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ABSTRACT: A polymer drug-carrier was synthesized by combining a monodisperse, sequence-defined poly-
(amidoamine) segment with a poly(ethylene oxide)-block (F#éck-PEO). Between both polymer blocks a
single disulfide moiety is incorporated that allows for the realization of a programmed disassembly of the carrier
polymer in a reductive environment, like for instance present in certain intracellular compartments. The sequence
selective positioning is realized using cystamine as a new building block for the automated synthesis of
monodisperse PAAs. The controlled disassembly of the polymeric carrier was used to establish a two-phase
release process, e.g., highly relevant for an effective release after successful drug delivery into a cell. The
applicability of this carrier was demonstrated by analyzing the complexation behavior of the system with plasmid
DNA, before and after reductive degradation of the block copolymer. The presented observations describe a
transition in polyplex (polymetDNA complex) properties from PEO-stabilized ion complexes with soft charge
compensation to compact structures with more effective charge neutralization after cleavage of the PEO-block.

Introduction to design suitable polymer systems, which meet the requirements

Recently, linear poly(amidoamine)s (PAA)s have been rec- of both ad\{ancgd drug delivery systems and legislation for
ognized as a class of (multi)functional polymers, highly interest- Product registration.
ing for a broad scope of different biomedical applicatidAs. Controlled degradation of polymer carriers has been addressed
Their potential was revealed by proving excellent biocompat- in the literature intensively. Frequently degradable polymer
ibility, usually combined with the absence of inherent immu- carriers, like, for instance, polyesters, decompose via hydrolytic
nogenicity as well as very low cyto- and hemotoxidty. or enzymatic pathway$:'® These can be amplified by the
Despite all these advantages, the full potentials of this promising localization of the carrier in a certain cell compartment, e.g., in
polymers could still not be accessed. This is due to the applied the lysosome.

synthesis strategies, following Michael-addition routes, which  Recently, the introduction of disulfide linkages within the

provide polydisperse polymers witt,/M, > 289 polymer backbone of carriers received increased attention as
To overcome these synthetic obstacles, a more precisean alternative to hydrolytically degradable systems. Disulfide
approach to linear PAAs was presented recéfiffshis involved bonds are stable in the oxidative environment of extracellular

fully automated, solid-phase supported synthesis techniquesfluids but are rapidly degraded intracellularly, due to the
combined with protecting group strategies, which allowed for reductive environment caused by an increased concentration of
the sequential addition of monomers. Monodisperse PAAs with glutathione4 These specific properties have been exploited to
monomer sequence control could be accessed, thus making thelevelop polymers, which undergo a controlled degradation after
precise positioning of different functionalities along the PAA  uptake into a cell, e.g., triggering then the drug release. Several
chain possible. Because the PAA synthesis still remains compat-polymers for biomedical applications, bearing such disulfide
ible to the synthesis of peptides, it was possible to fully automate functionalities along the polymer chain, were described, e.g.,
the PAA synthesis, including the change of the “monomer poly(ethylenimine)s, poly(ethylene oxide)s and linear PAAS!
alphabets” to obtain peptieldockPAA and PEGblockPAA However, so far introduction of the disulfide functionalities was
conjugates in a straightforward mannér. accomplished either in a statistical or in an alternating manner.

Polymers used as drug delivery applications have to provide Here, we want to extend this approach to a precisely pro-
stability and shielding of the cargo during the transport, but grammed disassembly, in order to realize precisely defined
effective and controlled liberation of the drug at the appropriate functions. For that, the exact positioning of cleavable groups
destination. Moreover, because the control of the fate of carrier in the polymer chain is required, enabling the rational design
polymers in the living system is a growing issue, a final of polymeric drug carriers with advanced functions beyond those
degradation of the polymer systems to nontoxic fragments that of established carrier systems.

are rapidly cleared from the organism is certainly favorable.  paricylarly the demands concerning polymers, which should
Hence, the precise positioning of specific functions is mandatory pq ilized as polymeric vectors for in vivo DNA delivery are

rather complex8 This is due to the fact that the delivery process
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the predetermination of the splitting point. The applicability of
this polymer as carrier system for DNA delivery was investi-
gated by analyzing the structure of the complex of carrier
polymer with plasmiddsDNA, before and after reductive
disassembly.

Experimental Section

Materials and Instrumentation. See Supporting Information.

General Synthesis of Poly(amidoamine) (PAA) Conju-
gates.The monodisperse, sequence-defined PAA segments were
prepared via a solid-phase supported synthesis as was reported
previously!© As for the classical solid-phase peptide synthesis
(SPPS) based on Merrifield, using the stepwise addition of
amino acids, the PAAs segments are synthesized by a stepwise
assembly of dicarboxylate and diamine building blocks. In a
first step, a dicarboxylate building block, activated as succinic
anhydride (Suc), was coupled to a resin bound amino group.

High conversion was controlled via colorimetric tests and mass
spectrometry, also indicating no side reactions. The subsequent
coupling of a diamine building block was enabled using PyBOP/
HOBUt/DIPEA, a frequent activating reagent for carboxylate
functionalities in SPPS. Again, high conversion was secured
Figure 1. Simplified model for polymer facilitated delivery of DNA ~ Via colorimetric tests and mass spectrometry. The repetitive
(transfection mechanism): complex formation of the cationic carrier coupling of dicarboxylate and diamine building blocks following
and the anionic DNA (polyplex formation, a); internalization of the these standard protocols leads to PAA segments of up to 10
polyplex into an endosome (membrane translocation, b); release of therepeating units. To vary the functionalities within the PAA
polyplex from the endosome (endosomal escape, c) or delivery of the . 7 -
polyplex into the lysosome and enzymatic degradati) lfberation sequence, different diamine building blocks can be used. For
of the DNA from the polymeric carrier (d); localization of the DNAin  the introduction of tertiary amine groups 3daminoN-
the cell nucleus (e). methyldipropylamine (Damp) was used. For the incorporation
of secondary amine groups a spermine (Spe) derivative was
should be noted that the precise mechanism is still not synthesized bearingBoc protective groups at the secondary
understood, and hence, the presented scheme has to be regardeghine functionalities. By driving each step to completion, a
as highly simplified. monodisperse system is obtained, offering a monomer sequence

The first step toward successful DNA delivery is the effective @long the polymer backbone that depends on the choice of
complexation of the negatively charged plasmaible strand ~ building blocks at every single addition. Side groups of the
DNA (dsDNA) with a cationic polymer carrier (Figure 1a). The building blocks have to be protected during the addition to avoid
formed polyplex (polymerDNA ion complex) is incorporated side reactions. The product can be liberated and the side-chain
into a cell by crossing the cell membrane (Figure 1b). Several Protecting groups can be cleaved in a one-step reaction, using
different uptake pathways are known, but still heavily dis- TFA in DCM. The established PAA synthesis is fully compatible
cussed? However, the successful internalization of the polyplex With standard peptide synthesis techniques. Therefore, amino
leads—in the simplest caseto an incorporation encapsulation ~acids or peptide sequences can be incorporated, e.g., to introduce
into an intracellular compartment, which is referred to as an Primary amine functionalities using Lysin (Lys) as a building-
endosome (Figure 1b). Typically the endosome is transformed block. Following established routes toward PEO-peptide con-
into the lysosome, a compartment where enzymatic digestionjugates, PESPAA conjugates can be obtained using PEO
would destroy the DNA (Figure 1x Therefore, the polyplex  attached (PAP) resins.
has to escape from the endosome, prior to reaching the lysosome Synthesis of PAA Segments Containing a Disulfide Link-
(Figure 1c). This crucial endosomal escape can be facilitated age. To incorporate a disulfide linkage within the polymer
by the properties of the polymeric carrier, leading to interesting backbone, a diamine building block containing a disulfide
strategies in the design of polymer carrig¥s>3 Some of the functionality, cystamine, was used. Cystamine (Cya) is only
strategies include the liberation of the DNA from the polyplex, commercially available as hydrochloride salt, but for an addition
e.g., by degradation of the carriers via pH-cleavable groups in to the activated carboxylate group the free diamine is needed.
the polymer chain (Figure 1d). In the last step the DNA has to To isolate the free diamine, a solution of cystamine salt in water
be translocated into the cell nucleus (Figure 1e). For that a was made strongly basic by addition of sodium hydroxide
crossing of the core membrane is required. Even if the processsolution and then extracted with chloroform, giving the product
of nucleus localization is not understood yet, it appears to be | as yellow oil (55%).
reasonable that nuclear membrane crossing could be affected Analysis ofl: *H NMR (DMSO, 100°C) 6 = 1.71 (s, 4H,
by the carrier polymer, too. NH,), 2.70 (t, 4H, G1,—NHy), 2.77 (t, 4H, S-CH,) ppm;13C

Here we demonstrate first steps toward a multistep releaseNMR (DMSO, 100°C) 6 = 40.0 (s, CHz—NH,), 42.0 (s,
carrier for DNA-delivery, exploiting programmable disassembly S—CHz); ESI-MSm/z = 153 ([M + H]).
of the polymeric carrier. The function was realized by the  This building block can be used, following the standard
sequence selective positioning of a disulfide functionality within protocols for the automated synthesis of PAA segments.

a PEQODblockPAA system. For that cystamine (2@thiobis- Synthesis of PAA Segments Containing Amino Acids.
(ethylamine)) was utilized as a new building block for the Since the established synthesis is fully compatible with the
automated synthesis of monodisperse PAA segments enablingstandard peptide synthesis protocols, amino acids or peptide
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segments can be incorporated within the polymer backbone. Scheme 1. Reductive Cleavage of the PAA-Segment from a

Amino acids are used as theik,-Fmoc-protected derivatives, Resin-Bound PEOblock-PAA Copolymer and Subsequent
o P Oxidative Capping with 2-Mercaptoethanol To Stabilize the

which are couple(_j to t_he growing_c_hain by activati_on of th_eir Thiol-Eunctionalized Products
carboxylate functionality and addition to the terminal amino o o

group of the resin-bound polymer. For a standard synthesis (0.25 Q%%ENHNS\S/\/HWKHMTMM n
mmol, 1 equiv) a 10-fold excess of amino acid (2.5 mmol, 10 ° °

equiv) is dissolved in DMF (2.5 g) and activated with HBTU s

in DMF (0.37 g, 9.8 equiv, 0.17 g/L). After transferring the OOHH

activated amino acid to the resin, the reaction vessel is agitated S(\j"”

for 25 min. After intensive washing with DMF, the terminal s o

Fmoc protecting group is cleaved by adding a solution of H b N PN NN
piperidine in DMF (20 vol. %). By detecting the UV-signal of O*O/\*ETNHNSH " WN ! s
the cleaved Fmoc group the conversion of the reaction can be B N

determined. After washing the resin with DMF, the Fmoc- 2.) rdatve capping

cleavage can be repeated to verify for the completeness of the )
reaction. As a next step either another amino acid or a N i S _OH s HO Sy
dicarboxylate building block can be added to the terminal amino Qo™ N”/\/ s N
group of the resin-bound PAA chain. For the synthesis of PEO-
blockLys-(Suc-Cya-Lyg)-(Suc-Damp-Lyg)s (V) a Wang PAP
resin was used as the solid support. The synthesis followed the
general procedure described above. The polymer was cleaved The main objective of this work was the introduction of
from the solid support using TFA in DCM (30%). After precisely positioned disulfide functionalities within a monodis-
evaporation of the solvent, the polymer was reprecipitated from pers PAA-segment. For that a solid-phase supported PAA
MeOH/ether, dialyzed against water (MWCO: 3500) and freeze- synthesis route was applied as described previddSyepwise
dried to give the product as a colorless powder (31%)s assembly of functional diamine and dicarboxylate building
soluble in water apparently independent of the pH value (pH blocks, using a forced step-growth process, requires the control
= 1-12). Moreover, it possesses excellent solubility in a broad over every reaction step, driving monomer addition to quantita-
range of organic solvents such as methanol, NMP, DMF, and tive conversion and suppressing side reactions. To realize this,
THF, but it precipitates in dichloromethane or diethyl ether.  highly optimized activation chemistry was adapted to meet the

Analysis ofV: *H NMR (DMSO, 100°C) § = 1.23-1.41 requirement§ of the PAA synthesis. Thus, the. route aIIows for
(m, 22 H,B-CHo—lysine), 1.49-1.63 (m, 22 Hy-CH,—lysine), the. synthesis of monodisperse PAAs, exhibiting a preC|se.Iy
1.67-1.80 (M, 22 H,0-CH,—lysine), 2.34-2.43 (m, 22 H, defined monomer sequence ano_l th(_e absence of both ghem|cal
B-CH,—amine), 2.742.85 (m, 34 Hd-CH,—lysine, o-CHa— as well as molecular weight distributioHsln order to obtain a
amine), 3.24-3.30 (m, 31 Hp-CH,—amid), 3.33-3.75 (m, 280 PE.ObIock-PAA.bIock copolymer, a I?EO preloaded polystyrene
H, O=C—CHy—CHy, O=C-(NH), O—CH,—CH,—PEO) ppm: resin (PAP-resin) was used as solid support. While _the PEO-
MALDI ~TOFmiz = 5921.98 (M4 K] ) My = PEOgblock 0880 et be Used to sequentialy
Lys-(Suc-Cya-Lys)-(Suc-Damp-Lys); FT-IR (v in cm™?) 164 w- . .
(gr?“(dsr)c fg; (?m(glis 1‘142 (gr??he) 11&(99 (e?ther)) 645 assemble the PAA chain (P$benzyl[-O—PEO-NHy). Since

' T } T ) ' the linker connects the PEO and the PS-resin, a cleavage results

Cleavage from the ResinThe dried resin bearing the block iy the liberation of the PE®lockPAA copolymeri! As
copolymerll (0,05 mmol, 1 equiv) was swollen in freshly  gescribed previously, succinic acid anhydride was utilized as a
distilled and degassed DMF and a mixture of DTT (19 mg, pre-activated dicarboxylic acid building block, allowing a
0.125 mmol, 2,5 equiv) in DMF was added. After this mixture quantitative and clean attachment to the amine functionality of
was stirred under argon for 1 h, the resin was removed by the resin. This generates resin-bound carboxylic acid function-
filtration. By now the PAA segment with a free thiol end group  glities to which a diamine building block can be coupled. The
I1lb was dissolved in the solution, while the PEO-block with a latter is facilitated by PyBOP/HOBﬂ, proceeds in a clean
free thiol end grouplla remained bound to the resin. To avoid manner with quantitative conversion and generates a resin-bound
uncontrolled reoxidation of the thiols, the PAA-segment as well amino group. The repetitive coupling of dicarboxylic acids and
as the PEO-block was oxidized in the presence of an excess ofdiamines leads to the sequential assembly of the linear PAA
2-mercaptoethanol. Therefore, a mixture of 2-mercaptoethanolsegment.
(354L, 0,5 mmol, 10 equiv) in DMF was added to the solution A model polymer (Scheme 1}) was synthesized, in order
of the DTT-cleavage as well as to the thoroughly washed resin {4 gemonstrate the applicability of cystamine as a new diamine
(70 L, 1 mmol, 20 equiv). By dropwise addition of iodine in - pyilding block in the automated PAA synthesis. As shown in
DMF, the oxidation was driven to completeness indicated by a scheme 1, cystamine was used to position a disulfide moiety
constant color change of the solutions to dark orange. The petween the blocks of a PEfMockPAA copolymer. For ease
solution of the PAA-segment was then concentrated in high of analysis, a short PAA segment was synthesized first that
vacuum to remove the solvent. The residue was redissolved inpossesses three recurrences of alternating succinic anhydride
water, dialyzed against water (MWCO: 500) and freeze-dried (Suc) and 3,3diaminoN-methyldipropylamine (Damp). How-
to give the colorless produtvb . ever, after the first Suc the cystamine was introduced, prede-

After washing the resin thoroughly with DMF and DCM, the  termining the position where reductive cleavage will take place.
PEO-block was cleaved from the solid support, following To avoid difficulties during analysis, which might result from
standard protocols with a solution of 5 vol. % TFA in DCM the superimposition of the PEO and the PAA-segment, the
for 30 min. After evaporation of the solvent, the residue was model cleavage of the disulfide bond was performed with DTT
reprecipitated from MeOH/ether giving a colorless prodvet. on a resin-bound PE®lockPAA (Scheme 1). Reductive

IVa Vb

Results and Discussion
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Figure 2. ESI mass spectrometry of the PAA segmét() cleaved
by reduction of the disulfide bond with DTT and oxidative capping
with 2-mercaptoethanol.

750

cleavage results in the liberation of a PAA-segment with only
tertiary amine groups. This can easily be detected by-#48
measurements, while the PEO-block remains bound to the solid-
support. However, PEO and PAA segments are formed, exhibit-
ing free thiol end groups. Because of a high sensitivity for
uncontrolled oxidation or coupling, a controlled oxidation in

Macromolecules, Vol. 40, No. 22, 2007

but without PEO are needed to enhance endosomal escape and
nuclear uptake. The latter is evident because certain oligopeptide
domains like for instance TAT or Akg have been recognized

to enhance the membrane translocaffettMoreover, cells use
small, cationic molecules such as spermine or spermidine to
bind to DNA or RNA and control nuclear uptake.

Translating this insight into a strategy, a polymeric carrier is
required that allows for a two-step release of the DNA. This
should (i) guarantee a safe transport of the DNA to the cell, (ii)
facilitate endosomal escape of the cargo, and (iii) enhance
transport of the DNA into the nucleus. For that a RBIOck
PAA conjugate was synthesized, bearing a single disulfide
functionality between the two blocks. While the cationic PAA-
segment is designed to complex and condense the plasmid
dsDNA, the PEO-block shields the cargo effectively during
transport and minimizes toxic side effects. After the successful
cell internalization of the polyplex, the disulfide functionality
should be cleaved. This leads to the removal of the protecting
PEO-shell and boosts the efficiency of the PAA-segment for
endosomal escap@.This is probably due to their cationic
character combined with a weak amphiphilicity that allows for
soft cell membrane interactions. Hence the intracellular genera-
tion of a “naked”, low molecular weight cationic PAA-segment
should strongly enhance membrane interactions, which poten-
tially could contribute to the endosomal escape and nucleus
localization of the DNA cargo.

It is well-known that oligoamines with-34 cationic charges

the presence of high excess of 2-mercaptoethanol was carriedniaract with DNA in a very dynamic mann&tSpermine leads,

out, leading to an oxidative capping (Scheme 1). The isolated
PAA-segment was analyzed by ESVS (Figure 2), revealing
both the successful synthesis of the monodisperse PAA segmen
and the clean cleavage of the disulfide bond. The-B\%%
shows the characteristic mass signal\d (nvz 462), which
could be assigned withift1 m/z accuracy to a double charged
species with two sodium adduct iongl(p . = 834 Da).

Additional mass signals could be observed, corresponding
conclusively to the product of the oxidative capping
reaction as a result of the reaction of the DTT excess with
2-mercaptoethanol.

The capped PEO-block\(a) was analyzed separately by
MALDI —TOF MS (cf. Supporting Information). The spectrum
shows two distributions centered ratz 2615 and atnwz 3227

for example, to a more or less transient ion complex in which
the oligocation can be displaced easily via competitive substitu-
tion. Taking this into account the PAA-segment of the model
system (| ) will not lead to sufficiently stable polyplexes with
plasmiddsDNA. Thus, the synthesis of a PAA-segment with
five recurrences of (lysine)(lysine)—(diaminoN-methyldipro-
pylamine)-(succinic acid) was required, bearing a sequence of
tertiary and primary amined/(. This should guarantee strong
interactions with the DNA, but also provide capabilities to
interact with membranes for cation induced membrane bending.
The successful synthesis &f was verified by means of
MALDI —TOF mass spectrometry addl NMR spectroscopy
(cf. Supporting Information)

that can be assigned to mass signals of the PEO-block capped
with 2-mercaptoethanol and those of the non-capped PEO-block
(INa’). The characteristic signal spacing of 44z for both

distributions can be correlated to the mass of a PEO repeat unit.

Even though a complete capping reaction at the solid support
was not possible, the cleavage of the disulfide bond is
guantitative, because a distribution corresponding to the-PEO
PAA precursor was not observed.

The independent characterization of the complete BBk
PAA (II') confirmed the chemical structure of the polymer, by
showing a single distribution centeredrafz 3977. This could
be assigned to the protonated product ion (cf. Supporting
Information).

The sequence selective introduction of a disulfide moiety
within the PAA backbone provides the possibility to generate
specific activity profiles of the polymer carrier. Particularly this
is interesting for polymeric carriers that should be applied for
DNA-delivery. As discussed above the transport of DNA
requires substantially different properties of the polyplex,

depending on the delivery phase. While on the one hand PEO-

NH, NH,
o e} o o o
H H H H
{0\/~]\N NY\)LN/\/S\S/\/N:b\N N NSNS N N]’H
0p ) H A H | H Ha
NH, NH, NH,

PEOgo-Lys-(Suc-Cya-Lys;)-(Suc-Damp-Lys>)s (V)

To investigate the complexation properties of the Riark
PAA copolymerV with plasmid DNA, both compounds were
mixed at aN/P ratio of 10/1. The structure of the resulting
polyplexes could be visualized by atomic force microscopy
(AFM). Figure 3a shows the micrograph of the polyplexes,
suggesting the formation of compact mono-plasmid polyplexes
with coil-like structures. The radius of gyration of the polyplexes
in solution as measured by light scattering was determined as
160 nm and corresponds well to the structures observed by
AFM. It is likely that a positive net charge of the polyplexes
can be assumed, because the structures absorb on the negatively
charged mica substrate. Nevertheless the meagupedential

shielding and soft cationic surface charges are of advantage,of the polyplexes in buffered solution is practically zero. This
guaranteeing a safe transport of the polyplex to the cell, on theis expected, due to steric shielding effects of the PEO-shell,
other hand small and cationic segments with effective chargesshifting the hydrodynamic sliding plane of electrophoresis far
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. . . Figure 4. Gel electrophoresis of polyplexes formed with RBIOck
Figure 3. AFM micrographs of the polyplexels formed from ':50 PAA copolymerV at differentN/P ratios with () and without ¢)
Lys-(Suc-Cya-Lyg)-(Suc-Damp-Lyg. (V) and plasmidisDNA before the addition of the reductive agent DTT (M, standard DNA ladder

(a, left) and after treatment with the reductive agent DTT (b, right) ;1 dicating size in ki . ; et ;
. . g size in kilo bases (kB); separation direction, negative (top)
(N/P ratio 10/1, mica, phase-mode). to positive (bottom)).

into the electrically neutral zone of the structures. This *hidden”  tho pTT cleavage of the PEO-block of polyplexes with a
cationic character might have additional advantages becausep ratig of 10/1 leads to a shift of the sample band to smaller
nonspecific interactions with proteins are prevented, leading to .\ siecular weights (Figure 4). This is consistent with the loss

a “stealth behavior”. In contrast to polyplexes where branched ¢ the PEQ-shell, which contributes51 wt % of the used
poly(ethylenimine)s are used as carriers, the copolyMer — peo-paa block copolymer. Increasing tHe/P ratio to> 15/
apparently leads to soft and screened cationic charges, whichy 5 sirong additional retardation of the sample band is observed
is considered to be more compatible with biological systems. ater reduction. Taking into account that the light scattering
However, the polyplex is dynamic enough to interact with oyheriments revealed the absence of aggregate formation, the
negatively charged surfaces, reflecting the possibility for girong retardation can be attributed to a more effective shielding
membrane interactions. , of the negative charge of the DNA strand by complexation with
Severe structural changes occur in the polyplexes after theyne pare polycation. The absence of the shielding and sterically

disulfide linker between the PAA and the PEO-block was gemanding PEO-blocks obviously enables an electrostatic
cleaved. To imitate the reductive cleavage that should take placerearrangement of the polyplex structure, resulting in a strong

intracellular after the uptake of the polyplex into a cell, DTT  oiardation of the sample band.

was added instead of glutathione due to ease of handling. The presented electrophoresis data therefore strongly support
The addition of DTT to the polyplexes leads to a decrease of €p . P e gly supp
the view of a switchable transition in polyplex properties from

the radius of gyration, as evident from light scattering experi- the original PEO-stabilized ion complexes with soft charge

umnet?eitg] d S%F“?g)'(;‘he ridggtfnr; I)rfo t?]e ?ejfgegmoflor Iteh;es compensation to more compact structures with more effective
POlyp By polyp charge neutralization. This transition could be triggered by the

could be e>_(pla|ned as a r_esult of the cleaved PEO-block. cleavage of the disulfide bond located between the PEO and
Probably this enables the ion complexes to adapt a denser,

. . . - the monodisperse PAA-segment in a RBOCckPAA carrier.

electrostatic complexation and plasmid packing. Moreover, these
experiments indicate that the aggregation tendency of the Conclusions
reduced polyplexes is not dramatically increased after removing
the stabilizing PEO-shell. This could be interpreted as a first ~ Cystamine was presented as a convenient building block for
indication for a transition from steric to electrostatic stabilization, the solid-phase supported synthesis of monodisperse poly-
due to more effective cationic excess charges. These light(@midoamine) segments (PAAs). By using cystamine as diamine
scattering results are consistent with the AFM micrograph building block in the sequential assembly of dicarboxylic acids,
obtained from the solution of reduced polyplexes. As evidenced diamines and amino acids, sequence-defined PAA segments with
in Figure 3b, the detachment of the PEO-block by reductive precisely positioned disulfide functionalities could be accessed.
means does not change the structure of the single polyplexesThe clean incorporation and the selective cleavage of the
dramatically, but certainly gives a more dense packing motif. disulfide moiety in the PAA-main chain were proven by a model
It should be noted that the tendency of the reduced polyplexessystem. This consisted of a small PAA-segment covalently
to form larger “clusters” on the mica substrate is presumably a attached to the solid-support via a single disulfide linkage. The
methodic artifact due to wetting effects resulting in stronger application of DTT as reducing agent leads to the release of
adsorption in combination with higher local concentrations. ~ the monodisperse PAA segment as was proven by mass

For further investigation of the property changes that result Spectrometry analysis.
by cleaving the PEO segment from the polyplexes, gel elec- Polymeric drug carriers, exhibiting a programmed decom-
trophoresis experiments were performed, using agarose gels oposition via reductive triggers, offer some potential advantages
the untreated as well as the reduced polyplexes (Figure 4). for controlled drug delivery. To exemplify this, a poly(ethylene

Gel electrophoresis reveals the formation of stable polyplexes oxide-blockamidoamine) (PE@ockPAA) copolymer was
from a ratio of N/P > 15/1 as indicated by the retardation of synthesized via solid-phase supported synthesis. By positioning
the sample band (Figure 4). This retardation is usually inter- a single disulfide linkage between the PAA-segment and the
preted as the increasing mass of the polyplex, resulting from PEO-block a polymeric carrier for gene delivery was accessed.
the amount of polymer bound to the DNA, together with a The applicability and the advanced function of the carrier were
reduction of the net charge of the complex. For the polyplexes demonstrated by preparing well-defined polymer DNA com-
formed atN/P ratios <15/1 the negative charge of the DNA plexes (polyplexes). These were analyzed using AFM, light
strand is not fully compensated by the polycation and therefore scattering, and gel electrophoresis experiments. A distinct
the sample band migrates toward the positive anode. change of the polyplex properties was evident by comparing
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the untreated polyplexes and the polyplexes after reductive (3) Ferruti, P.; Manzoni, S.; Richardson, S. C. W.; Duncan, R.; Pattrick,
treatment with DTT. The programmed disassembly of the carrier ’;léc%; Mendichi, R.; Casolaro, Miacromolecule200Q 33, 7793~
polymer was shown to result in a defined change in the polyplex 4 pyncan, RNat. Re. Drug Discas. 2003 2, 347-360.
structure. The reductive removal of the sterically stabilizing (5) Richardson, S.; Ferruti, P.; Duncan,JRDrug Target1999 6, 391—
PEO-moieties results in a compaction of the polyplex upon 404.
development of a positive net charge, while preserving the (6) Vuillaume, P. Y. Brunelle, M.; Van Calsteren, M.-R.; Laurent-
colloidal stability of the system. A comparable disassembly of 'é?){nggj’vi!‘giOsrﬁ‘aggﬁ]'zie?uielg‘g‘gg%f‘%v}'g@133’1.TaIbOt' B. G
the DNA-carriers might occur in the reductive environment of 7y Lavignac, N.; Lazenby, M.; Foka, P.; Malgesini, B.; Verpilio, I.;
the endosomes, too. It remains to be shown that the intracellular ~ Ferruti, P.; Duncan, RMacromol. Biosci2004 4, 922-929.
generation of polyplexes with higher surface charge and more (8) ZRg(i)Ze'l(SéTﬂ'\g-zi_L;z'zg-? Wenning, L.; Lynch, MI. Am. Chem. Soc.
compact structure |nde.ed'promotes endosomal escape arld(9) Ferruti, P.; Franchini,.J). Bioact. Compat. Polyn2004 19, 221~
enhances nucleus localization. 236.

A programmable disassembly of polymeric carriers would (10) Hartmann, L.; Krause, E.; Antonietti, M.; Beer, H. G.Biomacro-
be of interest to address other important issues in polymer molecules2006 7, 1239-1244. S
facilitated drug delivery such as controlled release of pharma- 11 Eg?%g}’{,cwb.'”at‘.’”a' Peptide and Nonpeptide Librariesing, G.,

. ; . ;i o : Weinheim, Germany, New York, and Basel, Swizerland,

cologically active peptide segments or controlled biofade of the 1996.
polymeric carriers. Moreover, the precise disassembly of the (12) Jain, R.; Standley, S. M.; Feket, J. M. JMacromolecule2007, 40,
polymeric carrier might also contribute to the fundamental 452-457.
understanding of the mechanisms of polymeric drug delivery, (3 Ig/ilgd;ﬁa?ﬁ; %8'5‘(5 J64P2;77D—02r?32' A. J.; Kumar, Bur. J. Pharmacol.
because biological properties can more closely be attributed to ;4 Jonpes, D. P.; Carlson, J. L.; Mody, V. C., Jr.; Cai, J.; Lynn, M. G.;
polymeric structures and functions. These, however, are subjects ~ Sternberg, P., JFree Radical Biol. Med200Q 28, 625-635.

of ongoing in vitro cell culture and transfection experiments. (15) EéﬂilitréS E, Ragucci, E.; Ferruti, B. Polym. Sci., Polym. Cher2005
43, 1404-1416.
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