COMMUNICATION

'.) Check for updates

Macromolecular
3 Rapid Communications

www.mrc-journal.de

Evaluation of Charge-Regulated Supramolecular
Copolymerization to Tune the Time Scale for Oxidative
Disassembly of B-Sheet Comonomers

Christian M. Berac, Lydia Zengerling, David StraBburger, Ronja Otter,

Moritz Urschbach, and Pol Besenius*

A multistimuli-responsive supramolecular copolymerization is reported. The
copolymerization is driven by hydrogen bond encoded B-sheet-based charge
co-assembly into 1D nanorods in water, using glutamic acid or lysine resi-
dues in either of the peptide comonomers. The incorporation of methionine
as hydrophobic amino acid supports B-sheet formation, but oxidation of the
thioether side-chain to a sulfoxide functional group destabilizes the B-sheet
ordered domains and induces disassembly of the supramolecular polymers.
Using H,0, as reactive oxygen species, the time scale and kinetics of the
oxidative disassembly are probed. Compared to the charge neutral homopoly-
mers, it is found that the oxidative disassembly of the charged ampholytic
copolymers is up to two times faster and is operative at neutral pH. The
strategy is therefore an important addition to the growing field of amphiphilic
polythioether containing (macro)molecular building blocks, particularly in
view of tuning their oxidation induced disassembly which tends to be notori-
ously slow and requires high concentrations of reactive oxygen species or

acidic reaction media.

Great progress has recently been achieved in transitioning from
molecular and supramolecular materials with functional prop-
erties derived from their equilibrium structures to adaptive
design features that emerge from non-equilibrium and dissipa-
tive states.l'") In both approaches the creativity of the chemistry
community enabled the design and synthesis of a variety of
artificial molecular subunits that reversibly change their proper-
ties by external stimuli and can be addressed through changes
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in the pH, ionic strength, redox environ-
ment, irradiation with light or enzyme cat-
alyzed transformations.'%1% This allows
the manipulation of thermodynamic or
kinetic constraints under which these
molecular subunits operate. Our group
has recently reported a transiently stable
supramolecular polymer and hydrogelator,
by coupling a charge-regulated assembly
with a redox-regulated trigger.'”l Given
that both operate on largely different time
scales we were able to install transiently
stable assembled states. Their life time is
tuneable and is dictated by the concentra-
tion of the glucose oxidase (GOx) catalyst
and glucose as fuel that produces protons
for the fast assembly on-trigger, as well as
H,0, as reactive oxygen species (ROS) for
the slow off-trigger. The molecular design
was based on dendritic peptide amphi-
philes with a B-sheet encoding oligopep-
tide,l'821 using pH responsive glutamic
acids and the oxidation responsive thioether side-chains of
methionine. More recently, we have also extended the concept
from low molecular weight supramolecular peptide monomers
to ABA triblock peptide—polymer conjugates which assemble via
an intramolecular folding induced intermolecular self-assembly
into core-shell nanorods in water.?2l At solid weight contents
above 1 wt%, hydrogels with tuneable life times between 1 h
to 12 h were obtained. A number of groups have previously
reported the incorporation of thioether functional groups as a
strategy to prepare ROS-responsive supramolecular materials,
making use of the oxidation to much more hydrophilic sulfoxide
species.233% Tirelli and Hubbell have reported poly(ethylene
glycol)-bl-(propylene sulfide) di- and triblock copolymers, which
assemble into micelles, rod-like micelles or polymersomes, their
oxidative destabilization and disassembly.’'-**! Deming has
embedded methionine amino acids in amphiphilic block copol-
ymers that assemble into different morphologies depending on
the oxidation state of the side chains.?*-38 More recently, the
Frey group also extended the concept to 2-methylthioethyl sub-
stituted poly(glycidyl ether) block copolymer micelles which dis-
assemble upon oxidation using H,0,.5%

In living organisms, the pH values as well as the concen-
trations of ROS are stringently regulated. Oxidative stress is
known to cause oxidative damage and changes in activity for

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Schematic representation of FKMKM containing monomers | and 11, of the FEMEM containing monomers Il and IV, and the oxidized mono-
mers 1[O] and II[O] with the dendron type 2 A) and type 1 B), as well as a schematic representation for the oxidative disassembly of supramolecular

copolymers C).

proteins.*2l Some enzymes are therefore able to shield and
protect their environment from ROS by partial self-oxidation.
Hereby, methionine (M) residues in the solvated outer pro-
tein shell are oxidized to methionine sulfoxides. In contrast,
functional thioethers in synthetic supramolecular assemblies
are typically embedded in desolvated hydrophobic domains
and thus provide limited accessibility for oxidation reagents
like H,0,. Inspired by the capacity of biological systems to
scavenge ROS, we hereby report supramolecular copolymers
that are driven by hydrogen bond encoded B-sheets, as well
as attractive Coulomb interactions of glutamic acid (E) and
lysine (K) residues in either of co-assembled peptide comono-
mers. The charged character increases the hydrophilicity of the
B-sheet units, yet does not compromise their stability in neutral
pH and physiological ionic strength.*-21 Using H,0, as ROS,
we aim to probe the kinetics for the oxidation of the methio-
nine units and concomitant disassembly of the supramolecular
copolymers. Manipulating and tuning the oxidative disassembly
and response-time of ampholytic supramolecular copolymers is
an attractive strategy in the growing field of amphiphilic poly-
thioether containing (macro)molecular building blocks, 04343
particularly in view of their ROS-responsive properties which
tend to be notoriously slow and require high concentrations of
oxidizing reagent or acidic reaction media.

We previously reported the transient supramolecular poly-
merization of dendritic peptide amphiphiles using a coupled
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pH- and redox-regulated process.'”] The Cj-symmetric peptides
contained a GFEMEM sequence connected via triazole linkages
to a rigid benzene core. Note, that the additional phenylala-
nine (F) moiety stabilizes the supramolecular assemblies via
hydrophobic shielding effects. The outer shell was solvated
using a known Newkome dendron!*’! and oligoethylene glycols
as solubilizing chains.7#’] Here, we aim to prepare supra-
molecular copolymers and use complementary comonomers
incorporating anionic GFEMEM or cationic GFKMKM oligo-
peptide sequences. In addition to the reported Newkome den-
drons where the oligo ethylene glycol chains are connected via
amide groups (type 1), we further introduce a new Tris-ether
linkage, referred to as dendron type 2 (Figure 1), in order to
further decrease the steric demand™® in the solubilizing den-
dritic shell.

First, we synthesized the new Newkome dendron type 2 in
five steps starting with a nucleophilic substitution of 6-bromo-
hexanoic acid (9) with sodium azide to 6-azido-hexanoic acid
(10) (Figure S25, Supporting Information). After an EEDQ-
mediated coupling of 6-azido-hexanoic acid (10) with Tris, an
additional nucleophilic substitution using triethylene glycol
monomethyl ether tosylate (8) yielded the azide functional
Newkome dendron type 2 (12). The amine 13 was finally
obtained after reduction with hydrogen over Pd/C. 13 was cou-
pled with the side chain protected oligopeptide sequences Ns-
GFE('Bu)ME('Bu)M-OH (15) and N;-GFK(Boc)MK(Boc)M-OH

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. pH-dependent CD spectra of |, Il and copolymer | + 1. All CD
measurements were performed with 60 v solutions in 10 mm phosphate
buffer.

(14) using PyBOP as coupling reagent. The dendritic scaf-
fold was established by coupling the azide functional amphi-
philic peptides (16 or 17) with 1,3,5-triethynylbenzene or with
trimethylsilane (TMS)-protected 1,3,5-triethynylbenzene 20
using Cul-catalyzed azide-alkyne cycloaddition (CuAAC) chem-
istry.#>5% Standard acid mediated deprotection of the ‘butyl
ester and Boc protecting groups finally yielded the two den-
dritic peptide amphiphiles I and II (Figure 1). The synthesis of
IIT and IV was previously reported (Figure 1).'”] The detailed
synthetic procedures, full analysis, and characterization are
reported in the Supporting Information.

We have previously reported the supramolecular poly-
merization of monomer III in basic, monomer IV in acidic
media, and the formation of copolymers of III and IV at neu-
tral pH.[?1°1 In all cases, the polymers were shown to have
anisotropic shapes, with 1D arrangement of the monomers to
structures that appear as nanorods in transmission electron
microscopy (TEM). In order to investigate the pH-dependent
self-assembly of the monomers I and II with the new tetraeth-
ylene glycol-based dendron, we performed circular dichroism
(CD) spectroscopy at different pH values (Figure 2). All samples
were measured in 10 mm phosphate buffer at a concentration
of 60 um. At neutral pH, the CD spectra of isolated solutions
of monomer I (red) and monomer II (pink) both display a
strong negative band at A = 200 nm, a weak positive band at
A =218 nm and a weak negative band at A = 233 nm, which
is characteristic for a random-coil peptide secondary structure.
We previously assigned these bands to the molecular dissolved
state of the monomeric building block.'”) This result indicates
that due to the Coulomb repulsion of the protonated lysine I
and deprotonated glutamic acid II side chains the monomers
do not form homopolymers at neutral pH. As expected, the
lysine containing monomer I (blue) self-assembles in basic
buffer (pH 11.17), as indicated by a B-sheet characteristic CD
spectrum with positive bands at A = 200, 250, 265, 277 nm, and
a strong negative band at A = 230 nm. Note, that the additional
bands A > 240 nm are most likely due to the aromatic benzene
tris(triazole) core of the dendritic peptide. The B-sheet induced
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self-assembly is also present in the case of glutamic acid con-
taining monomer II (green) in acidic medium (pH 2.90).
Hereby, positive B-sheet characteristic bands at A = 200, 250, and
265 nm as well as a negative band at A = 215 nm were obtained.
In contrast to the isolated solutions of both monomers, the CD
spectrum for the mixed solution of I and II (black), gives rise to
B-sheet bands in neutral phosphate buffer (pH 6.82). Strong CD
signals are apparent with positive bands at A = 200, 250, 265,
and 277 nm, as well as negative bands at A = 215 and 226 nm.

We further compared the results obtained for the pH-
regulated homo- and copolymerizations of I and II, to the
monomers III and IV. Both set of comonomers only differ by
the type of dendron and the characteristic CD bands observed
for all homopolymers and copolymers do not change sig-
nificantly (Figures 2; Figure S1, Supporting Information). In
order to characterize the morphology of the B-sheet directed
peptidic supramolecular (co)polymers, we performed trans-
mission electron microscopy experiments at various pH
values. First, we dissolved the monomers I and II (50 uwm) in
20 mwm Tris buffer at neutral pH and adjusted the pH of the
solution of monomer I with 1 m NaOH to pH 10.75 and the
solution of monomer II with 1 m HCI to pH 1.64. In addition,
the mixed comonomer solution of equimolar ratios of I + II
(50 um) was adjusted to pH 7.00. Figure 3 shows representa-
tive TEM micrographs of I, II, and I + II (50 pwm) after nega-
tive staining using uranyl acetate. In all cases charge screening
either by adjusting pH for the homopolymer formation, or by
co-polymerization of oppositely charged comonomers, leads to
rigid nanorods of similar thickness that were observed in basic
pH for I (Figure 3A; Figure S16, Supporting Information),
acidic pH for II (Figure 3B; Figure S18, Supporting Informa-
tion), as well as neutral pH for the copolymer I + II (Figure 3C;
Figure S20, Supporting Information). Furthermore, the average
contour length of the homopolymers of I (L, = 65, L, = 101,
Ly/L,=1.6, n=104) and homopolymers of II (L, = 61, L,, = 84,
Ly/L, = 1.4, n=112) are nearly identical. The ampholytic supra-
molecular copolymer I + II was noticeably longer (L, = 101,
L, =137, Ly/L, = 1.4, n = 120) than the homopolymers of I and
II (Figure S24, Supporting Information).

Finally, we investigated the most important aspect of the
supramolecular assemblies and focused further experiments on
structural as well as kinetic evaluation of the oxidation of the
methionine containing peptide sequences using all monomer
combinations, as well as different pH values. First, we decided
to oxidize both monomers I and II to the methionine sulfoxide
from a molecular dissolved state in concentrated H,0,, gla-
cial acetic acid at 0 °C and standard experimental procedures
from the literature, to obtain reference compounds for further
detailed investigations.'”l Both monomers I[O] and II[O] with
the corresponding oligopeptide sequences GFKM[O]KM[O]
and GFEM[O]JEM[O] were investigated for their potential to
form supramolecular homo- and copolymers. In Figure S2,
Supporting Information, the CD spectroscopic analysis shows
that monomer I[O] at basic (red) or neutral pH (black), II[O] at
acidic (blue) or neutral (pink) pH, and the mixed comonomers
I[O] + II[O] at neutral (green) conditions do not give rise to CD
bands that are characteristic for B-sheet directed assemblies.
In fact, the negative band at A = 200 nm, and weak positive
band at A = 218 nm are characteristic for a random-coil peptide
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Figure 3. Negative stained TEM images with 50 um solutions in 20 mm Tris buffer of A) | (pH 10.75), B) Il (pH 1.64), and C) | + II (pH 7.00).

secondary structure, similar to the molecular dissolved state of
I and II. We thereby conclude that the oxidation of thioethers to
a racemic mixture of sulfoxides disrupts the formation of super-
structures due to a combination of increased hydrophilicity
in the oligopeptide chain, as well as an increase of the steric
demand. Furthermore, we performed TEM experiments to con-
firm that supramolecular polymer formation of the oxidized
monomers I[0], II[O] and the mixed comonomers I[O] + II[O]
is not possible (Figures S3, S21-S23, Supporting Information).
In all cases, TEM micrographs show only small spherical struc-
tures in the 9-14 nm size range, most likely monomer or small
oligomers, thus confirming conclusions from CD spectroscopy.

Importantly, we further performed time-dependent kinetic
CD measurements for the oxidation process with preequili-
brated homo- and copolymer solutions, at a constant overall
monomer concentration (60 (M), constant temperature (40 °C)
and variable H,0, concentrations. First, we investigated the oxi-
dation induced disassembly of supramolecular polymers of acid
monomer II, in analogy to previously reported monomer IV.
Most conveniently, the oxidation was performed using varying
concentrations of H,0,. The oxidation induced disassembly was
followed by time-dependent CD spectroscopy and the polymer
specific CD band at A = 265 nm was used to plot the kinetic data
(Figure 4). Note, that we previously investigated monomer IV

in great detail.'”! Stable supramolecular polymers in acidic pH
were obtained at low concentration and supramolecular hydro-
gels at >0.5 wt%. The oxidation process was followed and con-
firmed by CD and NMR spectroscopy, HPLC chromatography,
and the disassembly confirmed using TEM and rheology.'”! In
case of acidic monomer II, the supramolecular homopolymers
were obtained at pH values of 2.8-2.9 and the disassembly
induced upon oxidation with H,0,. The superimposed kinetic
data obtained from CD spectra for building block II, shows
that by increasing the H,0, concentration from 30 to 70 mm,
the oxidative disassembly rate increases slightly as observed
by a decrease in the halflife t;,, from 4 to 2.5 h (Figure 4A;
Figures S9-S11, Supporting Information). Note, that t,
was determined as the time at which the intensity of the CD
band at 265 nm which is characteristic for the supramolecular
polymer decreased to half of its original value. Interestingly,
similar experiments for the basic lysine containing monomer
I at pH = 10.1-10.6 showed a similar trend and decrease of t;,
from 10 h to 6 h. However, the oxidative disassembly rate is
slower and at low H,0, concentration of 30 mw, the process
seems to be incomplete (Figure 4B; Figures S7 and S8, Sup-
porting Information). Even at ¢ > 10 h, the CD spectra do not
match the ones expected for a molecular dissolved state. We
refer to mechanistic investigations by Trout and coworkers that

20+ = 1+11,30 MM HpOo pH 7.01

« 1,30mMHyO2pH2.88 A = 1,30mM HpOp pH 10.61 B . C
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Figure 4. CD-spectroscopic investigation of the oxidative disassembly using building blocks Il A), I B), | + 11 C) at an overall monomer concentration
of 60 um solutions in 10 mm phosphate buffer, in the presence of various amounts of H,0, at 40 °C. The intensity of the supramolecular polymer CD
band at 4 =265 nm was monitored against time (Figures S7-S14, Supporting Information).
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report a pH independent rate constant for the oxidation of free
methionine by H,0, in a pH range between pH 2-8.52%3 How-
ever, upon deprotonation of H,0, (pK, = 11.0), the conjugate
base HO,™ is a much weaker electrophile for the nucleophilic
thioether reaction partner, and the oxidation rate of dimethyl-
sulfide in water was reported to decrease by about an order of
magnitude.’¥ This might explain our observed decrease in oxi-
dative disassembly for homopolymers of I at pH > 10.

We were pleased to observe that the supramolecular ampho-
lytic copolymer of I + II shows the fastest response in the oxi-
dative disassembly. Even at the lowest concentration of 30 mm
H,0,, full disassembly was observed after 10 h (Figure 4C;
Figures S12-S14, Supporting Information). The H,0,-
dependent t; 5, decreased from 3.2 h at the lowest to 1.2 h at the
highest concentration, and the experiments were performed
at neutral buffered pH values between 6.8 and 7.0. Using the
comonomer pairs of III and IV we were able to confirm these
results (Figures S6 and S15, Supporting Information). In case
of the copolymers of III + IV and a H,0, concentration of
30 mwm, full disassembly was observed after 9.5 h and the t;,,
value was 3.5 h. We hypothesize that the faster oxidation at
neutral pH compared to the oxidation of homopolymers of II
or IV at pH 3, is due to the fact that the charged cationic and
anionic peptide side chains of copolymers of I + II and III + IV,
increase the hydrophilicity of the B-sheet domains and thereby
the accessibility for oxidizing agents like H,0,. These find-
ings are supported by observations by Tirelli and coworkers on
polysulfide-based block copolymer assemblies.?8! The rate of
oxidative disassembly using H,0, increased with the polarity
of the thioether-based hydrophobic domains. We thereby con-
clude that co-assembly into multicomponent supramolecular
polymers using a balance of charge regulation and hydrophobic
shielding provides access to oxidation-responsive non-covalent
superstructures with properties that are tuneable over a wider
time scale compared to traditional amphiphilic self-assembled
molecular or polymeric materials.

In summary, we have presented the synthesis of multi-
stimuli-responsive supramolecular building blocks, using
B-sheet subunits that are driven by a combination of charge
screening and hydrogen bonding. Homo- and copolymerization
processes into 1D nanorods in water are observed, using glu-
tamic acid or lysine residues in either of the peptide comono-
mers I-IV. The incorporation of methionine as hydrophobic
amino acid supports B-sheet formation, but oxidation of the
thioether side-chain to a sulfoxide functional group destabi-
lizes the B-sheet ordered domains. We have furthermore intro-
duced a new water solubilizing Newkome type dendron, which
reduces the required synthetic steps significantly from eight to
five, and provides high colloidal stability to the supramolecular
polymer nanorods. The oxidation induced disassembly of all
monomer pairs was investigated in detail. Using H,0, as ROS,
we have probed the time scale and kinetics of the oxidation
responsive supramolecular materials. ROS are known to play
an important role in signaling cascades and inflammation pro-
cesses. We have therefore been interested in developing strate-
gies for the design of tuneable and responsive biomaterials for
applications in redox microenvironments. In this study, we find
that the oxidative disassembly of charged ampholytic copoly-
mers is up to two times faster compared to the charge neutral
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homopolymers. Our findings are therefore important for the
growing field of amphiphilic polythioether containing (macro)
molecular building blocks, particularly in view of tuning their
oxidation induced disassembly which tends to be notoriously
slow, require high concentrations of ROS and acidic reaction
media.

Experimental Section

For full experimental
characterization, and
Information.

CD measurements were carried out on a JASCO J-815 spectrometer
equipped with Spectra Manager 2.12.00. Unless not otherwise stated, all
sample measurements were buffer-corrected in advance and measured
at 20 °C controlled by a Jasco PTC-423S/15 peltier-element. Moreover,
each measurement was repeated at least three times. In time-dependent
measurements, the samples were measured every 15 min or 64 min at
40 °C in a period of 5-20 h. The concentrations were adjusted to keep
the photomultiplier’'s high voltage (HV) below 600 V in the wavelength
area of interest (A > 215 nm). The pH values were adjusted by addition
of diluted aqueous HCl and NaOH and afterward measured with a
MI-410 (Microelectrodes, Inc.) pH-electrode. The data was analyzed
using OriginPro 9.1.

TEM images were obtained on a FEI Tecnai T12 transmission electron
microscope equipped with a BioTWIN lens and a LaBg cathode operated
at 120 kV. Samples were prepared on freshly glow-discharged copper
grids (CF300-Cu, 300 mesh, Electron Microscopy Sciences) coated with a
3—4 nm carbon layer. Thereto, 5 UL samples were allowed to deposit on
the grid for T min and excess solvent was afterward carefully removed
with Whatman No. 4 filter papers. Subsequently, the samples were
negatively stained by incubation with a 5 pL drop of 2 vol% solution
of uranyl acetate for 15 s prior to the measurement. Digital electron
micrographs were recorded with a TVIPS 4k x 4k CMOS camera and a
MEGASSYS 1k x 1k CCD camera.

molecular
Supporting

details, synthetic
instrumentation

procedures,
details, see

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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