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Lipophilic carriers have shown great potential in improving the delivery of gene therapeutics. We have
synthesized positively charged peptide-based carriers including lipoamino acids. The carriers were
shown to interact with DNA by performing isothermal titration calorimetry and particle size and zeta
potential experiments. An exothermic reaction resulted from the titration of carrier into DNA. The par-
ticle sizes of the carrier/DNA complexes varied over the different charge ratios from 200—800 nm. The
zeta potential was negative at a low charge ratio but positive when the amount of carrier was increased.
The utilisation of lipophilic carriers is a promising approach to improve the bioavailability of gene

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Gene delivery is an exciting field of research where diseases
are treated by the application of therapeutic DNA. However, de-
spite two decades of research there is yet to be an FDA approved
gene therapy drug.! The research continues as this therapy offers
the only possible treatment for some diseases. The shortcomings
in this field of research include DNA stability, insufficient delivery
of the DNA to the target site and the toxicity or immunogenicity of
the carriers employed to achieve gene delivery. Viral carriers are
by far the most efficient gene delivery carriers and account for the
majority of those used in clinical trials.> However, non-viral car-
riers are also widely studied as the immunogenicity of viral car-
riers can pose serious problems.> While non-viral carriers are not
as efficient, they have other advantages compared to viral carriers
including the ability to transfect non-dividing cells and they can
deliver larger sized DNA.# Some of the most commonly used non-
viral carriers include lipids, polymers, dendrimers and peptides.
Lipophilicity is an important characteristic of a gene delivery
carrier. It has been shown that incorporating lipophilic moieties
with carriers enhances the cell uptake of DNA.>~7 Cationic lipids
have been used in combination with an integrin-targeting peptide
and plasmid DNA. These lipopolyplexes were optimised by
assessing the lipid chain length, degree of saturation and the
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addition of a helper lipid® More recently, degradable lip-
opolyplexes have been developed to allow the release of the
complex from the endosome and subsequent release of the DNA.
These complexes were found to be compact, stable and provided
high transfection efficiencies.? The inclusion of lipoamino acids
(LAAs) with gene delivery carriers has shown positive results for
the delivery of an oligonucleotide and they have also shown the
ability to protect DNA against nucleases.!®~1> LAAs are amino acids
with a long alkyl chain. The number and chain length of the LAA
can be easily changed to control the degree of lipophilicity. We
have previously described the synthesis and characterization of
peptide-based gene delivery carriers.*~'® Here we describe the
synthesis and characterization of peptide-based carriers that in-
corporate LAAs. The components used in our carriers are de-
scribed below. Cell penetrating peptides are positively charged
peptides that traverse cell membranes along with any cargo that
they carry. We have used TAT (GRKKRRQRRRPPQ), which is an
arginine rich peptide from the HIV transcription activating factor!”
and penetratin (RQIKIWFQNRRMKWKK), which is derived from
the Drosophila antennapedia homeodomain transcriptional fac-
tor.® To increase the lipophilicity and stability of our gene com-
plexes we have incorporated LAAs within our carrier. We included
a nuclear localization signal (NLS) peptide (PKKKRKV), which aids
in targeting the DNA to the nucleus. The NLS peptide we used is
derived from the Simian virus 40 Large T antigen.!® Due to pre-
vious results indicating the entrapment of our complexes inside
the endosome, we also included the N-terminal of the influenza
virus haemagglutinin HA2 (GLFGAIAGFIENGWEGMIDG). It causes
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destabilization of the endosomal membrane at pH 5—6 due to
a transformation of the peptide to a helical structure.?® Lastly, we
included a polylysine dendrimer with seven lysine residues to
allow for an ionic interaction and condensation of the DNA.
Polylysine containing eight amino acid residues is sufficient to
form a complex with DNA and the lower the molecular weight,
the lower the toxicity.?! Polylysine is biodegradable?? and the
dendritic form of polylysine has been used previously for gene
delivery and also included LAAs to improve the transfection
efficiency.?>~2> We have also found that the dendritic form of
polylysine containing seven lysine residues provided more effec-
tive for gene complexation and gene delivery compared to the
linear form (not published). The general structure of the synthe-
sized carriers is shown in Figure 1. Table 1 shows the peptide
components used to make each carrier. Figure 2 shows the com-
plete structure of carrier 1. These carriers were compared to
previously described carriers without LAAs for their ability to form
complexes with DNA by isothermal titration calorimetry (ITC) and
particle size and zeta potential experiments.
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Figure 1. General structure of carriers 1-6.

Table 1

Components used for carriers in Figure 1
Carrier U V W X Y 4
1 Ci2 Lys—(Lys),—(Lys)s Lys NLS Lys TAT
2 — = 2C;, NLS Lys TAT
3 - = — Lys—(Lys)-2TAT 2Cy; NLS
4 - — — Lys—(Lys),—(Lys)4—4TAT 2C;; NLS
5 Cia Lys—(Lys),—(Lys)s Lys HA2 Lys TAT
6 - = — Lys—(Lys)2—(LyS)a 2Cg  PEN

protection group strategy was used. We used lysine protected with
Boc and Fmoc. Boc and Fmoc protecting groups were chosen be-
cause Boc is cleaved under acidic conditions while Fmoc is cleaved
under basic conditions. Furthermore, Boc and Fmoc amino acids are
readily available. A scheme for the synthesis of carrier 1 is shown in
Figure 3. After their synthesis, carriers 1—6 were cleaved from the
resin, purified by preparative HPLC and analysed by analytical HPLC
and electro-spray mass spectrometry (ES-MS).

2.2. Isothermal titration calorimetry

The titration of carriers 1—6 into salmon testes DNA resulted in
an exothermic reaction from the ionic interaction between the two
oppositely charged entities (Fig. 4 upper panel). This was followed
by an endothermic reaction, which occurred due to the pre-
cipitation of the complex. The remaining injections are heats of
dilution. The exothermic interaction between carriers 2—4 with
DNA was much less apparent, which was shown by the very small
peaks in the raw data graph (see Supplementary data). This in-
dicated that the other carriers, which contained a dendritic poly-
lysine entity played a major role in the interaction with DNA. This
was also shown on the raw data graph by the presence of larger
defined peaks. The heat of reaction from the titration is similar to
that previously described using charged peptide-based carriers
without LAAs.”> When examining PEI/DNA complex formation by
ITC, Choosakoonkriang et al. also reported that aggregation of the
complexes occurred.?® A blank titration was performed where the
carrier was titrated into buffer (data not shown). The heats gener-
ated from these experiments were subtracted from the
Experimental data. The heat of reaction was plotted against the
molar ratio (Fig. 4 bottom panel). The data was analysed using a two
set of sites binding model from which a curve was fit to the data and
the thermodynamic parameters for the reaction were calculated
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Figure 2. Complete structure of carrier 1.

2. Results and discussion
2.1. Synthesis of the gene delivery carriers

Carriers 1-6 were successfully synthesized by solid phase
peptide synthesis. Different combinations of the cell penetrating
peptides TAT or penetratin, a NLS peptide, a fusogenic peptide HA2,
dendritic polylysine and LAAs were used to synthesize the carriers
shown in Figure 1. Multiple copies of the TAT peptide were used in
carriers 3 and 4 to enhance the cellular uptake of DNA. To in-
corporate multiple peptides into a single carrier an orthogonal

(Table 2). The thermodynamic parameters that are shown in Table 2
for carriers 2—4 are far less accurate because the fitting procedure
was more difficult and several data points were removed prior to
fitting to ensure that the curve-fitting program proceeded.

The binding interaction between carriers 1—6 and DNA was
strong, with the binding affinity ranging from 2.9E+08 M~! for
carrier 6 to 7.6E+11 M~ for carrier 2. The high binding affinity for
carrier 2 was most likely due to the difficulty experienced in the
curve fitting procedure as the data points did not allow for
a smooth curve and therefore the binding affinity was higher than
anticipated. The precipitation of the carrier/DNA was much weaker
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Figure 3. Scheme for the synthesis of carrier 1. (a) coupling of first amino acid to MBHA resin. (b) after the TAT peptide was completed, Boc—Lys(Fmoc) was coupled. (c) The Boc
group was removed followed by coupling of the NLS peptide and N-terminal acetylation. (d) The Fmoc group was removed followed by coupling Boc—Lys(Fmoc), removal of Boc
group, coupling of polylysine dendrimer, removal of Fmoc group and coupling of C;; LAA. (e) HF cleavage of the peptide from the MBHA resin. (f) peptide product.
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Figure 4. Isothermal titration calorimetry graph for the titration of carrier 1 into DNA.
The top panel represents the power change to the sample cell upon the addition of
carrier 1 into DNA. The bottom panel represents the integrated area of the peaks from
the top panel, which is plotted against the molar ratio.

with a binding affinity of 4.7E+06 M~ for carrier 6 to 5.8E+07 M~
for carrier 3. The enthalpy of the binding reaction resulted in
a larger negative value for the carriers containing dendritic poly-
lysine (carriers 1 and 5—7). This was due to much more heat being
released from their interaction with the DNA. The entropy was
positive for both processes and was much larger for the pre-
cipitation reaction. The entropy of the binding reaction was larger
for the carriers without dendritic polylysine (carriers 2—4). The
calculation of Gibbs free energy showed that both processes are
spontaneous since they are negative values. Gibbs free energy is
also correlated to the binding affinity with a higher binding affinity
resulting in a larger negative value. The charge ratio of carrier/DNA
at the stoichiometric point of the binding between the carriers and
DNA was about 1:1 for all carriers. The results generated from these
titrations show similar characteristics compared to compounds we
have previously published.”® When comparing the results of car-
riers 1—6 with the same carriers but with no LAAs those carriers
had a slightly lower binding affinity and enthalpy. We have pre-
viously worked with LAA/polylysine carriers to enable oligonucle-
otide delivery. The titration of such carriers into an oligonucleotide
resulted in an exothermic reaction.!" However, there was no pre-
cipitation of the complex. In this study we also examined one of
these previously described carriers containing two Ci4 LAAs and
a polylysine dendrimer (carrier 7). Titrating carrier 7 into salmon
testes DNA resulted in the same type of interaction as the other
carriers. However, the binding affinity and enthalpy was the lowest
of any carrier (Table 3). Carrier 7 has eight positive charges, which is
much lower than all other carriers examined in this study. There-
fore, the number and composition of the positive charges in the
carriers clearly had an impact on the thermodynamics of the in-
teraction with DNA.

The energy required to condense DNA is quite large. However,
the ability of DNA to condense into a compact particle by using
polycationic compounds with as little as three positive charges has
been reported.?’ The reversibility of the condensation process is
dependent upon the amount of ligand used when condensing the
DNA.?” Condensed DNA can form toroids due to the stiffness, low
attractive forces and concentration of DNA but it is also dependent
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Table 2
Thermodynamic parameters from the titration of carriers 1—7 into DNA

Binding affinity (M) Enthalpy (kcal/mol)

Entropy (kcal/mol)

Gibbs free energy (kcal/mol) Stoichiometry

Carrier K1 K32 AH1 AH2 AS1 AS2 AG1 AG2 nl n2

1 6.9E+08 7.4E+06 -9.7 80.4 0.008 0.301 -121 -9.4 0.107 0.012
2 7.6E+11 3.9E+07 —0.5 123 0.053 0.076 —16.1 -10.3 0.149 0.017
3 9.9E+09 5.8E+07 -34 358 0.034 0.155 -135 -10.4 0.078 0.008
4 6.8E+11 4.0E+07 —-54 414 0.036 0.207 -16.1 -10.4 0.051 0.010
5 3.3E+09 1.1E+07 -11.7 28.0 0.004 0.126 -12.9 -9.6 0.162 0.028
6 2.9E+08 4.7E+06 —-10.2 32.6 0.004 0.140 -11.5 -9.1 0.145 0.027
7 1.1E408 1.6E+06 -84 24.5 0.008 0.110 -10.8 -85 0.329 0.049

upon the type of DNA used.?” The reduction in the size of the DNA is
influenced by hydration, electrostatic interactions and hydropho-
bicity. The binding of polycations to the phosphate backbone of
DNA was reported to be entropically driven by the release of wa-
ter.82% However, it was also reported to be enthalpically driven for
the interaction between a polymer and DNA.3? Furthermore, the
inclusion of lipids with polycations enhances the binding cooper-
ativity by inhibiting water molecules around the DNA.2® The in-
teraction between positively charged carriers and negatively
charged DNA also have a contribution from the release of the as-
sociated counter ions.3' Other cationic carriers such as spermidine
and cobalt hexammine have shown the ability to bind to DNA.
However, their interaction was endothermic.3232 The ability of the
cell penetrating peptide TAT to bind with DNA from salmon testes
has been reported.>* Compared to our system, which contained
many cell penetrating peptides in combination with LAAs both still
resulted in an exothermic reaction. However, Ziegler et al. reported
no precipitation of their complexes.>* It has been demonstrated
previously that the binding between cationic lipids and DNA was
endothermic.®> On the contrary, we have shown an exothermic
interaction between our cationic lipid carriers and DNA. We have
also shown that the composition of the charged peptides within the
carrier played a significant role in determining the thermodynamic
parameters of the reaction. When polylysine dendrimers were in-
cluded within the carrier we observed a more significant response
when they were titrated into DNA.

2.3. Particle size and zeta potential

The particle size and zeta potential of the carrier/DNA com-
plexes are important factors to determine to enable the successful

Table 3
Analytical data of the purified carriers 1-6
Carrier MW ES-MS (m/z) Retention Retention
time (min)? time (min)®

1 3977.04 1327.1 (z=3) 12.23 8.40
995.5 (z=4)
797.0 (z=5)

2 3105.96 1554.4 (z=2) 16.72 15.90, 16.13
1036.7 (z=3)
777.8 (z=4)

3 5063.30 1689.7 (z=3) 15.26 15.19, 16.37
1267.4 (z=4)
1014.3 (z=5)

4 8977.99 1498.5 (z=6) 13.69 10.28, 11.29
12842 (z=7)
1123.8 (z=8)

5 5175.25 1727.0 (z=3) 19.08 16.68
1295.4 (z=4)
1036.8 (z=5)

6 3425.37 1714.0 (z=2) 14.96, 15.68 18.27, 19.43¢
1143.4 (z=3)
857.6 (z=4)

2 Solvent B1.

b solvent B2.

¢ Methanol was used in solvent B2 for carrier 6.

delivery of the DNA to the target cells. DNA is a large negatively
charged hydrophilic molecule, which does not diffuse through cell
membranes. The particle size (z-average) and zeta potential (par-
ticle charge) of the carrier/gene complexes were assessed at five
different charge ratios (+/—) (Fig. 5). At all charge ratios the size of
the complexes varied from 200—800 nm in diameter. It was in-
teresting to see that lowest z-averages observed occurred when the
charge ratio was lower. In contrast, our previous experiments with
peptides without LAAs had shown that the higher the charge ratio,
the smaller the particle size.'* The zeta potential at a charge ratio of
0.5:1 (+/—) was slightly negative as there was insufficient carrier
present to neutralize the DNA. However, as the charge ratio was
increased the zeta potential of the particles increased to be positive
as there was an excess of the positively charged carrier. This trend
was also observed in our previous study.!4

Carrier 7 showed a similar profile compared to the other
carriers except that the zeta potential was negative at a 1:1
charge ratio compared to all other carriers where it was positive.
The reason may be that carrier 7 only contains eight positive
charges. The zeta potential at the 1:1 charge ratio resulted in
a larger positive number for the carriers containing more positive
charges. There was no observable difference in the pattern ob-
served for the particle size and zeta potential results compared to
the ITC results where the binding reaction was much less ap-
parent for carriers 2—4. The complexes obtained were much
larger compared to our previously obtained results (carriers
without LAAs). The LAAs could hinder the collapse of the DNA
due to the hydrophobic effect. This effect occurs due to the in-
clusion of long acyl chains in the carrier, which then stop the
DNA from condensing into a tight package.?® There are many
factors, which could affect the formation of polycations/DNA
particles including salt concentration, pH and temperature. In
these experiments the pH of the buffer used was 7.2, whereas the
pH of the buffer used for the experiments in our previous paper
was 3.2.1° Therefore, having a lower pH increases the ability of
the carrier to compact the DNA or less DNA and carrier is con-
tained within a single particle. There was a 5 to 10 fold increase
in the size of the carriers in the current study compared to the
previously examined carriers. To test if the larger particle size
was due to the pH or the presence of LAAs in the carrier, carrier 6
was assessed at pH 3.2. The particle size was found to be around
80—100 nm for all charge ratios (see Supplementary data) com-
pared to the experiment reported here where the particle size
ranged from 200—600 nm (Fig. 5f).

3. Conclusion

Using lipophilic carriers may provide a means to overcome some
of the significant barriers associated with gene delivery. We have
shown that incorporating LAAs with peptides had no effect on the
formation of the carrier/gene complexes when assessed by ITC and
zetasizer. The binding affinity with DNA was found to be higher for
the carriers, which have a higher number of positive charges. We
have also shown that the dendritic polylysine component was the
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Figure 5. Particle size (z-average) and zeta potential of carrier/pGL3 DNA complexes. pGL3 DNA complexed with carrier (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, () 6, (g) 7. Measurements were
conducted at five different charge ratios (+/—). Square (M) indicates z-average (left axis) and triangle (A ) indicates zeta potential (right axis). All data presented as meanzts.e.m,

n=3.

major contributing factor in the binding process with DNA. The
experimental conditions are also an essential factor in the carrier/
DNA complex formation process.

4. Experimental
4.1. Materials
p-4-Methyl benzhydryl amine (MBHA) resin and Boc-L-amino

acids were purchased from NovaBiochem (Switzerland), GL Bio-
chem (Shanghai, China) or Reanal (Budapest, Hungary). Peptide

synthesis grade dimethylformamide (DMF), trifluoroacetic acid
(TFA), N,N-diisopropylethylamine (DIPEA) and 2-(1H-benzotriazol-
1-y1)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)
were purchased from Auspep (Melbourne, Australia). HPLC grade
acetonitrile (ACN), Isopropanol (IP) and methanol (MeOH) were
purchased from Labscan Asia Co. Ltd (Bangkok, Thailand) or Hon-
eywell-Burdick & Jackson (Morristown, NJ). DNA from salmon tes-
tes (double-stranded) and all other reagents were purchased from
Sigma Aldrich (Castle Hill, Australia) at the highest available purity.
pGL3 DNA was amplified and purified according to the manufac-
turers protocol (Invitrogen).
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4.2. Synthesis of lipoamino acids

LAAs consisting of 8,12 and 14 carbon atoms were synthesized
according to previously described methods.3® They were sub-
sequently Boc-protected to facilitate their use in solid phase pep-
tide synthesis.>®

4.3. General procedure for the synthesis of carriers 16

Carriers 1—6 were synthesized by solid phase peptide synthesis
using Boc chemistry.3” p-MBHA resin (100—200 mesh, 0.31 mmol/g
or 0.4 mmol/g loading) was swollen in DMF in a sintered glass
peptide synthesis vessel for 1 h. Each Boc-L-amino acid (4 equiv)
was activated in a mixture of HBTU (0.5 M in DMF, 4 equiv) and
DIPEA (6 equiv) then mixed with the resin for 30 min. Coupling
efficiency was monitored using the negative ninhydrin reaction
(5 min). Coupling was considered successful if greater than 99.6%
otherwise the coupling procedure was repeated. The Boc-protect-
ing group was removed using neat TFA (2x1 min) followed by in
situ neutralisation. Side chain protecting groups used include Lys
(2-Cl-2Z), Lys(Fmoc), Arg(Tos), Trp(For) and GIn(Xan). Between all
manipulations, the resin was washed thoroughly with DMF. Car-
riers 1, 2 and 5 were synthesized by using an orthogonal protection
group strategy. Boc—Lys(Fmoc) was coupled after the TAT peptide.
N*-Boc was removed, followed by the coupling of the NLS or HA2
peptide in a stepwise fashion. The N-terminus was acetylated by
treating the resin with acetic anhydride (1 mL), DIPEA (0.5 mL) and
DMF (10 mL) twice for 30 min. With the N-terminal protected, ly-
sine N®-Fmoc deprotection was performed using 20% piperidine in
DMF (5 min and 20 min). For carrier 2, two Ci3 LAAs were then
coupled to the peptide. For carriers 1 and 5 Boc—Lys(Fmoc) was
coupled to the peptide followed by Boc deprotection. Boc—Lys(Boc)
was then coupled to the peptide until the polylysine dendrimer was
complete. While leaving the polylysine dendrimer Boc-protected,
lysine Né-Fmoc deprotection was performed followed by coupling
of the LAA. For carriers 3 and 4 Boc—Lys(Fmoc) was used in the last
coupling procedure for the polylysine scaffold. After Boc depro-
tection the TAT peptide was coupled in a stepwise fashion, followed
by lysine N®-Fmoc deprotection. Upon completion of the carriers,
the terminal Boc-protecting groups were removed and the resin
washed exhaustively with DMF, dichloromethane and methanol.
The resin was dried over KOH under vacuum. The carriers were
cleaved from the resin using hydrogen fluoride (10 mL/g resin) and
p-cresol (10%) or p-cresol (5%) and p-thiocresol (5%) at 0 °C for 2 h.
The cleaved carriers were precipitated in diethyl ether, then
redissolved in 50% ACN and lyophilised to give a white amorphous
powder. The synthesis of carrier 7 has been described previously.'

4.4. Purification

Firstly, the carriers were analysed using analytical reverse
phase-high performance liquid chromatography (RP-HPLC) on
a Shimadzu instrument (LC-10AT liquid chromatograph, SCL-10A
system controller, SPD-6A UV detector, a SIL-6B auto injector with
a SCL-6B system controller and column C4 (Vydac, 3.5 pm pore size,
id=4.6, 150 mm)) to identify their retention time and to establish
a purification method. Preparative HPLC was undertaken on a Wa-
ters HPLC system (Model 600 controller, 490E UV detector, F pump
and TSK Gel C4 column with 10 um pore size and 22 mm id) with
100 mg of crude dendrimer. They were separated using a gradient
of solvent A (0.1% TFA/H;0) and solvent B (90% ACN/0.1% TFA/H,0)
and the fractions collected were characterized by electro-spray
mass spectrometry (ES-MS) (Perkin—Elmer API 3000 instrument).
The pure fractions were added together and lyophilised. The puri-
fied carriers were analysed by ES-MS and analytical RP-HPLC using
solvent A (0.1% TFA/H,0) and either solvent B1 (90% ACN/0.1% TFA/

H,0) or solvent B2 (90% Isopropanol/0.1% TFA/H,0) using a gradi-
ent of 0—100% B over 30 min (Table 3).

4.5. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed using
a MicroCal VP-ITC Microcalorimeter (Northampton, MA, USA) with
Origin 5.0 software and VPViewer 2000. In all titrations the solvent
used was 20 mM Hepes buffer (pH 7.2). The concentration of DNA
in base pairs (bp) was determined spectrophotometrically>* at
260 nm using an extinction coefficient of 13,200 M (bp) 'em™.
The micro-syringe contained the carrier (2 mg/mL), the sample cell
contained salmon testes DNA (0.1 mM (bp)) and the reference cell
contained buffer. Before measurements were taken, all solutions
were degassed. Each injection (3 pL for 14 and 7, 5 pL for 5 and
4 pL for 6) was 4 min apart and the experiment was performed at
a constant temperature of 25 °C. The thermodynamic parameters
were calculated by averaging two separate experimental results.

4.6. Particle size and zeta potential

A Zetasizer Nano ZP instrument (Malvern Instruments, UK) with
DTS software was used for particle size and zeta potential mea-
surements of the dendrimer/pGL3 DNA complexes. Sizes were
analysed using a non-invasive back scatter system and zeta po-
tentials were measured using M3-PALS technique. Measurements
were taken at 25 °C with scattering angle of 173° using disposable
capillary cuvettes. Complexes were prepared by diluting various
amounts of dendrimer with 500 pL of 20 mM Hepes buffer (pH 7.2)
and adding drop wise to 2 pug pGL3 DNA in 500 pL of 20 mM Hepes
buffer (pH 7.2). The solution was vortexed and left for 60 min prior
to analysis. The experiments were performed in triplicate and used
five different charge ratios (+/-).
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