal morphologies in the G1/DNA and
G2/DNA systems.****** Such structures are believed to contain
regions of linker DNA due to the sparsity of the dendrimers and
thus are expected to be predominantly negative. Around charge
neutrality (rcharge=1), low zeta potential values relating to
neutral surface charge were found for all generations.
Aggregation in the samples was also noted at reparge=1
confirming the low colloidal stability as indicated by the zeta
potential values. The fact that aggregation occurred at
theoretical charge neutrality infers that all the surface primary
amine groups on the dendrimers are protonated at pH 7. For
Teharge>1 the zeta potential turned positive and increased with
increasing rchae until reaching a plateau. At this stage the
aggregates display again good colloidal stability and the results
indicate an overcharging of the systems. Note that the plateau is
reached first for the G8/DNA system, while G1/DNA shows the
smallest overcharging. This has been shown experimentally,>®
and resorting to Monte Carlo simulations of linear
polyelectrolytes.’” It is noteworthy that the plateau for the
cationic aggregates is reached for rchure. =1.2 and 1.0 for for G4
and G8, respectively. For these two DNA-containing
aggregates the magnitude of the zeta potential is about the
same. The aggregates formed with G6 reaches the plateau at

This journal is © The Royal Society of Chemistry 2012

significantly higher charge ratio, 7chaee=1.8. We have
previously observed that there is a significant difference in the
morphology of the dendrimer/DNA aggregates depending on
the dendrimer generation.* GI1/DNA aggregates remained,
however, unstable at charge neutrality as well as for reharge>1,
which suggests that the four positive charges it bares are not
enough to induce overcharging of DNA. G2 forms rod-like or
toroidal structures, while G6 and G8 form more globular
aggregates. G4 forms multiple complex structures; toroids, rods
and globular structures for lower rclmge.39 We note that the
experimental data for the number of dendrimers bound to a
DNA molecule would imply that the G4-containing aggregates
would be more cationic than the other dendrimer-containing
aggregates. This is not observed in the zeta potential
measurement. Possibly this has to do with the fact that
G4/DNA aggregates exhibit a range of different morphologies
which might affect both binding and zeta potential data. We
also note that the zeta potential for the G2/DNA aggregates is
very dependent on the r¢pye. One factor that might be linked to
this observation is that G2 shows a decrease in the optimal
wrapping length with the dendrimer radius (or penetration)
compared to the opposite trend for aggregates formed with
higher generation dendrimers. As discussed above the cost in
free energy to bend the DNA strand to the required curvature
for this small dendrimer can be expected to be too high. It is
also interesting to note that this finding, that is the implication
that the composition of G2/DNA aggregates and hence also
their zeta potential can more readily adopt to the reharge
compared to dendrimer/DNA aggregates containing other
generations, shows good agreement with previous experimental
data showing that the morphology of G2/DNA aggregates
changes with time, contrary to higher generations that seem to
be kinetically trapped.**

Conclusions

For the theoretical model applied in this study, modified to take
into account that dendrimers are penetrable and soft, we
conclude that the number of DNA turns around a dendrimer
increases with the dendrimer size or generation. This finding is
in agreement with experimental studies by Ainalem et al. and
Carnerup et al. reporting on dendrimer/DNA aggregate
morphologies.*****> The relation between the wrapping of
DNA and the observed morphologies in previous work can be
rationalized in context of the extent of wrapping of the DNA
around the dendrimer. The highly ordered rods and toroids
found for low generation dendrimers, can be attributed to the
fact that the DNA wraps less than one turn around the
dendrimer. Consequently the disordered globular structures that
appear for high generation dendrimers, is likely a consequence
of the wrapping of DNA in several turns around these
dendrimers. Particularly noteworthy is that the dendrimer
generation 4 complexes, where the DNA wraps about one turn
around the dendrimers, are the borderline case and can form all
types of morphologies. We also note that for r,e<1 the net
charge of the dendrimer/DNA aggregates is negative for all
generations except for generation 4 where the value is slightly
positive.

The number of dendrimers per DNA molecule decreases for
increasing dendrimer generations, and the net aggregate charge
is independent of the state of the dendrimer, i.e., if it is
contracted or not.

The theoretical study showed furthermore that the net charge of
dendrimer/DNA complexes, which consist of one dendrimer
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and the segment of the DNA molecule in contact with the
dendrimer, is negative for the higher generation dendrimers and
also independent of the dendrimer radius for a specific
generation. The net charge of the dendrimer/DNA complexes
composed of lower dendrimer generations, however, changes
from negative to positive as the dendrimer is unable to retain its
original radius and becomes contracted.

Figure 4 visualizes the dendrimer size within a dendrimer/DNA
complex for x=1.0, the hard sphere model, and for the soft
sphere model, where the reduction of the radius is the
penetration required to arrive as close to charge neutrality of the
complex as possible within the modelled range of penetration
(Table 8, for x-values ranging from 0.4 to 1.0). For the highest
dendrimer generations studied, G6 and G8, this means x=0.4.
Figure 5 furthermore compares the Z* values obtained using the
analytical model treating the dendrimer as a hard and a soft
sphere, respectively, for optimal DNA wrapping lengths.

G2 G4 G6 G8
Z=16 Z=32 Z=256 Z=1024
*=3 *=.8 *=-40 7*=5
2 @ A o P
\ \v) ( ) ( \\) /,/ \\\
- { J “/ \
: . y
z=0 s
b ) o 4\
- \) ’/ S b
~\\ \\./) /
. //

Figure 5. The effective charge of a dendrimer/DNA complex,
Z*, and a visualization of the dendrimer size within the
complex for optimal DNA wrapping lengths. In a) the
dendrimer is treated as a hard, non-penetrable sphere and in b)
the dendrimer is treated as a soft, penetrable sphere as close to
charge neutrality of the complex as possible within the modeled
range of penetration (Table 8). Z is the charge of the dendrimer
alone.

In addition to the theoretical model, zeta potential
measurements were performed on dendrimer/DNA aggregates
composed of DNA (4331 bp) and positively charged PAMAM
dendrimers of generation 1, 2, 4, 6 and 8. The surface charge
measurements showed that the dendrimer/DNA aggregates
have a net negative charge for all dendrimer generations when
Teharge<l. The experimental data showed further that the
aggregates display highly positive zeta potentials for higher
Tenarge (>1), associated with positive surface charge and colloidal
stability. Generation 1 remained, however, unstable past charge
neutrality, which suggests that the four positive charges it bares
are not enough to induce overcharging of DNA.

In this study we have focused on DNA interacting with
oppositely charged dendrimers, but our approach could easily
be extended and applied to any interacting system consisting of
charged biopolymers and oppositely charged particles.
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