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Quaternized Polyamidoamine Dendrimers as Novel Gene Delivery System:
Relationship between Degree of Quaternization and Their Influences
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Quaternary ammonium groups were introduced to Starburst polyamidoamine (PAMAM) dendrimers for a
gene carrier. These quaternary dendritic carriers exhibited reduced cvtotoxicity on 293T cells compared to
parent dendrimers examined and their transfection efficiency were similar with parent dendrimers.
Quaternization could be a promising tool to improve properties of dendrimers as a gene delivery carrier.
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Introduction

Dendrimers are highly branched polymers with well-
defined and three-dimensional structure. Starburst poly-
amidoaming (PAMAM) dendrimers consist of tertiary
amines in ¢ore. primary amines on a swface and amide
backbone.! They have the captured interest of researchers
because of successful use for nonviral gene delivery=> and
commercially available polvimers as whole (amine-terminat-
ed groups) or half (carboxylate-terminated groups) gener-
ation. Basic dendrimers e.g.. poly(propvlene imine) and
PAMAM. were modified fo quaternary amine groups for a
pH-sensitive controlled release system™ a dendrific anion
conductor.” effective antimicrobials® and a photosensitizer
for photodynamic therapy.” Here. we report starburst PAMAM
dendrimers (generation 4. containing 62 interior tertiary amines
and 64 exterior primary amines) possessing quaternary
amine groups as novel nonviral gene delivery system. An
important feature of quaternized PAMAM (QPAM) dendrimers
was that primary amines which had significant foxic effect to
cell membrane™'! could be decreased. Exchange of primary
amines and tertiary amines fo quaternary ammonium salts
could be expected to reduce the cvtotoxicity giving hydro-
philic nature. Moreover. their charge density could be
ingreased by methylation of interior tertiary amine groups so
that the amount for complexation with DNA could be
recuced.

Meterials and Methods

Meterials. PAMAM G4 (Starburst). Methyl iodide. anhydr-
ous N.N-dimethlyformamide (DMF) and PEI (average
molecular weight 25 kDa) were purchased from Aldrich
(Milwaukee. WI). PGL3-control vector (plasmid DNA) was
purchased from Promega (Madision. WI). Fetal bovine
serum (FBS) and Dubecco’s modified Eagle’s medium
(DMEM) were purchased from GIBCO (Gaithersburg. MD).

Synthesis of partially quaternized PAMAM (QPAM).
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The solvent (methanol) dissolved PAMAM was evaporated
and dried prior to reaction. PAMAM (0.1 g 0.7 mmol)
dissolved in DMF (0.5 mL) were added to appropriate
methyl iodide (0.2 equiv.. 0.5 equiv. and 0.8 equiv. per mole
of the possible number of tertiary amino groups and primary
amino groups) diluted in DMF (0.5 mL) and stirred for 24 h
at room temperature or 37 °C. The resulting clear solution
was precipitated in diethyl ether and the residues were
vacuum~dried for overnight. After dried residues were
redissolved in 1 mL of water. the solution was placed into a
dialysis membrane (SpectraPor. MwCQ 6000-8000), and
dialvzed against 2 M NaCl and pure water in succession.
Purified QPAMs were dried and obtained as white powder.
"H NMR (300 MHz. D-Q) & 2.46 (br m. CH-CO). 2.65-3.1
(br m. NCH-CH: and CH~CH-CONH-). 3.17-3.22 (br s.
CHa). 3.47-3.32 (br m_. CH-N"). 3.71 CONHCH-). The level
of quaternization was determined by ratio intergration of
peak at 3.2 ppm versus theoretically calculated integration of
full quaternization.

Atomic force microscopy (AFM), Atomic force micro-
scopy (Nanoscope IIla system. Digital Instruments. Inc..
Santa Barbara. CA) was used for imaging the morphology of
complexes at 4 : 1 (N/P or +/-) ratio. Complex were formed
at 1 gg/mL plasmid DNA concentration in water for 30 min.
Samples were applied to freshly cleaved mica and absorbed
on the mica for 3 min. After excess fluid on the mica was
wicked off using filter paper. samples on mica were dried at
room temperature prior to imaging. The image mode was set
to tapping mode and average scan speed was 1.3 Hz.

Dynamic light scattering (DLS) measurement. The size
of complexes was determined using a BI-200SM Goniometer
(Brookhaven instruments corporation. Holtsvile. NY, USA)
with a Lexel laser model 95 argon laser (100 mW output
power at a wavelengh of 5314.3 nm). Correlator. PD2000
(Precision Detectors) was used and the scattering angle was
90 °C.

Cytotoxicity assay. MTT assay was performed for the
cvtotoxicity assay. 293T cells (1 x 10* cells/well) were seeded
in 96-well plate and grown in 93 uL. DMEM containing 10%
FBS. supplving 5% CO- at 37 °C for ovemight. Cells were
exposed QPAMs. PAMAM G4 and PEI 25 kDa as controls
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with various concentration for | day. After that, they were
added 25 pL of MTT stock solution (5 mg/mL) and
incubated for 2 h, then added 100 L of extraction buffer
(20% w/v of SDS in 50% DMEF, pH 4.7). Absorbance was
measured at 570 nm after overnight incubation.

Cell transfection. 2937 cells were seeded in 24-well plate
at a density of 5x 10* cells/well and grown in DMEM
containing 10% FBS for 1 day. Two gg of DNA per well was
complexed dropping into QPAMSs in FBS free DMEM for 30
min at room temperature. Complexes in FBS free DMEM
were transfected to the cells with replacing old medium.
Following 4 h incubating cells, culture medium was
exchanged to fresh DMEM containing 10% FBS. After
incubating for 2 days. cells were washed with PBS with
removing the growth medium and lysed for 30 min at room
temperature adding reporter lysis buffer. Luciferase activity
was measured in a LB 9507 luminometer {Berthold,
Germany) and protein content was measured by BCA assay
(Pierce, Rockford. 1L).

Results and Discusstion

Synthesis of QPAMs, QPAMs (Figure 1) with various
degrees of quaternization were synthesized by partial
methylation of tertiary amine groups and primary amine
groups. The level of quaternization was determined by the
method proton integration values at 3.2 ppm in 'H NMR
(300 MHz, D>0) that were divided by theoretically calculated
integration values of fully quaternized dendrimers. Approxi-
mately 10% (0.1-QPAM), 50% (0.5-QPAM) and 70% {0.7-
QPAM) of quaternary ammonium salts were produced at
PAMAM G4.

Characterization of QPAMs-complexed polyplexes. To
visualize their morphology of the polyplexes between
QPAMs and DNA, the particles were observed by atomic
force microscopy (AFM) and the images are shown in
Figure 2. The single population particles were formed
respectively, and their shapes were assumed to be several
tens nano-sized spherical particles.

Wolfert ¢f al. reported that cationic polymers containing
quaternary ammonium groups showed efficient complex
formation with smallest diameters. in according to studying
polymers possessing among primary. tertiary and quaternary
amino groups on the properties of complexes formed with
DNA."? To verify that QPAM/DNA complexes are strong
and efficient enough, the particle size of these complexes
were performed using dynamic light scattering (DLS).
Figure 3 shows the particle size of QPAM dendrimers
prepared in water. Interestingly, relatively large particles
were detected at N/P ratios of 0.5 (0.1-QPAM), 2 (0.5-
QPAM) and 1 (0.7-QPAM). Probably at these ratios, QPAM
molecules functioned as a crosslinker for plamid molecules
yielding large aggregates. ‘This is seen from the neutrali-
zation between DNA and QPAMs by canceling the net
charge'® and the resulting minimized the charge-to-charge
repulsion between complex particles might cause the large
particles.' Increase of dendrimers/DNA values up to 10
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Figure 1. The structure of QPAM. Primary amines and tertiary
aminegs of PAMAM were converied inlo qualernary aming groups
at a degree of 10% (0.1Q-PAM). 50% (0.5Q-PAM) and 70% (0.7Q-
PAM).

resulted in recharging of the polyplexes and decreasing in
their size as small as 36 nm.

Cytotoxicity issue depends on the degree of quaterni-
zation, Cell viability studies were performed on 2931 cells
using an MTT assay."” Relative cell viability (%) versus
dendrimer concentration is shown in Figure 4. The minimum
viability of cells exposed to the solution of QPAMs at
various concentration was 75% relative to controls, indicating
low cytotoxicity of QPAMs compared to PAMAM and PEL
The cells exposed all the QPAMs were more viable than
those of parent dendrimers, and a positive correlation
between cell viability and degree of quaternization was
detected: PAMAM < 0.1-QPAM < 0.5-QPAM <= 0.7-QPAM
with cell viability in according to the degree of quaterni-
zation. In this study, PEl was found to be polymer with the
highest cytotoxicity. The polycations characterized rigid and
global structure {e.g. PAMAM dendrimers) were found to be
low toxicity because of the difficulties to attach to membranes
or to uptake to cells causing cytotoxicity, whereas polymers
with linear or branched and flexible structure {e.g. PEI)
showed higher cell damaging effects.” It was also reported
that the quaternization of the PE] polymer resulted in a
decrease of toxicity because transformation of an water
soluble polymer resulted in an improved safety profile.'
Quaternary ammonium groups are always charged and
strongly hydrophilic thus. unmodified PAMAM dendrimers
composed of primary amine groups and tertiary amines
groups may not be as hydrophilic as modified PAMAM with
quaternary ammonium groups. These quaternary ammonium
groups modified dendrimer-based delivery systems are
supposed to be useful for reduction of the toxicity of
PAMAM dendrimers.
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Figure 2. Morphology of particles imaged by atomic torce microscopy (AFM) at charge ratio (+/-) = 4.0 or N/P ratio = 4.0. (A) PAMAM
Gd/plasmid IINA particles. (B) 0.1-QPAM/plasmid DNA particles, (C) 0.5-QPAMplasmid DNA particles (10} 0.7-QPAM/plasmid DNA
particles. The N/P ratio was caleulated from the number of amines and of QPAMs and the number of phosphate groups of DNA.
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Figure 3. Particle sizes ol quaternized PAMAM derivatives Figure 4. Cytotoxicity assay on 293T cell line for the study of the
determined by dynamic light scattering (DLS). Diameters indicate eflect of quaternization 1o PAMAM G4 and PII 25 kDDa as a
the sizes which dendrimers tormed in 5 pg/mL of plasmid DNA control. Relative cell viability (RCV, %) is expressed as a percent

concentration. of viable cells divided by untreated cells.
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Figure 5. Transtection efticiency on 293T cell line. Cells were
translected with DNA of 2 pg in the absence of serum lor 4 h,
Transgene  expression was measured 48 h o postransicction.
Numbers indicatc NP ratios of dendrimers'DNA. Data are
determined in triplicate and expressed relative light unit (RL.L)) per
Hg protein,

Transfection efficiency in vitro, T'he quaternization effect
of PAMAM on transfection is shown in Figure 5. We have
transfected 2937 cells with plasmid DNA., observing lucifer-
ase activities. The levels of expression in the case of 0.1-
QPAM were in the same order of magnitude as those
obtained with nonmodified PAMAM. Using 0.5-QPAM and
0.7-QPAM. the result of quaternization exhibited an observ-
ed approximately 10-fold reduction of transfection levels
comparing to PAMAM. Quaternized polycations are so
completely charged at any pH as a strong polyelectrolyte
that they lack pH resposiveness on the endosome, perhaps
via the so-called proton sponge mechanism.'” Therefore, the
reduced transfection activity associated with quaternized
polycation may involve relatively poor access to nucleus.

Conclusion
[n summary, we have introduced a series of quaternized

PAMAM by simple and efficient methylation of PAMAM
G4. The complexes were highly efficient in condensation of
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plasmid DNA. Although the transfection efficiency of
QPAM derivatives except to 0.1-QPAM is lower by an order
of magnitude than PAMAM G4, our systems have the merit
of much lower cytotoxicity comparing to parent dendrimers
by producing hydrophilic nature. The influence of quateni-
zation on the polycations is currently under investigation as
our further studies.
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