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Gene therapy offers the potential to cure a wide range of diseases
by delivering a missing gene or a functional substitute of a defective
genel 6 The two most common methods for gene delivery use
either viral'® or synthetic vectors:4°10Viruses are efficient carriers
of genes, but there are risks associated with their clinical applica-
tion8 Consequently, there is intense activity in developing and
evaluating synthetic nonviral vectors, including cationic amphipHiies,
linear polymers7-1¢ and dendrimerd22 Since the pioneering Figure 1. Proposed mechanism for release of DNA from the charge-reversal
r rch of I,n r MacDonald. and M tionic amphiohil amphiphiles. A supramolecular assembly is formed between the DNA and

esearch o . €9 _e » Macbonald, a _agee, Ca_ _O ca _p PNIES he multiwalled vesicles of the amphiphile. Upon enzymatic hydrolysis of

have been investigated because of their low toxicity, Nnonimmuno- the terminal esters of this amphiphile, the DNA is released from the

genicity, and ease of synthesis; today, these amphiphile vectors areassembly by the newly formed anionic amphiphiles. Not drawn to scale.
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docytosis, endosomal escape, nuclear entry, and finally, expression. -0 ;
Our research effort is focused on improving the release of DNA ! z C;
from the DNA—amphiphile supramolecular complex. Herein we  rigyre 2. Amphiphiles under investigation for gene delivery.
describe and characterize afunctlongl amphlphlle for gene delllve.ry (B 100 o wwr % & aE § 5 LE s
that undergoes an electrostatic transition intracellularly from cationic RO ===
to anionic and shows enhanced gene transfection efficiency. § 801 I=

This charge-reversal amphiphile performs two roles: first, it binds § 60 °DOTAP'£' -
and then releases DNA, and second, as an anionic multicharged g 40 .
amphiphile, it destabilizes bilayers. Thus, the amphiphile undergoes Z x2 I s" == g = o « = =
the following reactions: it complexes plasmid DNA and forms a 2 2013 Fixzg
supramolecular DNA cationic amphiphile assembly; upon entering 0 a4 i i i . .
the cell (e.g., via endocytosis) esterases hydrolyze the terminal ester 0.0 0.5 1.0 1.5 2.0 25 3.0
linkages to afford anionic amphiphiles; and finally, the anionic ® 100 Charge ratio (amphiphile:DNA)
;I’anhlphﬂes repel DNA and _dlsrupt the _I|p|d bilayer of the o SDOTAP =1 - 3 i 1 IBEEE!

pramolecular complex releasing the plasmid DNA for subsequent 3 80- ] [} []
transcription (Figure 1). This approach, which benefits from a § 0L ==kl i 1 B
change in electrostatic forces to release DNA, departs from previous 8 - S |
functional vectorg®~32 The aforementioned sequential steps require S 40r £
a cationic amphiphile possessing three distinct structural compo- $ = Tis=zszgadammmay
nents: a cationic headgroup, hydrophobic chains, and terminal ester °

]

linkages. The prototype amphiphilé, has a cationic ammonium - - - - -

headgroup to bind DNA, lipophilic acyl chains to form a bilayer, 0 1000 20001_ 8000 4000 5000

and benzyl esters at the terminus of the acyl chains for enzymatic Figure 3. (A) Ethidium bromide disﬁ;cff%em assay showing the fluores-

hydrolysis (Figure 2). To assess the role of each structural cence intensity as a function of synthetic vector/DNA charge ratio for

component, we prepared compourgis4. Compoundsl through compoundsl—4 and DOTAP. (B) Ethidium bromide displacement assay

4 were synthesized as described in the Supporting Information. showing the fluorescence intensity as a function of time in the presence of
To determine whether the amphiphiles bind DNA, we performed & POreine liver esterase (300 units/mL).

a standard ethidium bromieddNA fluorescence quenching exclu-

sion assay. DNA binding is observed for3, and 1,2-dioleoyloxy-

3-(trimethylammonio)-propane (DOTAR) as the fluorescence

intensity decreases rapidly, but not f@ or 4 (Figure 3A).

Amphiphile 1 forms a 1:1 complex with a binding constant of
~10"7 M, similar in magnitude to DOTAP? Amphiphile 2 is
anionic and does not bind DNA as a consequence of unfavorable
electrostatic interactions. Compou#gossesses a cationic charge
but lacks the hydrophobic acyl chains also required for formation

T Boston University.

#Universited'Avignon. of a strong interaction with DNA. Next, the above DNA/EtBr/
ﬁgg&ge&#\?é‘;se@%edical Center. amphiphile ¢, 3, or DOTAP) solution was incubated with an
U Army Research Office. esterase at pH 7.4 and 3Z (100 mM NacCl, 100 mM Tris buffer).
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Figure 4. Gene transfection results after 48 h in CHO cells.

As shown in Figure 3B, an increase in fluorescence over time is
seen for amphiphild, consistent with hydrolysis of the terminal
benzyl esters and disruption of the DNAmphiphile supramolecu-
lar complex followed by re-intercalation of EtBr in DN#&.No
increase in fluorescence over time is observed with amphiphibes
DOTAP, which possess a terminal amide linkage or methyl group,
respectively. The fluorescence data indicate that release of DNA
from the supramolecular assembly does not occur with amphiphiles
lacking a terminal hydrolyzable ester linkage and those linkages near
the cationic headgroup are less accessible to enzymatic hydrolysis
Given the polar headgroup and long hydrophobic acyl chains
present in the structure @f this amphiphile is likely to form bilayer
vesicles in agueous solution. DispersioriLah water by sonication

leads to vesicles in the presence and absence of DNA. Vesicles

are not observed with the anionic amphiphe(multicharged
surfactant) or cationic compourd] which lacks the necessary
hydrophobic chains necessary for bilayer formation. A differential
scanning calorimetry (DSC) trace of hydrated amphiphighows
a phase-transition temperature at approximatelyG5

The X-ray diffraction spectrum at 2% of the hydrated vesicle
pellet of 1 shows three diffraction orders of a lamellar repeat period
of 5.22+ 0.03 nm with a sharp wide-angle spacing of 0:46.01
nm, which is characteristic of an ordered bilayer phase. Upon
addition of DNA, the lamellar repeat period £ 5.31+ 0.14 nm)
and wide-angle spacing (0.46 0.01 nm) do not significantly
change. This suggests a model, like that shown in Figure 1, where
the DNA is entrapped at the surface or at the interface between
multiwalled vesicles in solution. This is a different structural model
than for complexes of DNA with either DOTAP or cationic
triesters of phosphatidylcholidéwhere a smectic phase is formed
with the DNA chains located between the adjacent lipid bilayers
within the multilamellar liposome. Moreover, adding 1% w/w of
the multicharge anionic amphiphizto DOPE bilayers affords a

broader phase-transition temperature compared to pure DOPE. This

result is consistent with the anionic surfacta®t,formed in the
hydrolysis reaction ofl, destabilizing lipid bilayers.

Transfections experiments using the reporter gérgalactosi-
dase g-gal, pVax-LacZ1, invitrogen) were performed with chinese
hamster ovarian (CHO) cells (see Supporting Information). As
shown in Figure 4, cationic amphiphilewas the most effective
vector for transfecting thes-galactosidase gene. Significantly,
compounds2 through 4 showed minimal transfection activity
comparable to the negative control and naked DNA. DOTAP and
TransFast reagent both transfect DNA, but at lower levels. The
results observed with anionic amphiph®and cationic compound,

4, are consistent with the poor affinity of these compounds to bind
DNA. The lack of transfection with amphiphild conveys the
important role the cleavable terminal ester linkages perform in these
amphiphiles. Preliminary screening on additional cells lines showed
that1 can also facilitate the transport of DNA in human embryonic
kidney (HEK293) and erythroleukemic (K562) cell lines.

In summary, a charge-reversal or charge-switchable amphiphile
is shown to be an effective nonviral vector for gene delivery. These

results also highlight the importance and sensitivity of noncovalent
interactions in the formation and dissolution of supramolecular
DNA—amphiphile assemblies. Current studies are focused on
optimizing the structure of the charge-reversal amphiphile and the
formulation conditions to further increase the gene transfection
efficiency. Importantly, these amphiphiles represent a conceptual
departure from the current cationic molecules under investigation,
and these results are likely to facilitate the design, development,
and evaluation of new synthetic nonviral vectors for the delivery

of therapeutic DNA.
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