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Abstract: The orthogonal, stepwise, and order-independent
unfolding of single-chain nanoparticles (SCNPs) is introduced
as a key step towards actively controlling the folding dynamics
of SCNPs. The SCNPs are compacted by multiple hydrogen
bonds and host—guest interactions. Well-defined diblock (AB)
and tetrablock (ABCD) copolymers are equipped with
orthogonal recognition motifs via modular ligation along the
lateral chain. Initially, single-chain folding of the diblock
copolymer was induced by the host-guest complexation of
benzo-21-crown-7 (B21C7, host) and a secondary ammonium
salt (AS, guest), representing an efficient avenue for single-
chain collapse. Next, both orthogonal Hamilton wedge (HW)
and cyanuric acid (CA) as well as B21C7-AS motifs were
employed to generate SCNPs based on the ABCD polymer
system. Subsequently, the stepwise dual-gated and order-
independent unfolding of the SCNPs was investigated by the
addition of external stimuli. The folding and unfolding were
explored by 1D 'H NMR spectroscopy, dynamic light scatter-
ing (DLS), and diffusion-ordered NMR spectroscopy
(DOSY).

Complex functional biomacromolecular entities such as
proteins and enzymes are finely controlled macromolecules.
However, nature’s exquisite degree of control is beyond the
reach of contemporary synthetic macromolecular chemistry.
The conformation of biopolymers is controlled by reversible
self-folding processes, typically driven by covalent or—in
many cases—noncovalent interactions.'”! Proteins fold
dynamically into more complex structures, such as a-helices
and [-sheets. Intramolecular hydrogen bonds, aromatic
stacking, and hydrophobic interactions typically stabilize the
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formed architectures.”! The intramolecular folding of suit-
ably functionalized synthetic polymer strands into compact
single-chain nanoparticles is one actively explored avenue for
mimicking natural analogues.®” The field of single-chain
folding is a growing area of polymer science and takes
inspiration from nature’s folding processes.* 2! Well-defined
functional polymers are accessible via the application of
reversible deactivation radical polymerization (RDRP) tech-
niques. By the combination of RDRP techniques with
orthogonal polymer ligation protocols, it is possible to
enable the folding of synthetic macromolecules through the
interactions of specifically placed functionalities along the
lateral polymer chain."*'% The resulting folded structures are
mostly stabilized by noncovalent interactions,”! such as
hydrogen bonds, m—m stacking,” host—guest interac-
tions,”??l and metal complexation,” ¥ yet studies to trigger
the defined unfolding of dynamic SCNPs are scarce.

We have recently focused on designing well-defined
synthetic polymers carrying dynamically orthogonally oper-
ating complementary motifs that induce folding into a partic-
ular conformation. In the current study, we introduce
a complementary motif for single-chain folding technology
adopted from supramacromolecular chemistry and exploit it
along with a known hydrogen-bond-driven collapse system to
introduce a new class of SCNPs able to undergo dual-gated
order-independent unfolding by independent chemical trigger
signals (Scheme 1). SCNP unfolding has been explored before
only by Meijer and co-workers in an elegant study, who—in
contrast to the present study—forced the unfolding by atomic
force microscopy (AFM)-based single-molecule force spec-
troscopy (SMFS).! Now, we add to the field of controlled
unfolding by describing the first system that can be unfolded
through the action of two independent chemical trigger
signals.

We synthesized a highly defined tetrablock ABCD
copolymer with orthogonal folding functionalities attached
to specific block segments (hydrogen-bonding system and
host-guest system). We subsequently studied the intramolec-
ular folding of the host—guest complexation system, that is, the
interaction of benzo-21-crown-7 (B21C7, host) with a secon-
dary ammonium salt (AS, guest) (Scheme 2a). Wang and co-
workers demonstrated the orthogonality of the Hamilton
wedge/cyanuric acid (HW/CA) as well as B21C7-AS recog-
nition motifs by NMR spectroscopic analysis of functional
small molecules in the context of supramolecular polymer
design.*®! The precursor block copolymers (AB- and ABCD-
type) were synthesized via RAFT polymerization and char-
acterized by 1D 'H NMR spectroscopy and size-exclusion
chromatography (SEC).”! All synthetic details of the pre-
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Scheme 1. a) Design of the initial diblock copolymer system bearing the host-guest folding motif (B21C7-AS), followed by the folding/unfolding
of the resulting SCNP. b) Design of the tetrablock copolymer systems featuring the orthogonal complementary folding motifs (HW, CA and
B21C7, AS), followed by folding and the orthogonal stepwise unfolding. The indicated unfolding is independent of the order of addition of the

stimuli (see text).
complexation.

c) Self-assembly of HW and CA via multiple hydrogen bonds. d) Self-assembly of B21C7 and AS units via host-guest

Scheme 2. a) Chemical structure and NMR assignments of the functionalized diblock copolymer P6. b) Chemical structure and NMR assignments

of the functionalized tetrablock copolymer P16.

cursor block copolymers can be found in Figures S16-S28 in
the Supporting Information (SI)). The well-defined block
copolymers were functionalized with the respective comple-
mentary motifs after the removal of the RAFT agent.””
Specifically, the acid-functional B21C7 6 was reacted with
the bromine functionality of the diblock copolymer P2 and
subsequently the boc-protected AS moiety 9 was attached via
[3+2] copper-catalyzed azide—alkyne cycloaddition (CuAAC)
(see Scheme S3) to afford polymer P5.*8! After the attach-
ment of the B21C7 and protected AS functionalities to the
diblock copolymer test system, the final diblock copolymer
P6 was obtained by deprotection of the AS moiety™®! (1D
'H NMR spectra and SEC data for P1-P5 can be found in the
Figures S16 and S17). Subsequently, the tetrablock copolymer
was prepared and postfunctionalized with the orthogonal
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folding units. The HW and CA recognition motifs were
attached to the outer blocks A and D, while the B21C7-AS
moieties were grafted to the inner blocks B and C (Scheme
2b). In a nucleophilic substitution reaction, the hydroxyl-
functional HW 2 was reacted with the bromine functionality
of P10. The azide-functional B21C7 7 and protected AS 9
were orthogonally linked by [3+2] CuAAC (see Scheme S5).
The CA moiety 3 was attached to the polymer P14 via
Steglich esterification,”” before the boc protecting group of
the AS moiety was removed and the final polymer P16 was
obtained. Molecular characteristics of the polymers are given
in Table 1 (1D 'H NMR spectra and SEC data for P7-P15 can
be found in Figures S27 and S28).

The characterization of dynamic SCNPs is not feasible
with most common polymer characterization techniques as
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Table 1: Characterization data for the di- and tetrablock copolymer synthe-
sized by RAFT.®

Polymer M, e M, D9 HW B21C7  AS CA
[kDa]  [kDa] [mol %] [mol %]¥ [mol %] [mol %]

P6 37.5 30.6 1.1 - 5.2 6.5 -

P16 65.9 64.8 1.2 52 55 6.0 2.4

[a] For the full molecular weight distributions (MWDs) refer to the
Supporting Information (Figures S17 and S28). [b] Details of the calculation
of M,, e can be found in the Supporting Information. [c] Determined via SEC
using THF as eluent, calibrated with pMMA standards. SEC analysis of P6
and P16 could not be performed due to the ionic nature of the polymers.
Thus, SEC data of the block polymers of the previous step are provided.
[d] Mol percentage of incorporated functional monomers in each block
segment relative to the incorporated EHMA monomer of each block as
determined via 'TH NMR spectroscopy by integration of the end groups and/
or relative intensities of selected signals. The details of the calculations can
be found in the Supporting Information.

noncovalent interactions are strongly affected by solvent,
concentration, temperature, and pressure.®?*! The formation
of the hydrogen bonds of the HW/CA moieties!" as well as
the host-guest interaction is verified in the 1D 'H NMR
spectrum (Figure 1).(-3

The proton resonances a and b at 9.65 and 9.31 ppm are
attributed to the amide protons of the HW (Figure 1),
indicating the formation of hydrogen bonds between the
HW and the CA recognition units."8! The imide proton
resonances in the range of 11-13ppm of CA are in
a coalescence regime, where the resonances of the bound
NH protons are very broad, likely due to a strong exchange
broadening (see also Figure $35).3 Changes in the aromatic
region at 6.9-7.7 ppm, resonances ¢ and d, as well as the
change of the CH, resonance e associated with the ethyl-

P16 b —S

P16+KPF,+MeO ﬂ | ,‘,“\‘ | “
— “ Moo M ]
— /// 4 %Wr M \k ,/“ w\m\Mf L// ‘\\‘/
10.0 95 9.0 7.5 7.0 6.75 4.2 4.1
5/ ppm

Figure 1. Relevant sections of the 1D '"H NMR spectra for the unfold-
ing of the tetrablock copolymer P16. Resonances labeled a and b
indicate the interaction of the complementary motifs HW—-CA, the
resonances labeled c—e indicate the host-guest interaction of B21C7-
AS. The assignments of the peaks can be found in Scheme 2. The
orthogonal recognition units can be found in Scheme 1¢,d.
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eneoxy bridges of the B21C7 next to the phenol ring at
421 ppm indicate the interaction of the B21C7-AS
moieties, as the chemical environment changes due to
the host-guest interaction (Figure 1). Accordingly,
unfolding events wupon addition of methanol
(MeOH)), in order to weaken the HW/CA hydrogen
bonds (resonances a and b), and KPF,, causing the
disruption of the B12C7/AS complex, can be directly
monitored.

In the next step, the dual-gated and independent
folding/unfolding behavior of the synthesized systems
was evidenced by dynamic light scattering (DLS) and
diffusion-ordered NMR spectroscopy (DOSY). The
DLS-derived hydrodynamic diameters (D, see Fig-
ure 2a,b) of the folded and unfolded polymers P6 and
P16 are listed in Table 2. As noted, the dissociation of
the hydrogen-bonding system can be induced by
addition of a competitive solvent such as methanol,**

while the host—guest interaction can be disrupted by adding
a simple potassium salt as the potassium cation is complexed
stronger by B21C7 than the AS moiety.”® The unfolding of
the dual folding system in P16 can be realized by first
breaking the hydrogen bonds of HW/CA and subsequently
the B21C7-AS interaction or vice versa (pathway independ-
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0,8
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Figure 2. a) Dynamic light scattering (DLS) data (number distribu-
tions) for the folded and unfolded polymer P6. b) Dynamic light
scattering (DLS) data (number distributions) for the folded and
unfolded polymer P16. The hydrodynamic diameters (D,) of the folded
and unfolded polymers P6 and P16 are collated in Table 2.

www.angewandte.org © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 11276 —11280


http://www.angewandte.org

GDCh
~~

Table 2: DLS and DOSY data for the folded and unfolded states of the di-
and tetrablock copolymers P6 and P16.

Polymer Dh,DLS[a] [nm] Dh,DOSY[b'C] [nm]
P6 folded 3.4 2.5
P6 unfolded 4.8 3.3
P16 folded 6.0 7.1
P16 + MeOH 7.9 8.7
P16+ MeOH + KPF 10.5 10.6
P16 + KPF, 8.6 9.6
P16 + KPF¢+ MeOH 10.0 10.1

[a] The hydrodynamic diameter (D,) determined by DLS in a mixture of
DCM/acetonitrile (9:1, v/v) at 25°C, Cyqyme=2.5 mgmL~". [b] D,
obtained by DOSY experiments in a mixture of DCM /acetonitrile (9:1,
v/v) at 25°C, Cooymer =2.5 mg mL™", using the Stokes—Einstein equation
for calculation. [c] For potential systematic errors in the single-expo-
nential fit refer to the Supporting Information.

ence). Before the unfolding behavior of P16 was investigated
(see Figure 2b), the B21C7-AS motif in P6 was tested to
evidence the unfolding abilities of the system in a SCNP
context (see Figure 2a). Herein we focus on the low-concen-
tration regime,’! as at low concentrations intramolecular
folding occurs, while intermolecular aggregation dominates at
higher concentrations.”*! The DLS data indicate a transition
from intramolecular folding to the formation of intermolec-
ular aggregates when going to higher concentrations. Starting
at a concentration of approximately 8 mgmL ', intermolec-
ular interactions dominate (cf. Figures S33 and S34). When an
excess of KPF; (4 mg) is added to P6 (2.5 mg in 1 mL solvent,
DCM/acetonitrile 9:1, v/v), DLS indicates an increase in the
hydrodynamic diameter of 1.4 nm from the folded to the
unfolded state (Table 2, entries 1 and 2). Next, the orthogonal
stepwise unfolding of the complementary recognition units in
P16 was investigated. Methanol (20 pL) was added to
a solution of P16, upon which D, increased by almost 2 nm
(Table 2, entries 3 and 4). When KPF, is added, D, increases
again by almost 2 nm. Inverting the order of the added
triggers leads to a similar increase in D, based on DLS
(Table 2, entries 6 and 7). Finally, the unfolding of P6 and the
orthogonal dissociation of the distinct motifs of P16 were also
studied by DOSY, which in essence provided the same results
(see Table 2) as DLS in terms of changes in the hydrodynamic
diameter, and thus strongly underpin the conclusion that P16
indeed shows orthogonal and dual-gated unfolding independ-
ent of the order of the added triggers.

We have reported an advanced dual-gated orthogonal
SCNP unfolding system based on a modular synthetic strategy
towards well-defined block copolymers carrying orthogonal
complementary binding motifs by a combination of RAFT
polymerization and modular ligation. First, an AB-type
diblock copolymer carrying the benzo-21-crown-7 (B21C7)/
secondary ammonium salt (AS) host—guest system was
explored in terms of its triggered unfolding behavior. Next,
an ABCD-type tetrablock copolymer bearing dual orthogo-
nal complementary folding motifs, that is, the hydrogen-
bonding motif (Hamilton wedge/cyanuric acid) as well as the
B21C7-AS host-guest system, was designed. The diblock
copolymer was unfolded by the addition of KPF; as a com-
petitive guest for the B21C7 moiety. The dual-gated unfolding

Angew. Chem. Int. Ed. 2016, 55, 11276 -11280
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of the single-chain folded nanostructures based on the
tetrablock copolymer was induced by 1)the addition of
methanol to disrupt the hydrogen bonds and consecutive
decomplexation of the host-guest motif by addition of KPF;
and 2) decomplexation of the B21C7-AS host—guest motif
and the subsequent cleavage of the hydrogen bonds by
addition of methanol. The unfolding of the host-guest motif
in the diblock copolymer as well as the stepwise unfolding of
the tetrablock copolymer are evidenced by dynamic light
scattering and diffusion-ordered spectroscopy data. The
introduced dual-gated SCNP unfolding system marks a sig-
nificant step forward in designing dynamic SCNP systems that
are able to be orthogonally addressed in their response to
outer stimuli. We envision that the current study will spur
efforts to design even higher order gated unfolding systems,
also including those triggered by outer fields, including
photonic and magnetic fields.
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