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a b s t r a c t

Dendriplexes were characterized by ethidium bromide intercalation assay and their transfection effi-
ciency was studied using HEK 293 cells and human mesenchymal stem cells. PAMAM G4 showed a higher
transfection efficiency than PAMAM G3–G6, G4-OH, G4-25% or G4-50% dendrimers. Substitution of OH
groups for the NH2 surface groups rendered the dendrimer unable to form dendriplexes and to transfect
cells. Partial (25%) substitution of CH3 groups for the NH2 groups markedly impaired transfection; 50%
substitution decreased the ability of PAMAM G4 to transfect threefold. It was concluded that increased
eywords:
endrimer
ene delivery
ransfection
endriplex

hydrophobicity decreased the ability of dendrimers to transfect. PAMAM G4-50% is highly hydrophobic
and forms micelles in solution, which can transfect pGFP. The results of ethidium bromide intercalation
assays, ANS fluorescence studies and transfection efficiencies of PAMAM dendrimers were correlated.
Subsequently, we constructed a neurotrophin-encoding plasmid and studied its delivery to mesenchy-
mal stem cells using PAMAM G4 dendrimer and Lipofectamine 2000. Lipofectamine 2000 was a more

han P
thidium bromide intercalation assay
NS fluorescence

effective carrier (18.5%) t

. Introduction

Since they were first synthesized at the end of the 1970s (Flory,
954; Buhleier et al., 1978; Tomalia et al., 1985; Newkome et al.,
985; Hawker and Fréchet, 1990), dendrimers have found their
lace in biology (Shcharbin et al., 2007a; Weber et al., 2008;
lajnert and Bryszewska, 2007). One of their promising appli-
ations is gene transfer: they have proved to be non-toxic and
ighly efficient carriers for delivering nucleic acids and short
ligodeoxynucleotides (Shcharbin et al., 2007a; Weber et al., 2008;
lajnert and Bryszewska, 2007; Dufés et al., 2005). Such complexes
ave been called dendriplexes by analogy with polyplexes (poly-
er/nucleic acid complexes) and lipoplexes (liposome/nucleic acid

omplexes). Polyamidoamine (PAMAM) dendrimers (Tomalia et al.,
985) are based on an ethylenediamine core and branched units
re built from methyl acrylate and ethylenediamine. The third,

ourth, fifth and sixth generations of PAMAM-NH2 dendrimers
PAMAM G3, G4, G5 and G6) possess 32, 64, 128 and 256 surface
mino groups, respectively; their molecular weights are respec-
ively 6.9, 14.2, 28.8 and 60 kDa, with corresponding molecular

∗ Corresponding author. Fax: +375 17 284 23 59.
E-mail address: d.shcharbin@mail.ru (D. Shcharbin).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.09.020
AMAM G4 dendrimer (1.2%).
© 2009 Elsevier B.V. All rights reserved.

diameters 3.1, 4, 5.3 and 6.7 nm (Klajnert and Bryszewska, 2007).
PAMAM G4-OH differs from PAMAM G4 by surface groups—it has
64 surface OH groups, which are neutral at pH 7.4. The structure
of PAMAM-OH G4 dendrimer is presented in Fig. 1. PAMAM G4-
25% has 75% NH3

+ groups and 25% CH3 groups; PAMAM G4-50%
has 50% NH3

+ groups and 50% CH3 groups. The first attempts to
analyze DNA delivery using PAMAM dendrimers with EDA cores
were described in Haensler and Szoka (1993) and Kukowska-
Latallo et al. (1996); PAMAM G2–G10 were shown to be effective
delivery agents for transfecting different cell lines. Later, Steven
Kuo and Lin (2007) showed that PAMAM G5 dendrimer was
more efficient than PAMAM G2 (EDA core) for transfection with
pDNA (pSG5lacZ), which encodes the lacZ gene for �-galactosidase,
into human macrophage-like U937 and mouse fibroblast NIH/3T3
lines. Characterization of dendriplexes showed no clear correla-
tion with transfection efficiency. Sometimes, a dendriplex was
clearly observable by electron microscopy and gel-electrophoresis
but showed low transfection efficiency (Haensler and Szoka, 1993;
Kukowska-Latallo et al., 1996; Steven Kuo and Lin, 2007). The

dependence of transfection efficiency on PAMAM dendrimer gen-
eration has a bell-shaped character. The transfection efficiency
increases with increasing generation from 1st, reaches a maximum
at 4–5th and decreases significantly by 9–10th (Haensler and Szoka,
1993; Kukowska-Latallo et al., 1996; Steven Kuo and Lin, 2007).

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:d.shcharbin@mail.ru
dx.doi.org/10.1016/j.ijpharm.2009.09.020
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Fig. 1. Structure of PAMAM-OH

he initial increase in transfection with dendrimer generation could
e explained by the greater number of surface charges interacting
ith the nucleic acid, but the decrease of efficiency at high genera-

ions remained unclear. Haensler and Szoka (1993) explained this
henomenon in terms of decreased dendrimer flexibility; in the
resent paper we propose that it is due to increasing hydrophobic-

ty. Also, one potential application of dendrimers is cell-based gene
herapy involving the expression of neurotrophic factors. Trans-
lantation of stem/precursor cells with engineered neurotrophin
roduction may facilitate trophic support to recipients with neu-
otrauma, neurodegenerative diseases and other neural disorders.
o demonstrate the feasibility of dendrimers in this field, we have
sed PAMAM G4 to modify mesenchymal stem cells from human
one marrow for neurotrophin-3 (NT-3) production.

. Materials and methods

.1. Ethidium bromide intercalation assay

The fluorescent dye ethidium bromide (EB) can intercalate into
ouble-stranded DNA or RNA. It occupies an effective binding site
f several base pairs, leading to a significant increase of its flu-
rescence intensity and to a blue-shift of its maximum emission
avelength (�em

max). Compounds with higher affinity for DNA (e.g.
endrimers) displace the dye, quench its fluorescence and induce
red-shift of its �em

max. EB was added to pGFP solution at a concen-
ration of 1 molecule of dye per 1 bp of DNA and its fluorescence

as monitored using a JASCO-FP 6300 spectrofluorimeter (JASCO
mbH, Germany). The excitation wavelength was 477 nm; the
xcitation and emission slits were 10 nm. The emission spectra
ere recorded between 500 and 700 nm and the position of emis-

ion maximum was determined. The ‘dye-pGFP’ complex was then
ndrimer (Tomalia et al., 1985).

titrated with a dendrimer and changes in the fluorescence param-
eters (intensity and �em

max) were recorded (Shcharbin et al., 2009).
The data were analyzed in terms of the apparent dendrimer-

pGFP binding (association) constants using the equation:

1

KDendrimer
ass

= IC50

1 + [EB] · KEB
ass

(1)

where KDendrimer
ass is the dendrimer association constant, IC50 is the

concentration of dendrimer necessary to displace 50% of EB, [EB]
is the total concentration of EB and KEB

ass is the association constant
for EB (Cheng and Prusoff, 1973; Klotz, 1985). In 50 mM Tris–HCl
buffer (pH 6.35), KEB

ass for ctDNA is 6.26 × 105 M−1 (Pang et al., 2007).
KEB

ass for pGFP is unknown.
To calculate the constants, the data graphs were modified so

that the changes in fluorescence intensity of the EB-ctDNA complex
when dendrimers were added were presented as

Frev = Fcomplex − FpureEB

Fcomplex
0 − FpureEB

(2)

where Fcomplex is the fluorescence of EB-ctDNA in the presence of
dendrimer, FpureEB is the fluorescence of pure (free) EB, and Fcomplex

0
is the fluorescence of the EB-ctDNA complex in the absence of den-
drimer when EB is fully bound by the ctDNA.

2.2. Fluorescence of l-anilinonaphthalene-8-sulfonic acid
ANS (l-anilinonaphthalene-8-sulfonic acid) was added to a
PAMAM dendrimer solution at a ratio of 1 molecule per 5
molecules of dendrimer (the probe molecule is fully bound by den-
drimer molecules for all dendrimers studied) and its fluorescence
was monitored using a JASCO-FP 6300 spectrofluorimeter (JASCO
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or concentrations. Unfortunately, Kass for pGFP is unknown and we
cannot resolve KDendrimer

ass . However, as follows from Eq. (1):

KDendrimer
ass = const

IC50
30 A. Shakhbazau et al. / International Jou

mbH, Germany). The excitation wavelength was 370 nm; the exci-
ation and emission slits were 5 nm. The ANS fluorescence emission
pectra were recorded between 400 and 600 nm and the position
f the emission maximum was determined.

.3. Vector construction and preparation

Experiments to study the transfection efficiencies of differ-
nt generations and modifications of dendrimers were performed
sing the plasmid vector pAAV-IRES-hrGFP (referred to here as
GFP, from Stratagene). To provide neurotrophin-3 expression, we

nserted the human ntf3 sequence (821 b.p.) into pGFP at the restric-
ion sites ClaI and EcoRI (recognition sequences were added to
he 5’ termini of the amplification primers) by routine molecular
loning procedures. The resulting vector, designated pNTF3-IRES-
rGFP, was confirmed by restriction digest mapping and sequence
nalysis. Both the pGFP and pNTF3-IRES-hrGFP plasmids were
ropagated in E. coli strain DH5� and isolated by Plasmid Maxi
its (Qiagen) according to the manufacturer’s instructions. Purified
lasmid DNA with an A260/A280 ratio of 1.8 was used for transfec-
ion.

.4. Cell culture

Human embryonic kidney 293T cells (HEK 293T) and human
one marrow mesenchymal stem cells (hMSCs) were grown in
MEM-Glutamax (Gibco) with 10% heat-inactivated FBS (HyClone).
ells were routinely maintained on plastic tissue culture flasks
nd plates (Falcon) at 37 ◦C in a humidified atmosphere containing
% CO2/95% air. Adult human bone marrow was harvested from
outine surgical procedures (pelvic osteotomies) with informed
onsent, diluted 10-fold in phosphate-buffered saline (PBS) and
eparated by centrifugation on a Ficoll-Paque layer. After cen-
rifugation at 3000 × g for 30 min, the mononuclear cell layer was
ecovered from the gradient interface and washed with PBS. The
ells were then centrifuged at 1500 × g for 30 min and resuspended
n complete culture medium. The hMSC phenotype was confirmed
y FACS analysis with CD90 and CD105 (positive), as well as CD34
nd CD45 (negative), using a FACS-scan analytical flow cytometer
Becton Dickinson).

.5. Transfection reagents

PAMAM-NH2 G3, G4, G5 and G6 dendrimers (EDA core)
ere obtained from Dendritic NanoTechnologies (Mount Pleasant,
ichigan, USA). Generation 4 PAMAM-OH dendrimers and PAMAM

endrimers with 25% and 50% hydrophobic chains (referred to
ere as PAMAM-25% and PAMAM-50%, respectively) were obtained

rom Sigma–Aldrich. Lipofectamine 2000 was obtained from Invit-
ogen (USA).

.6. Transfection experiments

HEK 293T cells were seeded (3 × 104/well) in 24-well plates
n 1 ml of medium. hMSCs (5 × 104 cells/well) were seeded in 6-

ell plates in 3 ml of medium. All cells were allowed to grow
or 2–3 days before transfection to 65–70% confluence. For HEK
93T transfection, complexes of plasmid DNA (2 �g) and each of
he dendrimers (G3, G4, G5 and G6) at a charge ratio of 1:1 were
repared in 100 �l 150 mM NaCl and the mixtures were incu-
ated for 15 min at room temperature. For the hMSC wells, 10 �g

lasmid DNA was diluted in 200 �l 150 mM NaCl. The medium
as replaced with FBS-free medium before transfection. Follow-

ng 2.5 h treatment of the DNA-dendrimer complexes, the medium
as replaced with DMEM-Glutamax (Gibco) containing 10% heat-

nactivated FBS. hMSCs were transfected with Lipofectamine 2000
f Pharmaceutics 383 (2010) 228–235

in serum-free medium according to the manufacturer’s instruc-
tions. hrGFP fluorescence was monitored by microscopy, and the
percentage GFP-positive cells was determined after fixation with
2% paraformaldehyde using a FACS-scan analytical flow cytometer
(Becton Dickinson).

2.7. Neurotrophin release

Secretion of NT3 protein into the culture supernatant was
assessed in vitro using an enzyme-linked immunosorbent assay
(ELISA). Medium samples were collected on the 1st, 3rd, 6th
and 10th days after transfection and analyzed using NT-3 Emax

®

ImmunoAssay Systems (Promega, USA) according to the manufac-
turer’s instructions. Three replicate samples from each well were
pooled for statistical analysis.

3. Results

3.1. Ethidium bromide intercalation

Fig. 2 shows the changes in fluorescence emission intensity of EB
complexed with pGFP after addition of PAMAM G3–G6 dendrimers
at different charge ratios. For visualization, the intensities of pure
EB and EB-PGFP complex were presented at point X = 0.01 instead of
point X = 0 (Fig. 2). Addition of PAMAM G3–G6 and PAMAM G4-25%
dendrimers in charge ratios from 0.1 to 2 led to a decrease of fluores-
cence intensity to the level of pure EB. This indicates the formation
of dendriplexes. At higher charge ratios (2–15) the EB fluorescence
was equal in intensity to that of pure EB. This means that the
pGFP-dendrimer complex forms at charge ratios ∼1:1 for PAMAM
G3–G6 and at ∼1:2 for PAMAM G4-25%. In contrast, PAMAM G4-
50% formed a complex at charge ratio ∼1:100. This means that its
constant of association is significantly less than those of PAMAM
G3–G6 and PAMAM G4-25%. Finally, PAMAM G4-OH had no effect
on binding between EB and pGFP.

From Fig. 2 we determined the IC50 values for PAMAM G3–G6,
PAMAM G4-25% and PAMAM G4-50% dendrimers on a charge ratio
scale (Fig. 3). IC50 is the dendrimer/pGFP charge ratio at Frel = 0.5.
The charge ratio values can be easily transformed to molar ratios

EB
Fig. 2. The changes of fluorescence emission intensity of EB complexed with
pGFP upon addition of PAMAM G3–G6 dendrimers at different charge ratios.
�exc. = 477 nm. Data are mean ± S.E.M. of six independent experiments.
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ig. 3. The values of IC50 (at F = 0.5) for PAMAM G3–G6 and PAMAM G4-25% den-
rimers on the charge ratio scale. For details see Fig. 1. Data are mean ± S.E.M.
tatistical analysis was performed by one-way ANOVA with post hoc analysis by
he Newman–Keuls test.

here const = (1 + [EB] × KEB
ass). Thus, the smaller the IC50, the

igher the Kass, so we can compare the IC50 values of dendrimers.
sing one-way ANOVA and the post-hoc Newman–Keuls test, we

ound significant differences (p < 0.01) between PAMAM G6 and
AMAM G3–G5 dendrimers, between PAMAM G4-25% and PAMAM
3–G6 (p < 0.01), and between PAMAM G4-50% and PAMAM G4-OH
nd all other dendrimers (p < 0.001).

.2. Fluorescence of ANS

ANS was added to a PAMAM dendrimer solution at a concentra-
ion ratio of 1 molecule of dye per 5 molecules of dendrimer (final
oncentration of ANS was 2 �mol/l) and its fluorescence was mon-
tored. The results are presented in Fig. 4. The addition of an equal
mount of dendrimer led to an increase of ANS fluorescence and
he �max of emission was blue-shifted: �em

max of pure ANS in 0.15 M
ris–HCl, pH 7.4, was 500 ± 2 nm; �em

max of ANS complexed with G3
as 486 ± 3 nm, with G4 was 485 ± 2 nm, with G5 was 485 ± 2 nm,
ith G6 was 484 ± 2 nm, with G4-OH was 500 ± 2 nm, with G4-25%

as 474 ± 2 nm, and with G4-50% was 473 ± 2 nm. Using one-way
NOVA and the post-hoc Newman–Keuls test we found a sig-
ificant difference (p < 0.05) for practically all dendrimers except
etween the pairs pure ANS – G4-OH and G4-OH – G3.

ig. 4. Fluorescence intensities of pure ANS and ANS in complex with PAMAM
endrimers. �ex. = 370 nm, �em. = 480 nm. [PAMAM] = 50 �mol/l. [ANS] = 10 �mol/l.
tatistical analysis was performed by one-way ANOVA with post-hoc analysis by
he Newman-Keuls test.
Fig. 5. Efficiency of transfection of pGFP by PAMAM G3–G6 dendrimers in HEK 293T
cells. Data are mean ± S.D. of six experiments.

3.3. Efficiency of transfection

To compare the transfection efficiencies of several generations
of dendrimers we used HEK 293T cells as a common standard
for a variety of transfection agents. The transfection results are
presented in Fig. 5. PAMAM G4 gave the highest level of trans-
fection, reaching 78 ± 6.8% (mean ± S.D.) of cells. PAMAM G3
transfected 41.7 ± 5.6% of cells, PAMAM G5 25.69 ± 3.8%, PAMAM
G6 13.1 ± 0.78%, and PAMAM G4-25% 0.1 ± 0.7%. PAMAM G4-OH
showed zero transfection efficiency. Unexpectedly, PAMAM G4-
50% showed a transfection efficiency of 20.00 ± 3.8%. The mean
fluorescence intensity (MFI) of the transfected cells, indicating the
level of expression of the reporter gene GFP, did not differ sig-
nificantly between dendrimer generations (1075 ± 180 a.u. for G3,
1387 ± 191 a.u. for G4, 1498 ± 239 a.u. for G5 and 1396 ± 126 a.u.
for G6).

3.4. Correlation between transfection and biophysical assays

Transfection efficiency correlated with IC50 for the group
PAMAM G3–G5, and for the single dendrimers PAMAM G6
and PAMAM G4-25% (Fig. 6A, linear fit, R = −0.78, p = 0.112).
Transfection efficiency correlated with dendrimer hydrophobicity,
estimated by ANS fluorescence, for the group PAMAM G3–G5 and
for the single dendrimers PAMAM G6 and PAMAM G4-25% (Fig. 6B,
linear fit, R = −0.81, p = 0.1). The ethidium bromide intercalation and
ANS fluorescence results correlated for PAMAM G3–G6 and PAMAM
G4-25% dendrimers (Fig. 6C, R = 0.99946, p < 0.001).

3.5. Transfection by PAMAM dendrimers in hMSC

In the second stage of our studies we compared the transfection
of pGFP by PAMAM dendrimers in hMSCs. The transfection results
are presented in Fig. 7. G4/pGFP dendriplex, the most effective in
HEK 293T cells with an approximately 80% transfection rate, gave
6.43% GFP-positive hMSCs, with MFI of 1054 ± 209 a.u. The trans-
fection results for other dendrimers in hMSCs generally followed
the trend shown by HEK cells, with efficiencies markedly lower than
that of G4 dendrimer. The transfection rates in hMSC were 0.29% for
the G3/pGFP dendriplex (MFI 1260 ± 161 a.u.), 0.21% for G5/pGFP
(MFI 742 ± 383 a.u.) and 0.11% for G6/pGFP (MFI 538 ± 358 a.u.).
The modified PAMAM G4 dendrimers (G4-OH, G4-25% and G4-50%)
were unable to transfect hMSC.
3.6. Transfection of neurotropin-encoding plasmid into human
MSCs

In the third stage we studied the ability of our most effective
dendrimer carrier to deliver the neurotrophin-encoding plasmid
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Fig. 6. The correlation between IC50 of dendrimers

NTF3-IRES-hrGFP into human MSCs. PAMAM-NH2 G4 dendrimer
as used to transfect MSCs, and the release of neurotrophin into the

ulture medium was measured. Commercial Lipofectamine 2000
as used for comparison.

One-day post-transfection, the mean secretion levels of G4
endrimer- and Lipofectamine-transfected hMSCs were 217 and
64 pg/ml, respectively (Fig. 8), reflecting the difference in trans-

ection rates (1.2% for PAMAM-NH2 G4 vs 18.5% for Lipofectamine
000). No such difference was found in HEK 293T, where the
ecretion levels were 2.92 and 3.17 ng/ml for G4 dendrimer- and
ipofectamine-mediated delivery, with mean transfection efficien-

ig. 7. Efficiency of transfection of pGFP by PAMAM G3–G6 dendrimers in hMSC
ells. Data are mean ± S.D. of six experiments.
eir transfection efficiencies. Data are mean ± S.E.M.

cies of 79% and 94%, respectively. In hMSCs, the difference in NT-3
secretion between the two transfection vehicles was statistically
significant (one-way ANOVA, p < 0.01).

4. Discussion

4.1. Part A. Hydrophobicity of dendrimers and transfection
When PAMAM G3–G6 dendrimers were mixed in solution with
pGFP, a stable complex was formed in which the DNA was bound
to the dendrimer by electrostatic forces. The EB intercalation assay
showed that the complexes formed at a charge ratio of 1:1 for

Fig. 8. NT-3 secretion into culture supernatant by hMSCs transfected with pNTF3-
IRES-hrGFP plasmid by PAMAM-NH2 G4 dendrimer and Lipofectamine 2000.
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AMAM G3–G6. This means that one molecule of pGFP (6100 b.p.)
ound 381 molecules of PAMAM G3 dendrimer (381 × 32 NH3

+

roups), 190 molecules of PAMAM G4 (190 × 64 NH3
+ groups), 95

olecules of PAMAM G5 (95 × 128 NH3
+ groups) and 47 molecules

f PAMAM G6 (47 × 256 NH3
+ groups). For PAMAM G4-25% the

harge ratio was ∼1:2. This means that one molecule of pGFP can
ind 506 molecules of PAMAM G4-25% (506 × 48 NH3

+ groups).
or PAMAM G4-50% the charge ratio increased drastically to 1:100.
his means that pGFP can bind 76,200 molecules of PAMAM G4-
0%. The most probable situation is binding of pGFP to the micelles
ormed by PAMAM G4-50%. This is in good agreement with the
ecrease of hydrophobicity of these micelles monitored by ANS
Fig. 4 and below) and the light scattering of samples at 650 nm.
he light scattering of PAMAM G4-50% in solution increased sig-
ificantly, indicating the formation of big micelles because of the

ow solubility of this dendrimer in buffer (data not presented). The
utoff size for efficient cellular uptake is anticipated to be ∼200 nm
Wood et al., 2005). PAMAM G3, G4, G4-25%, G5 and G6 dendrimers
ave diameters of 3.1, 4, 4, 5.3 and 6.7 nm, respectively. The volume
f a sphere with diameter 3.1 nm (PAMAM G3) is (4/3)�(D/2)3, i.e.
15.6 nm3. The diameter of a sphere with volume (381 × 15.6 nm3)

s 22.5 nm. The same calculations for PAMAM G4, G4-25%, G5 and
6 dendrimers give us the diameters 23, 26, 24.1 and 24.2 nm,

espectively. This means that complexes of one molecule of pGFP
ith molecules of G3–G6 and G4-25% have a minimal volume

f ∼23–26 nm. For PAMAM G4-50% the equivalent diameter is
123 nm, still less than anticipated cut-off in transfection efficiency
f complexes but much higher than for PAMAM G3–G6 and PAMAM
4-25%. The electron microscopic images of PAMAM G3–G6/pGFP
endriplexes (data not presented) show that the real volumes were
reater than these calculated ones but smaller than the anticipated
utoff for efficient cellular uptake.

The dendrimers showed completely different transfection effi-
iencies. We can explain this as follows. First of all, we should
xclude PAMAM G4-OH from consideration. It follows from the
ata that the neutral charge of PAMAM G4-OH meant no interac-
ion with pGFP or competition with EB for pGFP binding sites (see
ig. 2). The interaction between PAMAM G4-OH dendrimer and ANS
ave a similar picture. In 0.15 Tris–HCl, pH 7.4, the conditions used,
he pure hydrophobic ANS probe had a weak fluorescence over the
ange 400–600 nm with an emission maximum at ∼500 nm. This
s a consequence of its low fluorescence yield in a polar environ-

ent (Slavik, 1982). As we found earlier, the interaction between
NS and PAMAM dendrimers led to partial penetration into the
endrimers’ hydrophobic cavities and a significant increase of flu-
rescence (Jokiel et al., 2007; Klajnert et al., 2007; Shcharbin et al.,
003, 2005, 2007b). At the 1:5 molar ratio of ANS to dendrimer
sed in the present experiments, all molecules of ANS are bound
y PAMAM dendrimers and the fluorescence intensity of ANS is
epresented by molecules attached to the dendrimer surface and
artially inserted in its cavities (Jokiel et al., 2007; Klajnert et al.,
007; Shcharbin et al., 2003, 2005, 2007b). In this case, ANS can
e represented as a “monomer of DNA”, i.e. a molecule with one
nionic charge and a hydrophobic part. In our case the lack of pos-
tive charge on the G4-OH surface resulted in no interaction with
NS. The interaction between PAMAM G4-OH and pGFP gave a sim-

lar picture. Thus, PAMAM G4-OH did not form a dendriplex with
GFP and showed no transfection activity.

In the second stage we excluded PAMAM G4-50% from the
ange of PAMAM G3–G6 and PAMAM G4-25%. In view of its struc-
ure, PAMAM G4-50% is more hydrophobic than PAMAM G4-25%.
oreover, it is sufficiently hydrophobic to form micelles in solu-
ion. This follows (1) from the EB data (see Fig. 2), (2) from the
ecrease of binding with ANS (see Fig. 4) suggesting a decrease of
ydrophobicity of its micelles, (3) from the light scattering data
not presented). The balance between hydrophobicity and charge
f Pharmaceutics 383 (2010) 228–235 233

allows the micelles of PAMAM G4-50% to have a higher transfec-
tion activity than PAMAM G4-25% or PAMAM G6. Nevertheless, the
transfection efficiency of such micelles is still significantly less than
that of pure PAMAM G4.

Finally, we obtained the range: PAMAM G3–G6 and hydropho-
bically modified PAMAM G4-25%. In these complexes, pure
dendrimers attach to pGFP forming dendriplexes.

It is known that increase of dendrimer generation leads to more
hydrophobic internal cavities (Svenson and Tomalia, 2005), so that
together with more surface groups, the dendrimer becomes more
hydrophobic. To our mind this is the main reason for the lower
transfection efficiencies of high generations of PAMAM dendrimers.
The interaction of DNA with a dendrimer is determined by two
main factors: (1) electrostatic forces between the anionic phos-
phate groups of DNA and the cationic groups of the dendrimer,
(2) hydrophobic interactions between the DNA chain and internal
cavities of the dendrimer. Fig. 5 presents the interaction between
the hydrophobic fluorescent probe ANS and PAMAM dendrimers
and we can see the increase of ANS fluorescence intensity. Thus,
the blue-shift of the ANS fluorescence emission maximum and the
increase of fluorescence intensity in the presence of dendrimers
reflect an increase in dendrimer hydrophobicity. This does not
concern PAMAM G4-OH, which cannot bind ANS by electrostatic
forces at its surface. The greater hydrophobicity of PAMAM G5
and G6 in comparison with G4 led to a lower transfection activ-
ity. PAMAM G6 competed significantly less effectively with EB for
pGFP (p < 0.01) than PAMAM G3–G5 (Fig. 3). Both the lowering sur-
face charge and the hydrophobic modification of PAMAM G4-25%
made it compete significantly less effectively (p < 0.01) with EB for
DNA (Fig. 3) and diminished its transfection efficiency (Fig. 5). Our
results also explain the greater transfection efficiency of fractioned
PAMAM dendrimers (Tang et al., 1996), known as the commercial
preparation SuperfectTM. In such dendrimers, some branches are
removed, increasing their flexibility. Also, the hydrophobic cavities
of such dendrimers are destroyed. Our data agree well with those
of Braun et al. (Braun et al., 2005), who used differential scanning
calorimetry, FTIR and CD to evaluate the thermal stability of DNA
complexed to PAMAM dendrimers. FTIR showed a decreased fre-
quency of the antisymmetric phosphate stretch (1223 cm−1) when
PAMAM dendrimer was added, suggesting that this moiety was
directly involved in the dendrimer/DNA interaction, presumably
through direct electrostatic interaction with the dendrimer amino
groups. For high generations (7 and 9), however, the positions of the
vibrations arising from both backbone and bases were shifted, sug-
gesting some direct dendrimer/DNA interaction in addition to the
expected phosphate–amine electrostatic interactions. A possible
increase of hydrophobic DNA-dendrimer interactions at high gen-
erations of PAMAM dendrimers was discussed (Braun et al., 2005).
The proposal of dendrimer hydrophobicity is in good agreement
with results on complexation between DNA and surface-neutral
and internally-cationic PAMAM dendrimers into which pDNA can
penetrate (Lee et al., 2003), and with the increased capacity for
aggregation of complexes between DNA and higher generations of
PAMAM dendrimers (Bielinska et al., 1997) (and for PAMAM G4-
50%, increased hydrophobicity leads to aggregation/micellation).

What accounts for the correlation between the hydrophobicity
and transfection efficiency of a dendrimer? Seemingly, by anal-
ogy with liposomes (Chiaramoni et al., 2007, 2008), dendrimer
hydrophobicity affects DNA conformation. Chiaramoni et al. (2008)
showed that DNA lyophilized with highly hydrophobic cationic
vesicles changed its conformation into a more condensed form,

probably the C form. Marty et al. (2009) studied the stability of
lipid–DNA complexes and found that more stable DNA adducts
formed with cationic lipids than with neutral lipids. Patel and
Anchordoquy (2005) showed that the acyl chain made a major
contribution to binding between DNA and lipospermine in com-
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arison with spermine (the significant impact of hydrophobic
nteractions—�Hnonelec). Zinselmeyer et al. (2002) found that DNA

as fully condensed by higher generations of polypropyleneimine
endrimers (3rd–5th generations) but only partially condensed by

ower generations (1st and 2nd), and the lower generations were
ore efficient for gene transfection.
Thus, a decrease of electrostatic interactions and more

ydrophobic packing of DNA in PAMAM dendrimers can signifi-
antly reduce their capacity for gene transfection.

The second interesting point is a possible correlation between
thidium bromide intercalation and transfection efficiency.
hemists have synthesized many modified dendrimers and they
eed a tool for rapid screening of their transfection efficiencies. As

ollows from Fig. 3, the interaction between PAMAM dendrimers
nd pGFP studied by EB intercalation correlated negatively with
heir transfection efficiencies (Figs. 5 and 7). Transfection efficiency
orrelated with IC50 in HEK 293 cells for the group PAMAM G3–G5
nd the single dendrimers PAMAM G6 and PAMAM G4-25% (Fig. 6A,
inear fit, R = −0.78, p = 0.112); this was also found in hMSCs (data
ot presented). A similar picture – a negative correlation between
B intercalation and transfection – was observed by Tang and Szoka
1997). In their study, polymers mediating high transfection (frac-
ured dendrimer and polyethylenimine) had minimal IC50 values
n the charge ratio scale (Tang and Szoka, 1997). In Zhang et al.
2005), minimal IC50 values of trimesyl core dendrimers on the
harge ratio scale correlated with high transfection efficiencies in
OS-7 cells and hepatocytes. Waite et al. (2009) found that acety-

ation of dendrimers reduced the delivery of siRNA into U-87 cells,
hich correlated negatively with IC50 values on the charge ratio

cale. But no such correlation was observed in CHO-K1 cells (Braun
t al., 2005). Thus, comparison of a newly synthesized dendrimer
ith a known dendrimer by the ethidium bromide intercalation

ssay seems to be qualitatively predictive of its transfection effi-
iency. The very good correlation (R = 0.99946, p < 0.0001) between
he fluorescence intensities of two different probes that interact
ith dendrimers in different ways (dye displacement for EB, com-
lexation for ANS) shows that by using two simple tests with EB and
NS and a known PAMAM dendrimer (for example G4), we can also
redict the hydrophobicity of modified PAMAM dendrimers, their

nteractions with DNA and their ability to transfect cells. Seemingly,
he same principle will apply to all dendrimers synthesized.

.2. Part B. Transfection of neurotrophin-encoding plasmid into
uman MSCs

In last part of the present work we investigated the capac-
ty of PAMAM dendrimers to deliver neurotrophin that could be
xpressed in human stem cells. Among the neurotrophins, we chose
he well-studied human NT-3 encoded by ntf3. NT-3 protein is a

ember of the neurotrophin family, which controls the survival
nd differentiation of mammalian neurons. NT-3 is also important
n supporting the post-traumatic recovery of neural cells. Trans-
lants of NT-3-transduced fibroblasts or neural stem cells rescued
xotomized Clarke’s nucleus neurons after spinal cord hemisec-
ion, while NGF-expressing transplants had only a partial effect
Himes et al., 2001). The transplantation of precursor cells express-
ng multineurotrophin with NT-3 properties promotes enhanced
e-myelination and electrophysiological recovery after traumatic
pinal cord injury (SCI) in rats (Ronsyn et al., 2007). Grafting of olfac-
ory ensheathing glia transduced with adenovirus vectors encoding
eurotrophin-3 (NT-3) reduced lesion volumes in animals with

nilateral transection of the dorsolateral funiculus (Ruitenberg et
l., 2005). Myelination by oligodendrocytes is also enhanced by
T3 in both neuronal cultures and injured CNS (Jean et al., 2003;
an and Wood, 2000; McTigue et al., 1998). Over-expression of
eurotrophin-3 also directs the differentiation of human MSCs to a
f Pharmaceutics 383 (2010) 228–235

neural lineage, as identified by the neural markers nestin, NF, MAP2
and PSD95 (Zhang et al., 2006). For NT-3 production in hMSCs,
we constructed the pNTF3-IRES-hrGFP plasmid. The internal ribo-
some entry site (IRES) sequence from encephalomyocarditis virus
(EMCV) upstream of the reporter, humanized recombinant green
fluorescent protein (hrGFP), ensures expression of both NT-3 and
hrGFP under the potent CMV promoter enhanced with the chicken
�-globin intron. Simultaneous expression of hrGFP from the same
transcript via the IRES-driven second open reading frame serves as
a marker for both transfection efficiency and ntf3 transgene expres-
sion. NT-3 secretion into the culture medium was assessed using
a routine ELISA protocol. We found that both PAMAM and Lipo-
fectamine vehicles delivered the pNTF3-IRES-hrGFP plasmid into
hMSCs and NT-3 was secreted into the medium. hMSC transfection
rates for pNTF3-IRES-hrGFP plasmid vector were 1.2% for PAMAM
dendrimer and 18.5% for Lipofectamine 2000. The neurotrophin
release level after transfection with either vehicle generally agreed
well with the data on plasmid-based NT-3 expression in human
MSCs by Ronsyn and co-workers (Himes et al., 2001).

We also studied the 10-day dynamics of neurotrophin release.
Fig. 7 shows that NT-3 secretion gradually decreased with time
but still remained well above control (32.5 pg/ml) on day 10 for
both vehicles. Transient expression of neurotrophins makes neu-
rons complete their differentiation in development and contributes
to neuronal survival and possibly post-traumatic recovery (Coppola
et al., 2001; Farinas et al., 2001; Reichardt, 2006).

5. Conclusions

PAMAM G4 has a higher transfection efficiency than PAMAM
G3–G6, G4-OH, G4-25% or G4-50% dendrimers for HEK 293 cells
and human mesenchymal stem cells. It was concluded that more
hydrophobic dendrimers had lower transfection abilities. PAMAM
G4-50% is highly hydrophobic and forms micelles in solution,
which are able to transfect pGFP. Ethidium bromide intercalation
correlated with transfection efficiency for PAMAM dendrimers.
Lipofectamine 2000 was a more effective carrier (18.5%) than
PAMAM G4 dendrimer (1.2%) for a neurotropin-encoding plasmid
in mesenchymal stem cells.
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