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Cell-penetrating poly(disulfide)s: focus on substrate-initiated co-polymerization

Eun-Kyoung Bang,* Sandra Ward,* Giulio Gasparini,” Naomi Sakai“ and Stefan Matile*“

Outperforming cell-penetrating peptides, cell-penetrating poly(disulfide)s are attracting increasing
attention. Recently we have shown that cell-penetrating poly(disulfide)s can be grown directly on
substrates of free choice before delivery and depolymerized right afterwards. These unique
characteristics are compatible with the general, non-toxic, traceless yet covalent delivery of
substrates in unmodified form. The objective of this study was to elaborate on substrate-initiated
co-polymerization. The original propagators contain a strained disulfide for ring-opening
disulfide-exchange polymerization and a guanidinium cation to assure cell-penetrating activity.
Here, we report individually optimized conditions to polymerize these original propagators
together with several other propagators. The nature of these new propagators significantly affected
polymerization efficiency and conditions as well as size, polydispersity and transport activity of
the final co-polymers. According to gel permeation chromatography, the length of co-polymers
increases with hydrophobicity, bulk and valency of the co-propagators, whereas ion pairing with
boronates gives shorter co-polymers and branching increases polydispersity. The activity of co-
polymers increases with length, m-acidity, superhydrophobicity and boronate counterions.
Hydrophobicity, n-basicity, bulk and branching appear less important for activity in fluorogenic
vesicles. The here reported design, synthesis and evaluation of substrate-initiated co-polymers

will be essential to find the best cell-penetrating poly(disulfide)s.



Introduction

By mimicking cell-penetrating peptides (CPPs), cationic polymers have been widely studied for the
delivery of broad variety substrates, including oligonucleotides. CPPs are small peptides with the
ability to penetrate cellular membranes. Since the report of the first CPP, the TAT protein
transduction domain,!> numerous CPPs have been discovered and modified.> Most CPPs contain
a large number of cationic lysine and arginine residues, which are essential for their cell penetrating
ability. Their translocation across the membrane occurs presumably by counterion exchange with
lipophilic anions, including lipids, either during, after or instead of endocytosis.*® There is an
abundance of synthetic cationic carriers covering the field of drug delivery, gene delivery, and tissue
engineering that share structural motifs with CPPs.””!® Among cations, ammonium, amidinum,
guanidinium and phosphonium cations were reported as the most effective to improve cellular
uptake.!®-20

Many cationic polymers that resemble CPPs but have a different backbone have been reported.?!

29-33

49 This includes B-peptides and oligocarbamates.?*3> Recently, the Kiessling group reported

the synthesis of cell-penetrating polymers by ring-opening metathesis polymerization (ROMP) of

38-42

norbornene,?%3” and the Tew group studied poly(oxanorbornene)s. Methacrylate,*-** L-proline

45-47 or cyclic carbonates*®# have also been used as monomers to construct CPP-

and its derivatives
like polymers. Some of these polymers were conjugated with drugs or oligonucleotides to facilitate
their cellular uptake, and were used as antibacterial agents due to their high affinity to their anionic
membranes. However, longer polymers with high cationic charges are toxic. Moreover, because
of their exceptional affinity, they fail to release polyanionic substrates such as RNA or DNA.
Biodegradable transporters are increasingly considered to minimize toxicity and maximize

release.’038

Cell-penetrating poly(disulfide)s have been introduced as transporters of the future for
this reason. However, until today, they are mostly prepared by polymerization method unrelated to

disulfide chemistry and used exclusively for the non-covalent delivery of RNA and DNA in
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biodegradable polyplexes. Inspired by surface-initiated polymerization of multicomponent

photosystems,>®-63

we have reported this year that cell-penetrating poly(disulfide)s can be grown
directly on substrates of free choice, in situ, under mild conditions, right before delivery (Fig. 1).64
This substrate-initiated synthesis of cell-penetrating poly(disulfide)s by ring-opening disulfide-
exchange polymerization is interesting because it promises access to the covalent delivery of

unmodified substrates of free choice, far beyond RNA and DNA, including, hopefully, also proteins,

antibodies, quantum dots, and other probes and drugs (Fig. 1).
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Fig. 1. Substrate-initiated co-polymerization is expected to yield bifunctional cell-penetrating
pooly(disulfide)s, in situ, under mild conditions. Their depolymerisation right after uptake is

expected to minimize toxicity and maximize substrate release. Based on the operational system
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composed of initiator I, propagator R®M¢ and terminator T, substrate-initiated co-polymerization is

realized for the new propagators F, ROBz ROFSBz RD gnd RBer,

As original initiators and propagators of ring-opening disulfide-exchange polymerization, the
cysteine derivative I and the arginine derivative ROM¢ were used.®* In propagator ROMe¢, the arginine
is coupled with lipoic acid to introduce the strained disulfide needed for ring-opening disulfide
polymerization. Racemic lipoic acid is used because the enantiopurity of cell-penetrating
poly(disulfide)s is presumably irrelevant for activity. Alternative strained disulfides from
asparagusic acid, perfect for surface-initiated polymerization, are too reactive for substrate-initiated
polymerization.546

To grow cell-penetrating poly(disulfide)s on the model substrate I, the thiolate attacks the
strained disulfide in propagator RO®Me¢, forms a disulfide bond between I and ROM¢ and regenerates
a free thiolate for continuing disulfide-exchange polymerization. For termination, simple
iodoacetates such as T have been used most often. This process occurs within minutes in neutral
water at room temperature. It affords cell-penetrating poly(disulfide)s that grow in situ on their
substrates but depolymerize within minutes in the presence of thiols at cytosolic glutathione
concentrations. Compatibility with fluorescent initiators and terminators has been demonstrated,®
and preliminary results from uptake into HeLa cells support highest expectations.®® These exciting
results with poly(R9M¢) called for synthetic access to more sophisticated cell-penetrating
poly(disulfide)s. Here, we introduce co-polymerization as a simple and general method to produce

bifunctional cell-penetrating poly(disulfide)s, and demonstrate that the realized structural diversity

is relevant for function.

Results and Discussion

Design
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Five new propagators were synthesized to explore synthetic routes to refined cell-penetrating
poly(disulfide)s by substrate-initiated co-polymerization (Fig. 1). All are based on racemic lipoic
acid to assure unchanged properties with regard to disulfide-exchange polymerization. In F, lipoic
acid is coupled with phenylalanine. Co-polymerized with the cationic propagator R®Me¢, increasing
incorporation of propagators F should thus afford increasingly hydrophobic cell-penetrating
poly(disulfide)s. Aromatic groups were preferred over aliphatic groups to increase hydrophobicity
because aromatic groups are present at the outer surface of membrane proteins to both assure
positioning at the interface and accelerate translocation.’”-%° Increased activity of CPP mimics with
aromatic rather than aliphatic components or counterions has been observed repeatedly.**7072 The
preferential location of m-basic aromatics at the membrane interface has been attributed to cation-n
interactions with cations in lipid head groups such as the most abundant phosphatidylcholine.®’
Propagator ROBZ contains a -basic phenyl group like propagator F but also a guanidinium cation

OMe

like the original propagator R Co-polymerization of ROM¢ with R9B? will thus increase the

hydrophobicity of poly(ROM¢/ROB?) without losses in positive charges. This is complementary to
poly(R®M¢/F), in which increasing hydrophobicity comes with a decrease in charge. At the same
time, ROB% increases the steric demand of the side chains along the poly(disulfide) backbone of
poly(ROM¢/ROB2) " whereas poly(R®M¢/F) increases hydrophobicity without significant increase in

steric bulk.

73-79

In propagator RO¥BZ  the z-basic phenyl group in R9BZ is replaced by a m-acidic and

80-85

superhydrophobic®’-# pentafluorophenyl group. Comparison of co-polymers poly(ROM¢/ROBz) and

73-79

poly(ROM¢/ROFSB2) should thus provide insights on the importance of anion-7 interactions and

superhydrophobicity for transport activity in lipid bilayer membranes. Superhydrophobicity has
been reported to improve transport in lipid bilayers, including gene delivery.3%-8

In propagator RBr, the phenyl group in R98% is equipped with a boronic acid. This group is

mainly introduced because orthogonal dynamic covalent bonds with glycosaminoglycans at the cell
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886 Proximity effects’>%7 are further

surface have been suspected to improve cellular uptake.
expected to decrease the acidity of the conjugate base (pKa. ~ 8.8)%%92 and stabilize the boronate
anions by intramolecular ion pairing with the guanidinium cations in co-polymers poly(ROM¢/RBer),

Propagator RP, finally, contains two strained disulfides besides the guanidinium cation. Co-
polymers poly(ROM¢/RP) should thus inform on the importance of branching for transport activity
in lipid bilayer membranes. Branched oligoguanidiniums have attracted much recent attention

because of their promise to provide access to functional materials with unique properties.®3-%4

Synthesis

The synthesis of all new propagators was very straightforward based on the protocols developed
for the original propagator ROM¢ (Scheme S2).%* 1In brief, propagator F was obtained by amide
coupling between an activated lipoic acid and L-phenylalanine amide. R©9BZ was prepared
correspondingly by amide formation between L-arginine benzyl ester and lipoic acid. Propagator
ROFSBz yag synthesized following the procedures of ROB% using pentafluorobenzyl bromide.

For the synthesis of propagator RB°, 3-aminophenyl-boronic acid was coupled to a Pbf- and
Boc-protected L-arginine. Full deprotection followed by coupling with lipoic acid readily afforded
RBer.  The divalent propagator RP was prepared from Boc-protected L-arginine. N-Boc-
ethylenediamine was reacted first with the carboxylic acid. Deprotection of the diamine and

reaction with two lipoic acids readily gave RP. Detailed synthetic procedures and analytical data

of all new compounds are reported in the Supporting Information.

Co-Polymerization

The conditions for substrate-initiated polymerization of R®™¢ have been carefully optimized.®* The
reaction proceeds within minutes in degassed water at room temperature, pH 7.5, in the presence of
5 mM initiator I, 200 mM propagator and 800 mM triethanolamine (TEOA). Termination is best

with 500 mM iodoacetate T. Under these conditions, little random polymerization is observed in
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the absence of the initiator. The use of other initiators did not influence this behavior
significantly.6466

For co-polymerization, these conditions had to be slightly adjusted to reach optimal performance
in the presence of both propagators. With ROM¢ alone, the presence of up to 10% MeOH was
tolerated without significant change (Table S1). The presence of 20% DMF generally increased
solubility but decelerated the reaction. With 800 mM TEOA at pH 7.0, polymerization of ROMe¢

alone remained substrate-initiated (i.e., proceeded poorly without 5 mM initiator) but took 30

minutes to reach completion (Fig. 2@, Table S1).

In all co-polymerization studies, the operational propagator ROM¢ was used to begin with, and
the presence of the new propagators was gradually increased under constant readjustment of the
conditions. Slight variations of the conditions could afford polymers with quite different properties,
i.e., different length, polydispersity and transport activity. For most propagators, slow
polymerization in water/DMF 4:1 at pH 7.0 was required to assure good solubility (i.e., F, ROBZ
ROFSBz gnd RBOr, Table S1). With 200 mM total propagator concentration, 5 mM initiator and 800
mM TEOA at room temperature, the reactions were completed after 30 minutes. Only
poly(RO®M¢/RP) could be grown in less than a minute in water/MeOH 9:1 at pH 7.5. The structural
and functional characteristics of each series of co-polymers will be described one-by-one in the
following.

For each co-polymer prepared, the incorporation of the new propagator was confirmed
quantitatively. For this purpose, they were first purified by gel-permeation chromatography (GPC).
The pure co-polymers were depolymerized with DTT, and the products were characterized and
quantified by LC-MS and HPLC (Fig. S1, Table S2 and S3). Incorporation of the new propagators
into the co-polymers was confirmed consistently, some slightly exceeded expectations.

Attempts to polymerize the new propagators in the absence of R®M¢ did not yet give satisfactory

results. These difficulties confirmed observations with multicomponent architectures on surfaces
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that ring-opening disulfide-exchange polymerization depends strongly on the structure of the
propagators and requires always careful optimization.’*-%3-65 For the substrate-initiated synthesis of
cell-penetrating poly(disulfide)s, this possibility to optimize the system was explored and

confirmed only for the divalent propagator RP (see below).

n-Basic, Hydrophobic Cell-Penetrating Poly(disulfide)s

Co-polymers poly(ROM¢/F) with increasing content of F were prepared in water/DMF 8:1 at pH 7.0
in 30 minutes at room temperature. GPC profiles revealed that with increasing F content, the length
of poly(R®M¢/F) increased. For example, a number average molecular weight M, = 11.1 kD was
found for ROM¢/F = 40:1, whereas poly(R®M¢/F)s.; had M, = 16.2 kD (Fig. 2a, Table S5). The
polydispersity index PDI = 1.13, in contrast, was independent of length and hydrophobicity of
poly(ROM¢/F) (Table S5). These different length’ with constant PDI values were obtained although
the total concentration of propagators was kept constant. This suggested that hydrophobic

interactions could possibly increase the local propagator concentration during co-polymerization.

The transport activity of co-polymers was tested in fluorogenic vesicles under routine conditions.
Fluorogenic vesicles are convenient analytical tools to follow reactions with minimal effort and
maximal speed.”>®” In brief, large unilamellar vesicles (LUVs) composed of egg yolk
phosphatidylcholine (EYPC) were loaded with 5(6)-carboxyfluorescein (CF) at concentrations high
enough to assure self-quenching. In this assay, CF export from EYPC-LUVs>CEF is reported as
fluorescence recovery because local dilution reduces self-quenching. This assay was convenient to
follow the synthesis of cell-penetrating poly(disulfide)s by ring-opening disulfide-exchange
polymerization because the transport activity of the polymers exceeds that of all monomers by far.
To quantify transport activity of cell-penetrating poly(disulfide)s, the dependence of the activities

to the monomer concentration was recorded. Analysis of the resulting curves by the Hill equation
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afforded the ECso’s, that is the effective concentration needed to reach 50% of the maximal

accessible activity Ymax.
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Fig. 2 The characteristics of poly(R®M¢/F): a) GPC profiles and b) transport activity ¥ in EYPC-
LUVsoCF for ROM¢/F = 8:1 (A), 20:1 (), 40:1 (©), 100:0 (e). ¢) The dependence of ECsy for
activity in fluorogenic vesicles on M, of the (co-)polymers in a and b compared to a longer
poly(ROMe) (@) and equation (1) (solid line). Concentrations were calculated based on the number

of guanidinium ions, M, indicates the number average molecular weight.
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When the content of F in poly(ROM¢/F), was increased, higher transport activity was observed in
fluorogenic vesicles (Fig. 2b). To differentiate between contributions from hydrophobicity and
length to this increase in activity, a longer homopolymer poly(R®M¢) was prepared under different

conditions. This longer poly(R®™¢) had an ECso value (4.2 + 0.6 uM, M, = 14.7 kD, Fig. 2c ®)

that was similar to one of co-polymers poly(ROM¢/F) of similar length (5.9 + 0.2 uM, M, = 13.1
kD). Independent of its composition, the dependence of activity ECso on polymer size M, showed

excellent agreement with equation (1)°®

ECsooc M, ™ (1)

A cooperativity coefficient m = 2.46 was found (Fig. 2c¢, solid line). This value is comparably
high. Other guanidinium-rich transporters had m = 1.76,%® and highly organized anion-x slides
were with m = 2.13 still less cooperative than poly(ROM¢/F).°° Only transmembrane halogen
bonding cascades were clearly better, their m = 3.37 remains extraordinary.”’

Taken together, these findings suggested that the activity of poly(R®M¢/F) in fluorogenic vesicles
is determined exclusively by the length of the linear polymer, whereas hydrophobicity and the
presence of m-basic aromatics is irrelevant. This conclusion was surprising considering the
importance of m-basic aromatics in cell-penetrating peptide mimics as well as in membrane
proteins.%”72  An appropriate quantity of lipophilic groups in cationic polymers has consistently
been reported to enhance their cellular uptake.’®7? Several amphiphilic CPPs contain hydrophobic
amino acids such as phenylalanine, tryptophane, valine, leucine and isoleucine, and the balance
between lipophilicity and positive charge is usually considered as essential to maximize uptake.!-
49,67-72,100-103

The propagator R9BZ is both hydrophobic and cationic. = Contrary to poly(ROM¢/F),

poly(ROM¢/ROB2) allows thus to add =-basic aromatics without losses in charge density.
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Interestingly, these bulky propagators R9BZ exhibited completely different behavior compared to
the more compact propagators ROM¢,  Polymerized in the absence of ROM¢ ROBZ gayve sticky
insoluble materials. The same was found in the presence of up to 80% ROMe¢, These sticky materials
were inactive in fluorogenic vesicles and increasingly undetectable with increasing content of ROBz,
With less than 20% R©B% however, perfectly soluble poly(ROM¢/R98%) could be obtained in 30
minutes with 5 mM initiator (I or equivalent), 800 mM TEOA and 200 mM propagator in
water/DMF 4:1 at pH 7.0.

GPC profiles of co-polymers poly(ROM¢/ROB?) revealed best results at ROM¢/ROBz = 8:1 (Fig.

3al]). Compared to poly(ROM¢/F)g.; (Fig. 2aA), the linear poly(ROM¢/RO8?%)¢.; was with M, = 17.9

kD and PDI = 1.31 both longer and less homogenous. Like poly(R®M¢/F), co-polymers with

decreasing content of n-basic propagators R9®? were shorter (Fig. 3a0)). Unlike poly(ROM¢/F),

polymers with more ROB% i.e., ROM¢/ROBz < 8:1, were also shorter (Fig. 3aA, Table S6). This bell-
shaped dependence of polymer length on polymer composition originated presumably from the
unusual physical properties of ROB%rich co-polymers.

Compared to poly(ROM¢/F)g.;, the longest poly(ROM¢/ROB?)s.; showed comparable activity in
fluorogenic vesicles (ECso=2.8 £ 0.1 uM). As with poly(R®M¢/F), the activity of poly(ROM¢/ROBz)
decreased with decreasing content of mw-basic propagators (Fig. 3cA). However, the more detailed
analysis with poly(R®M¢/F) (Fig. 2c) suggested that decreasing co-polymer length rather than
decreasing hydrophobicity account for the loss in activity of poly(ROM¢/R9B%),c.; compared to

pOly(ROMe/ROBZ)S:l.
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Fig. 3 The characteristics of poly(ROM¢/ROBz) poly(ROM¢/RO¥SBZ) and poly(ROM¢/RBer). GPC
profiles for a) poly(ROM¢/RO8%) and b) poly(ROM¢/RBer) at ROM¢/RX = 4:1 (A), 8:1 (1) and 20:1 (©)
(RX = ROBz or RBor, ¢) The ECsy for activity in EYPC-LUVs>CF as a function of the M, of

poly(ROM¢/ROB2) (A), poly(ROM¢/RBer) (B) and poly(ROM¢/ROFSB2) (),

n-Acidic, Superhydrophobic Cell-Penetrating Poly(disulfide)s
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In propagator RO¥5Bz the m-basic, hydrophobic phenyl group of R9®% is replaced by a m-acidic,
superhydrophobic pentafluorophenyl group (Fig. 1). This change did not much influence
conditions and outcome of co-polymerization. As with poly(ROM¢/ROB%) the best co-polymers
were obtained at ROM¢/RO¥SBz = 8.1, and further increase in RO¥3BZ gave increasingly intractable,
inactive material. According to GPC analysis, the m-acidic poly(ROM¢/RO¥5Bz) were consistently
longer than the n-basic poly(ROM¢/R98%) obtained under identical conditions (Fig. 3¢C vs 3cA,
Table S6).

Interestingly, analysis of the propagators incorporated into co-polymers revealed preferential
incorporation of RO¥SBZ particularly at high content. A quite remarkable ROM¢/RO¥SBz= 4 6:1 was
found for poly(ROM¢/RO¥SBz)s, (Table S3). Poly(ROM¢/ROFSBZ) ¢, still contained ROM¢/ROFSBz =
13.0:1. This preferential incorporation was unique for m-acidic, superhydrophobic propagators
ROFSBz  their n-basic analogs R9®% did not deviate that much from expectations and were rather
rejected than preferred, ROM¢/ROB2= 9 4:1 was found for poly(ROM¢/ROB?)s.,, ROM¢/ROBz= 2() 4:1
for poly(ROM¢/ROB%),¢.; (Table S3). This intriguing accumulation of ROF5B2 in poly(ROM¢/ROFSBz)
originates presumably from hydrophobic clustering. In the light of the recent discovery of “anion-
n catalysis™,”® it is tempting to consider additional contributions from the interaction of thiolate
anions on the m-acidic pentafluorophenyl surfaces during substrate-initiated ring-opening disulfide-
exchange polymerization.

The w-acidic poly(ROM¢/RO¥SBZ) were clearly more active than the n-basic poly(ROM¢/RO¥FSBz)
(Fig. 3cC). At identical length, the activity of poly(ROM¢/RO¥SBZ) .., exceeded that of
poly(ROMe¢/ROB2)g.; glightly. The poly(ROM¢/RO¥SBz)s.; was both longer and more active than the
complementary poly(ROM¢/ROB?)s.,. Preferred incorporation could account for much of the high
activity of m-acidic poly(ROM¢/RO¥3Bz) - Ag discussed above, the composition of poly(ROM¢/ROB?)g.

and poly(ROM¢/RO¥3B2), (., is not as different as expected (ROM¢/ROBZ= 9 4:1 against ROM¢/ROFBz

= 13.0:1). However, at identical length, co-polymers with less m-acidic propagators ROF5B2 (1 out

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 13



of 13) remain more active than propagators with more n-basic propagators R®®% (1 out 0f9.4). The
origin of this intrinsically better performance of m-acidic propagators is unclear at this point.
Superhydrophobic effects and intramolecular m-stacking remain as attractive possibilities to be

d 80-85

explore Most interesting would be contributions from possible, cooperative anion-m

73-79

interactions with phosphodiesters at the membrane surface, the anionic CF probes or inorganic

anions in the buffer.

Cell-Penetrating Poly(disulfide)s with Boronic Acids

In propagator RBer, the phenyl group of R®®% is equipped with a boronic acid in meta position (Fig.
1). Whereas poly(ROM¢/F) grew longer with more F and poly(ROM¢/R©B?) showed a bell-shaped
length dependence, the poly(ROM¢/REBer) obtained with increasing amounts of RB°" were shorter
(Fig. 3b). This co-polymer shortening with increasing content of RB was best explained with
intramolecular ion pairing of the conjugate boronate bases with the guanidinium cations of ROMe¢
and RB°". This would minimize intramolecular charge repulsion in cationic polymers and make
them collapse and ultimately precipitate. The poor properties of poly(ROM¢/RBer) with ROMe/RBer
< 8:1, worse than with R9BZ and RO¥5BZ, were in agreement with this interpretation. Despite these
significant changes and contrary to the m-acidic RO¥5B2 in poly(ROM¢/ROF5Bz)  RBor wag neither
accumulated nor avoided in poly(ROM¢/RBer)  After reductive depolymerization, ROM¢/ROFBz =
8.5:1 was found for poly(ROM¢/RBer)s., (Table S3).

The comparably short and polydisperse poly(ROM¢/RB)g.; was remarkably active (M, = 8.6 kD,
PDI = 1.60, Fig. 3cB, Table S6). The ECso = 551 + 27 nM was among best in the entire series,
about 3-times better than the long and n-acidic poly(ROM¢/RO¥SBz)g.; at ECso=1.73 £ 0.01 uM (Fig.
3cC). This high activity with short co-polymers suggested that intramolecular ion pairing between
boronates and guanidiniums improves transport, presumably by increasing the overall
hydrophobicity of the transporter. However, in anionic membranes and in the presence of

glycosaminoglycans (GAGs), ion pairing to the membrane®> and the formation of transient
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boronate esters®® are expected to dominate the properties of cell-penetrating poly(ROM¢/RBer.

disulfide)s.
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Fig. 4 The characteristics of poly(R®M¢/RP): a) GPC profiles and b) transport activity ¥ in EYPC-
LUVsoCF for ROM¢/RP = 4:1 (a), 8:1 (1), 20:1 (©), 100:0 (e). ¢) The dependence of ECsy for

activity in fluorogenic vesicles on M, of the (co-)polymers in a) and b) with fit to equation (1)

(dashed line).
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Branched Cell-Penetrating Poly(disulfide)s

Propagator R? is special because of the presence of two strained disulfide together with the
guanidinium cation needed for activity (Fig. 1). This divalent propagator should thus provide access
to branched cell-penetrating poly(disulfide)s. Co-polymers poly(ROM¢/RP) with increasing RP
content could be prepared in water/MeOH 9:1 at pH 7.5 in less than one minute at room temperature.
Contrary to all other propagators, the presence of DMF was not required. GPC profiles revealed
that with increasing content of RP, the size of poly(R®M¢/RP) increased (Fig. 4a, Table S7).
However, the M, = 10.6 kD found for poly(ROM¢/RP)s.; was clearly below the M, = 16.2 kD of
poly(ROM¢/F);.; (Fig. 4a vs 2a, Table S5). Moreover, the PDI increased dramatically from 1.34 for
poly(ROM¢/RP),.; to 1.54 for poly(ROM¢/ RP)s.;. Such change was not observed with linear co-
polymers and thus characteristic for branched co-polymers. For example, the PDI of
poly(ROM¢/F)40.1 and poly(ROM¢/F)s.; was identical and with 1.13 clearly below the 1.54 of
poly(ROM¢/RP)g.;. The incorporation of divalent propagators RP was preferred as expected from
statistical consideration. The composition ROM¢/RP = 4.0:1 was found for poly(R®M¢/RP)s.; (Table
S3).

The transport activity of poly(R®M¢/RP) in fluorogenic vesicles increased with increasing
incorporation of RP (Fig. 4b, c). Interestingly, this increase did not follow equation (1) (Fig. 4c,
dashed line). This finding suggested that the activity of branched poly(ROM¢/RP) is not exclusively
determined by size. This is contrary to the situation with linear poly(R™¢/F) which was fully
dominated by equation (1). We concluded that the branching of polyguanidiniums does indeed
provide access to unusual properties.”*** However, the final activity of poly(ROM¢/RP) at saturation
was with an ECso ~ 3.5 pM clearly, about 8-times weaker than the best activities found with linear
polymers.

Propagator RP was selected as an example to elaborate on the conditions for homopolymerization

of new propagators (Fig. S3, Table S8). Best results were obtained with 50 mM RP in water/DMF
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1:1 at pH 8.0. Slowed down by the high DMF content, the reaction was complete in 60 minutes at

room temperature. The presence of increasing concentrations of initiator I produced polymers with
increasing transport activity, reaching from £Cso = 30.9 + 8.8 uM without initiator to ECso = 6.9 +
1.0 uM with 5 mM initiator and remarkable £Cso = 870 + 120 nM with 100 mM initiator. Clearly,
the synthesis of branched homopolymer poly(RP) occurred also by substrate-initiated disulfide-
exchange polymerization. Under the same conditions, R®™¢ was unable to polymerize even when

the propagator concentration was doubled.

Conclusions

Earlier this year, we introduced the concept of cell-penetrating poly(disulfide)s that can grow
directly on substrates of free choice right before and depolymerize right after their entry into cells.®
This concept is attractive because it promises access to a general method for the covalent yet
traceless and non-toxic delivery of native substrates, including drugs, probes, proteins, antibodies,
quantum dots, RNA or DNA. This study focuses on co-polymerization. Substrate-initiated
disulfide-exchange polymerization is realized in the presence of two propagators with different
properties. The original propagator provides the guanidinium cation needed for transport activity
in lipid bilayer membranes. The newly introduced propagators contain nt-basic, hydrophobic or ©t-
acidic, superhydrophobic aromatics, boronic acids or two strained disulfides to generate branched
polymers.

Conditions were developed to incorporate all new propagators into the original cell-penetrating
poly(disulfide)s. The incorporation of all new propagators was found to influence the properties of
all new co-polymers. m-Basic, hydrophobic side chains besides guanidinium cations give longer
polymer with increased activity. However, activity is shown to depend only on polymer length and,
surprisingly, not on hydrophobicity. mn-Acidic, superhydrophobic propagators are preferentially

incorporated and yield co-polymers that are longer and more active than the complementary n-basic,
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hydrophobic co-polymers. This finding is particularly interesting because of possible contributions
of anion-m interactions to disulfide-exchange polymerization and transport across lipid bilayer
membranes. The presence of boronic acids gives short co-polymers with high activity,
intramolecular ion pairing between guanidinium cations and boronate anions is considered to
account for these interesting properties. Branched cell-penetrating poly(disulfide)s have higher
polydispersity than linear ones and their activity depends not only on size.

These interesting differences in activity were observed in fluorogenic vesicles. The question
whether or not cellular uptake of the different co-polymers will be characterized by similarly
attractive differences is currently being addressed. Preliminary results are highly encouraging, final

results will be reported in due course.®¢
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Substrate-initiated disulfide-exchange co-polymerization is introduced as the method of choice to

systematically vary length,

intramolecular ion pairing and n-acidity of cell-penetrating poly(disulfide)s.
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